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Preface

Spinal stabilization m ay be achieved by a variety of m ethods.
Each  is  associated  w ith  m ethod-speci c nuances, com plica-
tions, and  advantages. In  addition, each  is  associated  w ith
biom echanical  principles  that  establish  the  guidelines  that
direct decision-m aking and, ultim ately, clinical outcom e. This
book, as did its prior two editions, presents the biom echanical
foundation on w hich clinical spine stabilizat ion decisions are
based. Without  an  understanding  and  appreciation  of this
foundation  for  clinical  decision-m aking, the  surgeon  is  ill-
equipped to optim ize patient outcom e. This inform ation is of
particular im portance in this era of rapidly evolving advances
in  technology,  w ith  the  accom panying  emphasis  on  the
transfer of  technology to the clinical arena in  a cost effect ive
m anner.

It  is  em phasized  that  the  goal  of  all  spinal  stabilizat ion
techniques  is  to  establish  and  m aintain  a  nonpathologic
relationship between the neural elem ents and the surround-
ing bony and extrinsic soft  t issue in  a biom echanically favor-
able  environm ent. A perfectly aligned  spinal colum n  is  not
absolutely necessary if no neural im pingem ent or pathologic
or unbalanced deform ation is present , and if the spinal anat-
omy is such that the chance for the progression of any existing
spinal  deform ity  is  essentially  nil. These  points  are  repeti-
tively, and  to  som e  extent, exhaustively, addressed  in  this
book.

This  text  has  been  designed  to  offer  the  pract icing  spine
surgeon, resident in training, biom echanical engineer, instru-
m entation  designer,  and  instrum entation  m anufacturer  a
foundation  of knowledge regarding clinically applicable spi-
nal instrum entation  biom echanics. Without such, the design
and  surgical  application  of  spinal  im plants  (including  the
determ ination  of  surgical  indications)  m ay  very  well  be
m isguided.

Because the vast  m ajority of spinal construct failures are not
actual device  failures, but  instead  related  to  surgeon  errors
regarding  im proper  construct  select ion  and  inappropriate
patient selection, the text focuses on clinically relevant struc-
tural  considerations  and  force  applications. This  approach
encourages the reader  rst to think in term s of biom echanical
principles, then  to  consider  speci c technique  applications.
Because  biom echanical  principles  are  emphasized, speci c
construct  types are discussed in  several locations w ithin  this
volum e, each  tim e in  the context  of different  biom echanical
principles. As a corollary,  gures are occasionally reproduced
in m ore than one chapter of the book to facilitate reading and
the assim ilation  of inform ation.

A precise  de nition  of  term s  is  im perative  to  the  under-
standing  of any  discipline. Spine  surgery  is  no  exception.
Therefore, a glossary of biom echanical term s is provided  at
the  end  of the  text .

I am  a  surgeon  and  an  educator. This book thus re ects my
clinical  orien tation  and  bias. Biom echanical  principles  are
addressed  only  w ith  respect  to  their  clinical  applicability.
With  this in  m ind, the  text  begins w ith  the  essentials, pro-
ceeds gradually toward the developm ent of an understanding
of biom echanical principles, and,  nally, provides a basis for
clinical decision-m aking. The essentials are covered in  chap-
ters addressing anatomy, physical principles, and  spinal sta-
bility and instability. Clinical correlates of these principles are
developed  in  chapters  addressing degenerative  and  in  am -
m atory diseases, t raum a, spine  deform it ies, neural elem ent
injuries, surgical approaches, spinal pelvic param eters, and
the destabilizing and stabilizing effects of spinal surgery. The
biom echanical principles involved  in  spinal stabilization  are
then  addressed. This  essential inform ation  is  then  incorpo-
rated into the clinical decision-m aking process by discussions
centered  about  the  desired  qualitative  attributes  of  spinal
im plants,  complex  instrum entation  constructs  and  force
applications, spinal orthotics, and  other  non-operative tech-
niques,  deform ity,  subsidence,  construct  failure,  bio-
m echanical  testing,  and   nally,  the  decision-m aking
process. Clinical case exam ples are liberally used to em phasize
relevant  biom echanical and  physical principles.

Illustrations  are  used  liberally  to  create  im ages  of crit ical
anatom ical, biom echanical, and  clin ical poin ts. In  th is vein ,
the  text  can  be  perused  by scanning the   gures and   gure
legends. A m ore in-depth  understanding can  then  be selec-
tively achieved by delving in to the appropriate aspect of the
text  and  the  accom panying references.

As adults, we have short  atten tion  spans. Hence, the repeti-
tion  of  bits  of  inform ation  is  conducive  to  retention  and
learning. “Repetition is good! ! !” In keeping w ith this them e,
m ultiple  points  are  em phasized,  re-em phasized,  and  on
occasion, re-em phasized  again . The  statem ent  of th is  fact
is not an  apology, but rather a proclam ation  of a component
of the educational st rategy em ployed herein . The repetit ion
m ay becom e annoying at tim es. If it does, you have probably
learned  the  principle  at  hand. If not  keep  reading and  re-
reading.

Like  m ost  of you, I have biases. It  is inescapable  that  som e
of  m y  biases  are  re ected  in  th is  book.  Of  sign i can t
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im portance in  th is regard is the fact  that  I have a vested an
em otional in terest  in  som e  of the  concepts, technologies,
and im plan ts described herein . In the str ictest sense, th is is
a  d isclosure  of m y poten t ial con  ict  of in terest . It  is  pru-
den t  to keep  an  open  m ind  and  to be ever  vigilan t  regard-
ing the  poten t ial for  biased  repor t ing related  to con  ict  of
in terest  w hen  in terpret ing and  assim ilat ing m edical liter-
ature. Th is book is no exception . It  is very im portan t  to be
par t icu larly  vigilan t  and  crit ical  of  literature  (including
th is  book)  w hen  it  can  change  your  pract ice  and, hence,
your  pat ien ts’ outcom es.

Applicability and pract icality are em phasized in this book. It
is  in  th is  sense  that  (1) pract icing surgeons  can  effectively
em ploy the  inform ation  found  herein  by designing logical
and  sound  treatm ent  strategies  for  their  patien ts, (2) resi-
dents in  t raining can readily understand the foundations on
w hich  surgical procedures and  clin ical decisions are based,
and  (3) engineers and  inst rum entation  designers and  m an-
ufacturers  can  appreciate  the  dilem m as  and  dif cult  deci-
sion-m aking predicam ents that clin icians com m only face. It
is therefore hoped that  th is book can funct ion  both  as a text
for  the  m ethodical  acquisit ion  of  inform ation  and  as  a

reservoir  of inform ation, to be  used  on  an  as-needed  basis,
for a variety of clin ical and construct  design  applications, as
well as research  and  technology developm ent  applications.
The in tent  of the  author  is to provide a  com prehensive, yet
pract ical, approach  to the  understanding of th is  im portant
and  often  underrated  aspect  of clin ical  m edicine  the  bio-
m echanics of spine  stabilization .

Finally, the  book presents a  more  in-depth  treatise  on  spine
biom echanics than  did  its predecessor. It  includes additional
information  on  adjacent  segment degeneration, motion  pres-
ervation  technologies, deformity correction, and  a  variety of
other  nuances  of spine  care  that  have  emerged  in  the  past
decade. Perhaps  more  importantly, this  edition  has  empha-
sized  our  (surgical  spine  care)  history. I have  intentionally
included  discussions  and  illustrations  of techniques that  are
either no longer or infrequently used today such as hook, wire,
and cable applications. We must remember our past and apply
lessons  learned  liberally, lest  we  repeat  the  mistakes  of our
predecessors.  Every  attempt,  however,  has  been  made  to
keep the book practical yet comprehensive.It is sincerely hoped
that  this has been  accomplished.

Read, learn , and  enjoy!

xi
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1  Biom echanically Relevant  Anatomy and Material
Propert ies of the Spine and Associated Elem ents
1.1  Anatom y
The vertebral colum n  complex consists of ventrally located  ver-
tebral  bodies  and  in tervening  in tervertebral  discs  that  collec-
tively assum e  m ost  of the  axial load-bearing responsibilit ies of
the  spine.1 The  pedicles  connect  the  ventral  and  the  dorsal
components of each  spinal segm ent. The lam inae provide a roof
for the spinal canal, w hereas the facet joints lim it  rotation, flex-
ion , extension, lateral  bending, and  translat ion  to  varying  ex-
ten ts—depending  on  the  region .  The  m uscles  and  ligam ents
provide  for, and  also  lim it, torso  m ovem ent. In  addition, they
contribute to axial load bearing.

Many of the  figures  in  th is  chapter  reflect  the  sum  of infor-
m ation  gleaned  from  a num ber of sources. Occasionally, the da-
ta  from  these  sources vary w idely. Average  data, therefore, are
presented  in  a  figure  form at  in  order  to  convey general values
and  trends. Because  of gaps in  the  available  in form ation , som e
figures depict extrapolated data w hen appropriate.

1.1.1  The Vertebral Body
Both  the  w idth  and  depth  of the  ver tebral  bodies  increase  as
the  spine  is  descended  in  a  rost ral-to-caudal  direct ion
(� Fig. 1.1).2–5 The ver tebral body height also increases in  a rost-
ral-to-caudal direct ion, w ith  the exception  of a sligh t  reversal of
th is relat ionship  at  the C6 and lower lum bar levels (� Fig. 1.2).2–

5 The  height  of the  C6  vertebral  body  is  usually  less  than  the
heights  of the  C5  and  C7  bodies, and  the  heights  of the  lower
lum bar  vertebral bodies are  usually less than  the  height  of the
L2  ver tebral  body. In  the  cervical  spine, the  uncinate  process

projects from  the rostral–dorsal–lateral aspect  of each ver tebral
body (C3 through  C7) (� Fig. 1.3). It  participates in  stabilization
of the m otion  segm ent during axial rotat ion  and  form  the nidus
from  w hich  foram inal osteophytes can  em erge.6 The uncoverte-
bral joint  allow s an  articulation  of th is process w ith  the caudal–
dorsal–lateral aspect  of the vertebral body above. This is essen-
tially an  extension  of the  in tervertebral disc that  plays a  role  in
the coupling phenom enon  (see Chapter 2) and  in  both  the facil-
itation  and lim itation  of rotat ion.7

The  progressive  increase  in  size  of the  vertebral bodies, ob-
served  as one  descends the  spine, correlates w ith  strength  and
load-bearing  ability. A lesser  incidence  of spine  fractures  ob-
served  in  the lower lum bar spine, compared  to m ore rostral re-
gions,  is  related,  at  least  in  part ,  to  the  size  and  increased
strength  of  the  ver tebrae  in  th is  region.  This  correlates  w ith
vertebral  body  volum e8 and  the  axial  load–resisting  ability  of
the  spine  (� Fig.  1.4).5,9–13 Of  note,  the  vertebral  endplates
w hich  abut  the  disc  space  rostrally  and  caudally, resist  com -
pression  from  the in tervertebral disc and  thus contribute to the
provision  of axial load–bearing ability. There exist  variable loca-
tion-specific endplate  strength  and  sti ness characteristics. For
example, the  center  of the  lum bar  endplate  is  the  weakest  and
the  perim eter  is  the  strongest  regarding  axial  load–bearing
ability and  sti ness. This has significant  im plications regarding
the  location  of  in terbody  spacer  placem ent  (see  Chapters  15
and 21).

The shape of the vertebral body varies from  region  to region.
Although  its  shape  is  generally  consistent  w ith  that  of a  solid
cylinder, the  dorsal  aspect  of  the  vertebral  body  (the  surface
facing  the  spinal canal)  is  concave  dorsally  (� Fig. 1.5). This  is

Fig. 1.1  Vertebral body diameter versus spinal level. The  width  (solid
line) and  depth  (dashed line) of the  vertebral bodies are  depicted
separately. (Data obtained from Berry et  al,2 Panjabi et  al,3,4 White and
Panjabi.5)

Fig. 1.2  Vertebral body height  versus spinal level. The  dorsal height
(dotted line) and  ventral height  (dashed line), where  significantly
different, are  depicted  separately. (Data obtained  from  Berry et  al,2

Panjabi et  al,3,4 White  and  Panjabi.5)
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particularly  significant  in  ventral  spinal  operations  in  w hich
screw  purchase  of the  dorsal  ver tebral  body cortex  is  crit ical.
Misinterpretation  of the  lateral radiograph  m ay lead  to  neural
im pingem ent by the screw.

The costovertebral joint  contributes to spinal stability by pro-
viding  an  articulation  to  the  rib. This  is  part icularly  true  w ith
respect  to lateral bending and axial rotation .

1.1.2  The Facet  Joints
The facet  joints do not , in  and  of them selves, substan tially sup -
port  axial loads unless the spine is in  an  extension  posture (lor-
dosis). They are apophyseal joints that  have a loose capsule  and
a synovial lin ing. These joints are  also know n  as diarthrodial or
synovial join ts. In  the cervical spine, the facet  joints are prim ar-
ily orien ted  in  a  coronal plane  (� Fig. 1.6a).5 The  orientation  of
the facet  joints changes significantly as one descends the thora-
cic and  lum bar  spine  (� Fig. 1.6b, c). The  angle  (from  m idline)
increases from  L1 to L5 (� Fig. 1.6d).

The facet  joint  surfaces of C3 through  C7 face  the  instantane-
ous a xis of rota t ion  (IAR;  the  axis about  w hich  a  vertebral seg-
m ent  rotates)  and  are  not  part icularly  restrictive  of  gliding
m ovem ents (e.g., rotation  and bending). The ability of the cervi-
cal spine facet joints to resist flexion–extension, lateral bending,
and  rotation  are  relatively  dim inished  because  of th is  coronal
plane  orien tation . Hence, such  m ovem ent  is  substan tial in  th is
region  (� Fig. 1.7).5,14,15 The cervical facet  joint  anatomy should
be  carefully  scrut in ized  before  lateral  cervical  m ass  screw
placem ent. Otherw ise, joint  violation  by  the  screw  m ay  be  an
undesirable result , part icularly at  the caudal joint.16

In  the lum bar  region, the  facet  joints are  oriented  in  the  sag-
ittal plane  (see  � Fig. 1.6).5,17,18 Their  ability to  resist  flexion  or
translat ional m ovem ent in  th is region  is m inim al, w hereas their
ability to resist  rotation  is substantial (see � Fig. 1.7).

The nearly coronal facet  orien tation  at  L5–S1 is a factor  in  the
relatively decreased incidence of subluxation, in  the presence of
in tact  facet  joints, at  the lum bosacral join t; that  is, in  degenera-
tive  spondylolisthesis,  subluxation  is  m ore  com m on  at  L4–L5

than  at  L5–S1 despite the relat ive ver tical orientation  of the L5–
S1 disc in terspace.

The facet  joints bear  a greater  fraction  of the  axial load  if the
spine  is  oriented  in  extension  (i.e., in  the  cervical  and  lum bar
regions). This obviously varies w ith  the type of load.19

1.1.3  The Lam ina, Spinal Canal, and
Spinal Canal Contents
The  lam ina  provides  dorsal protect ion  for  the  dural sac and  a
foundation  for  the  spinous  processes, w hich  serve  as  solid  at-
tachm ent  sites  for  m uscles  and  ligam ents. This  is  enhanced  by
its  anatom ical  characteristics.20 Forces  applied  via  the  spinous
processes  cause  m ovem ent  of the  spine. The  dura  m ater  pro-
vides a tough  covering over the spinal cord and axial neural ele-
m ents. It  is innervated  by an  extensive  distr ibution  of nerve fi-
bers, as are the longitudinal ligam ents.21

The  tracts w ith in  the  spinal cord  in  the  cervical and  thoracic
regions and the nerve roots w ith in  the lum bar region  are som a-
totopically oriented. This orien tation  is consisten t. In  the region
of the  spinal cord, the  cort icospinal tracts  are  som atotopically
arranged  so  that  the  hand  funct ion  is  located  m ost  m edially
and  foot  funct ion  is located  laterally. The spinothalam ic tract  is
arranged  so  that  hand  sensation  is  located  m edially  and  ven-
trally, w hereas sacral sensation  is located  dorsally and  laterally.
The  posterior  colum ns are  sim ilarly arranged  in  a  som atotopic
m anner.  In  the  lum bar  region ,  the  nerve  roots  are  arranged
so  that  the  lower  sacral  segm ents  are  located  m edially  and
the  exiting  upper  lum bar  segm ents  are  oriented  laterally
(� Fig. 1.8).22

The  spinal canal dim ensions, and  hence  the  extram edullary
space  in  the  nonpathologic  spine, are  generous  in  youth  and
m aturity.23 In  the  upper  cervical  region,  they  are  the  m ost
generous, and  in  the  upper  thoracic region, the  least  so. In  the
lum bar  region, both  the  epidural  and  in tradural  space  are, in

Fig. 1.3  The  uncinate  process (arrow) and  its relationship  to the
rostral–dorsal–lateral aspect  of the  vertebral body and  exiting  nerve
root.

Fig. 1.4  Vertebral compression strength  versus spinal level. (Data
obtained from White and Panjabi,5 Bell et al,9 MacIntosh and Bogduk,10

Perry.12,13
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general, capacious (� Fig. 1.9 and � Fig. 1.10).2–4,24 In  the case of
a  preexisting spinal stenosis, however, the  factor  of safety m ay
be  sm all. This  is  im portant  w hen  the  surgeon  is  considering a
spinal  instrum entation  application  that  m ight  impinge  upon
the  neural elem ents. Subluxat ion, as an  aside, has a predictable
e ect  on  spinal canal encroachm ent.25

The depth  of the lum bar  spinal canal does not  change signifi-
cantly as one  descends from  the  upper  to the lower  lum bar  re-
gions, but  its w idth  increases (see � Fig. 1.9). The cross-sect ion-
al area  of the  lum bar  and  sacral canal is  generous. It  contains

the  cauda equina, w hich  is relat ively resistant  to neurologic in-
sults  (compared  w ith  the  spinal cord  proper). Therefore, post-
traum atic lum bar  neural elem ent  injury in  the lum bar region  is
less com m on than injury associated w ith  comparable spinal col-
um n deform ation elsew here in  the spine.

The  shape  of the  spinal canal itself varies along its  length . In
the  cervical, thoracic, and  upper  lum bar  regions, the  shape  of
the  spinal  canal  is  one  of a  “ballooned” tr iangle. Toward  the
lum bosacral junction, however, it  assum es a  bicorne  configura-
tion  resem bling “Napoleon’s hat” (see � Fig. 1.10).17,26

Fig. 1.5  Vertebral body shape. Note  the  dorsally directed  concavity. (A) This may present  problems in  the  interpretation of lateral radiographs. A
lateral radiograph “sees” the  dorsal aspect  of the  vertebral body at  the  level of the  lower dashed  line. In  the  midsagit tal plane, however, the  dorsal
aspect  of the vertebral body (and dural sac) is at  the level of the upper dashed line. (B) This is further illustrated with an axial postoperative computed
tomographic scan.

Biomechanically Relevant  Anatomy and Material Propert ies of the Spine and Associated Elements

4



1.1.4  The Pedicle
A sound knowledge of pedicle anatomy is crit ical in  m any surgi-
cal scenarios.7,26–30 The pedicles of the cervical spine are shorter
and  proport ionally of greater  diam eter  than  those  in  other  re-
gions  of the  spine.7,27 The  transverse  pedicle  w idth  gradually
decreases from  the  cervical to the  m idthoracic region  and  then

increases  as  one  descends  the  lum bar  spine  (� Fig. 1.11).3,31,32

The  pedicle  height  (sagittal pedicle  w idth)  increases  gradually
(except  at  C2)  from  the  cervical  to  the  thoracolum bar  region
and  then  decreases  as  one  descends  the  lum bar  spine
(� Fig. 1.12).3,31,32 This relationship  is favorable for  transpedicu-
lar  screw  placem ent  in  the lum bar  spine because  pedicle w idth
is m ore  importan t  than  height  in  th is regard. A sm all variation
in  pedicle height  (sagit tal pedicle w idth) in  the lum bar region  is
not  clin ically  significant  because  of  the  already  generous  di-
m ension  (see � Fig. 1.12).31,32

The  t ransverse  pedicle  angle  decreases  from  the  cervical
spine  to  the  thoracolum bar  region  and  then  increases  as  the
lum bar  spine  is  descended  (� Fig. 1.13).3,31–33 This  necessitates
a  w ider  angle  of approach  for  the  placem ent  of pedicle  screws
in  the  low  lum bar  spine. An  appreciation  of ver tebral anatomy
is  sim ilarly im portant  w hen  pedicle  screws are  to  be  placed  in
the  sacral region.34,35 There  is, however, usually a  greater  m ar-
gin  of safety w ith  regard to screw  placem ent.

Fig. 1.6  Facet  joint  orientation. (A) The  relative  coronal plane
orientation  in  the  cervical region, (B) the  intermediate  orientation  in
the  thoracic region, and  (C) the  relative  sagit tal orientation  in  the
lumbar region. (D) The  facet  joint  orientation changes substantially in
the lumbar region; here, the facet  joint  angle (with respect  to midline)
is depicted  versus the  spinal level. (Data  obtained  from  White  and
Panjabi,5 Van Schaik et  al,17 Taylor and  Twomey,87 Ahmed  et  al.95)

Fig. 1.7  Segmental motions allowed at  the  various spinal levels:
combined  flexion and  extension  (solid line), unilateral lateral bending
(dashed line), and  unilateral axial rotation (dotted line). (Data obtained
from  White  and  Panjabi,5 Lin  et  al,14 Panjabi et  al.15)

Fig. 1.8  (A) Diagrammatic axial section  of the
spinal cord  demonstrating  the  somatotopic ori-
entation  of the  spinal tracts. (B) Diagrammatic
axial section of the spinal canal at  the level of the
midlumbar spine. Note  the  orientation  of the
neural elements (depicted in clusters). The lower
elements are  situated  most  medially and  those
preparing  to  exit  the  spinal canal most  laterally.
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Also  im portant ,  particularly  regarding  pedicle  screw  place-
m ent  in  the  upper  lum bar  and  thoracic spine  (w here  the  m ar-
gin  of safety is less than  in  the low  lum bar  region), is the sagit-
tal pedicle  angle  (� Fig. 1.14)3,31,32 and  the  relationship  of adja-
cent  neural  structures.36,37 In  the  upper  lum bar  and  thoracic
spine, the sagittal pedicle angle becom es relatively steep.

McCorm ack  and  colleagues  described  the  un ique  relat ion-
sh ip  betw een  the  thoracic  pedicle  and  adjacen t  t ransverse
process.38 They,  in  fact ,  object ively  por trayed  th is  w ith  the
follow ing equat ion :

Equation  (1)

D ¼ 7:9 À  1:2 ÃTLð  Þ

where  D= the  rostrocaudal distance  from  the  midpoint  of the
transverse  process to the  midpoint  of the  pedicle  and  TL=thora-
cic  level. This  relationship  is  illustrated  in  � Fig. 1.15. This  may
provide  assistance to the  surgeon  during the  placement  of thora-
cic pedicle screws. Of note is that  pedicle morphology is relatively
una ected by race39 but  significantly a ected by age (youth).40

Pedicle strength , part icularly cort ical strength , characteristics
are  of substantial  relevance. The  technique  of screw  insertion ,

Fig. 1.9  Spinal canal diameter versus spinal level. The  width (solid line)
and  depth (dashed line) of the  canal are  depicted  separately. (Data
obtained from  Berry et  al,2 Panjabi et  al,4 Reynolds et  al,24McCormack
et  al.38

Fig. 1.11  Transverse  pedicle  width versus spinal level. (Data obtained
from Panjabi et  al,3 Krag et  al,31Zindrick et  al,32 Bernard and Seibert.33)

Fig. 1.10  A diagrammatic representation  of the
respective  shapes and  sizes of a  typical spinal
canal in  the  (A) cervical, (B) thoracic, and  (C)
lumbar regions. (Data obtained  from  Van Schaik
et  al.17)

Fig. 1.12  Sagit tal pedicle  width  versus spinal level. (Data obtained
from  Panjabi et  al,3 Krag  et  al,31Krag  et  al.47
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for  example,  a ects  the  deform ation  behavior  of  the  pedicle
cortex.41 Th is  is  related, in  par t ,  to  the  m icrostructure  m or-
phology.42 These  factors should  a ect  surgeon  considerat ions
for  the  select ion  of pedicle  screw s  and  the  locat ion  of  their
placem en t .

1.1.5  The Intervertebral Disc
The  in tervertebral  discs  are  composed  of a  nucleus  pulposus
and  an  annulus fibrosus, w hich  provide  support , absorb  shock,
and  both  allow  and  resist  som e  excessive  m ovem ent. The  discs
have  no  synovial fluid  or  synovial lin ing. They are  classified  as
am phiarthrodial joints. Their  ability to resist  axial loads is sub-
stan tial,43 but  it  decreases w ith  age.18 In  the thoracic spine, axial
load–bearing  ability  is  increased  by  the  costovertebral  joint,
w hich  supplem ents  the  strength  of  the  in terver tebral  disc.44

The addition  of flexion, extension, or  lateral-bending force vec-
tors,  however,  causes  significant  deform ity  of  the  disc  in ter-
space  and  fosters  disc bulging and  herniation . The  disc itself is
surrounded by an  endplate that  resists herniation  of the disc in-
to  the  vertebral body (Schm orl’s  node) and  that  has  a  predict-
able shape.45

The  annulus fibrosus is  composed  of several layers of radiat-
ing fibers attached  to the  cartilaginous endplates (inner  fibers)
and  the  cort ical bone  on  the  walls  of the  ver tebral body (Shar-
pey’s  fibers). In  the  cervical region, the  annulus  is  m ore  like  a
crescent-shaped  anterior  in terosseous  ligam ent.46 These  com -
ponents  incom pletely  resist  deform ation  (� Fig. 1.16). Because
of  their  angled  orientation  (approxim ately  30  degrees  w ith
respect  to  the  endplate),  the  annulus  fibrosus  fibers  resist

Fig. 1.15  The  rostral–caudal relationship  between the  transverse
process (dot) and  the  pedicle  (small circle) at  T1, T8, and  T12. (Data
obtained  from  Van Schaik et  al.17)

Fig. 1.16  The intervertebral disc. The fibers of the annulus fibrosus are
oriented  radially and  in  opposite  directions throughout  several layers.
(A) The  nucleus pulposus (dashed  oval) is contained by the  annulus in
nonpathologic situations. (B) Axial load  bearing  (solid  vertically
oriented arrow) results in  an even distribution of the  applied  load. (C)
An eccentrically borne  axial load  (solid  vertical oriented  arrow) results
in bulging of the annulus fibrosus on the concave side of the resultant
spinal curve and annulus fibrosus tension is present  on the convex side
of the  curve. (D) Under similar eccentric loading  conditions, the
nucleus pulposus tends to migrate  in  the  direction  opposite  to  the
annulus fibrosus bulge when an eccentric load is borne (solid to dashed
outline, designated  by the  horizontal small arrow).

Fig. 1.13  Transverse  pedicle  angle  versus spinal level. (Data obtained
from  Panjabi et  al,3 Krag  et  al,31 Zindrick et  al.32)

Fig. 1.14  Sagit tal pedicle angle versus spinal level. (Data obtained from
Panjabi et  al,3 Krag  et  al,31Zindrick et  al.32)
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rotat ion  w ith  relative e ectiveness. However, they do not  resist
compression  as  well. Note  that  disc bulging occurs on  the  con-
cave  side  of a  bending spine  (� Fig. 1.16c). This  correlates w ith
osteophyte  form ation .  Disc  bulging,  however,  should  not  be
confused  w ith  disc hern iation . The  form er  is  caused  by distor-
tion  of  the  annulus  fibrosus  and  is  associated  w ith  eccentric
loading. The lat ter  is caused  by m igration  of the nucleus pulpo-
sus from  its norm al anatom ical location.

In  contrast  to the  direct ion  of disc (annulus) bulging (i.e., to-
ward  the  concavity  of  a  spinal  bend),  the  nucleus  pulposus
m oves in  the  opposite  direct ion  (� Fig. 1.16d).47 Flexion  there-
fore  causes  bulging  of  the  annulus  fibrosus  ventrally.  It  also
causes a  tendency of the  nucleus pulposus to  m igrate  dorsally.
Of note, the annulus is exposed to significant  strain  during nor-
m al physiologic loading.48

1.1.6  The Transverse Process
The  t ransverse  processes  provide  a  site  for  attachm ent  of the
paraspinous m uscles. As m om ent  arm s for attached m uscles in-
crease,  they  provide  increased  leverage  for  lateral  bending.
They,  hence,  are  easily  fractured  because  of  their  relatively
sm all size and poor  vascularization. This is par ticularly so in  the
lum bar region, w here applied loads are often  substan tial.

The  transverse  processes  arise  from  the  junct ion  of  the
pedicle  and  the lam ina. In  the  m iddle  to low er  thoracic region ,
they  are  reasonably  substan t ial  and  project  in  a  lateral  and
sligh tly  upw ard  direct ion . Their  project ion  from  the  spine  is
roughly  at  the  sam e  anteroposterior  plane  as  the  facet  join ts
and  dorsal aspect  of the  pedicles. In  the  lower  thoracic region ,
the  transverse  processes  becom e  increasingly  sm aller  and
thus  are  less  useful for  hook  placem ent. In  the  thoracic spine,
a  unique  level-dependent  relationship  betw een  the  pedicle
and  the  transverse  process  exists,  as  defined  by  McCorm ack
and  colleagues  (see  previous  sect ion  “The  Pedicle”  in  th is
chapter).38

In  the  lum bar  region , the  transverse  processes  project  from
the  spine  in  a  m ore  ventral and  anteroposterior  position. They
becom e m ore  substantial and  thus are  able  to becom e sites for
bony  fusion . Their  ut ility  for  th is  purpose, however, is  lim ited
by their  relatively poor  blood  supply and  their  often  less-than-
optim al robustness.

In  the  upper  six  cervical  vertebrae,  the  ver tebral  artery  is
usually  transm itted  through  the  foram en  transversarium .  Of
note  is  that  the  foram en  t ransversarium  is  juxtaposed  to  the
uncovertebral join t.

1.1.7  The Spinous Process
The spinous processes are, in  general, directed dorsally and cau-
dally. The  spinous processes of C3 through  C6 are  usually bifid.
In  the cervical spine, the spinous processes lengthen  as the sur-
geon  proceeds caudally. In  the  cervical and  upper-m id  thoracic
spine, they  project  m ore  caudally  than  in  the  thoracolum bar
and  lum bar  regions. This  caudal  project ion  often  dictates  the
resection  of the  overhanging spinous process (and  in terspinous
ligam ent) to gain  access to the  in terlam inar  space  in  the  thora-
cic  region . The  strength  of  the  lum bar  spinous  processes  has
been  studied and defined.49

1.1.8  The Ligam ents
A variety  of well-studied  spinal ligam ents  provide  varying de-
grees  of support  for  the  spine. These  include  the  in terspinous
ligam ent,  the  ligam entum  flavum , the  anterior  and  posterior
longitudinal ligam ents, the  capsular  ligam ents, and  the  lateral
ligam ents  of  the  spine.50 Their  strength  characteristics  vary
from  ligam ent  to  ligam ent  and  from  region  to  region
(� Fig. 1.17).5,51–59 The strength  of the  spinal ligam ents, in  part ,
depends on  the  rate  of loading. High-speed  elongat ion  can  re-
sult  in  failure at  greater peak force, but  lesser peak elongation .60

This has im plications regarding the determ ination  of stability in
varying loading conditions. Other  ligam ents, such  as the  poste-
rior  epidural ligam ent  and  Hofm ann  ligam ent, play roles in  du-
ral stabilizat ion  by anchoring the  dorsal dura m ater  to adjacent
structures.61,62

The  e ect iveness  of a  ligam ent  depends  on  its  m orphology,
and particularly on  the m om ent  arm  through  w hich  it  acts.63 To
appreciate  the  contribut ion  of an  individual spinal ligam ent  to
the  in tegrity  of  the  spine,  the  length  of  the  lever  arm
(� Fig. 1.18a), as  well as  the  strength  of the  ligam ent, m ust  be
considered. The  length  of the  lever  arm  (m om ent  arm )  is  the
perpendicular  distance betw een  the  force  vector  (the  force  and
its  direct ion , as  applied  by  the  ligam ent)  to  the  instantaneous
axis  of  rotation  (IAR).  A very  strong  ligam ent  that  funct ions
through  a  relatively short  m om ent  arm  m ay contribute  less  to
stability than  a weaker ligam ent  working a longer m om ent  arm
because of the latter’s m echanical advantage.

Although  the  interspinous ligament  is  not  substantial, its  at-
tachm ent  to  a  bone  via  a  relatively long m om ent  arm  (spinous
process) allow s for the application  of a significant  flexion  resist-
ance force  to the  spine (by vir tue  of the significant  distance be-
tween  the  IAR and  the  poin t  of attachm ent  of the  ligam ent  to
the  spinous process). In  th is  case, the  m om ent  arm  is  the  per-
pendicular  distance  from  the  point  of attachm ent  of the  liga-
m ent  (spinous process) to the IAR of the a ected vertebral body

Fig. 1.17  Failure  strength of spinal ligaments versus spinal region. ALL,
anterior longitudinal ligament; PLL, posterior longitudinal ligament; LF,
ligamentum  flavum; CL, capsular ligament; ISL, interspinous ligament.
(Data obtained  from  White  and  Panjabi,5,18 Chazal et  al,51 Goel and
Njus,53Myklebust  et  al,54 Nachemson and  Evans,55 Panjabi et  al,56,57

Posner et  al,58 Tkaczuk.59)
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(Fig. 1.18b). Note that  the  in terspinous ligam ent  m ay be  absent
at the L5/S1 level and deficien t at  the L4–L5 level.

The  ligamentum  flavum  is  complex.64 It  is  a  strong ligam ent
but  provides less flexion  resistance because  of its  m ore  ventral
site  of attachm ent . Its  m om ent  arm  is  therefore  m uch  shorter
than  that  of the  in terspinous ligam ents—that  is, its  poin t  of at-
tachm ent  is closer  to the  IAR of the  vertebral body than  that  of
the  in terspinous ligam ent  (see  � Fig. 1.18b). It  is a  segm entally
discontinuous  ligam ent  that  extends  from  C2  to  S1. It  is  defi-
cient  in  m idline—that  is, a  longitudinal m idline  cleavage  plane
exists. This facilitates surgical en trance  into the  epidural space.
The ligam entum  flavum  has the highest  percentage of elastic fi-
bers of any hum an tissue. It  is also, except in  extrem e extension,
never  lax. These  two  factors  m inim ize  the  chance  of buckling
during  extension, w hich  can  result  in  dural  sac  compression.
Obviously, the  degenerated  spine  is m ore  prone to ligam entum
flavum  degeneration  and to buckling during extension.

The  anter ior  longitudina l ligament  is  a  relatively strong  liga-
m ent  attached  to  the  vertebral body edges  (and  not  so  firm ly
attached  to  the  annulus  fibrosus)  at  each  segm ental  level. Its
position, w hich  is usually ventral to the IAR, provides resistance

to  extension  (see  � Fig. 1.18b). Its  m ost  rostral aspect  attaches
to the clivus and its m ost caudal aspect  to the sacrum .

The poster ior  longitudina l ligament  is not  as strong as the  an-
terior longitudinal ligam ent. Its location, dorsal to the IAR, com -
bined  w ith  a  short  m om ent  arm  causes it  to weakly resist  flex-
ion  (see  � Fig.  1.18).  Its  relatively  dim inished  strength ,  com -
bined  w ith  its m echanically disadvantageous position , lim its its
ability to provide an teropulsion  of retropulsed bone and/or disc
fragm ents w ith  the application  of distractive forces. As opposed
to the an terior longitudinal ligam ent, the posterior longitudinal
ligam ent  is  predom inantly attached  to the  disc (annulus fibro-
sus). The  posterior  longitudinal ligam ent  extends from  the  cli-
vus rost rally (tectorial m em brane) and  extends caudally to the
coccyx. The  ligam ent  w idens substan tially in  the  region  of the
disc in terspace (� Fig. 1.19). Its relatively narrow  w idth  is part i-
ally  responsible  for  the  tendency  of the  dorsolateral region  of
the  disc  to  be  the  m ost  com m on  location  for  herniation . The
m echanism  of sudden  disc prolapse has been  show n to be asso-
ciated  w ith  an  axial load  applied  to  a  spine  in  a  flexed  and  ro-
tated (away from  the side of the prolapse) m otion.65

Fig. 1.18  (A) The relative lever arm (moment  arm) length of ligaments
causing  flexion (or resisting  extension). (B) The  ligaments and  their
effective moment  arms. Note that  this length depends on the location
of the  instantaneous axis of rotation (IAR). An  “average” location  is
used  in  this illustration. Dot, IAR; ALL, anterior longitudinal ligament;
PLL, posterior longitudinal ligament; LF, ligamentum  flavum; CL,
capsular ligament; ISL, interspinous ligament.

Fig. 1.19  The posterior longitudinal ligament is narrow in the region of
the  vertebral body and  at tached  laterally (at  the  level of its widest
point) in  the  region of the  disc interspace. The  most  common site  for
disc herniation is the  dorsal paramedian region  of the  intervertebral
disc. This injury has been reproduced by flexion, lateral bending (away
from  the  side  of the  prolapse), and  the  application  of an  axial load.
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The capsular ligam ents, part icularly in  the cervical spine, play
a  significant  role  in  the  m aintenance  of  spinal  stability.  The
length  of their  lever  arm  (see  � Fig. 1.18)  is  not  excessive, but
their  relative  strength , compared  w ith  the  stresses  placed  on
them , is substantial.

The  concept  of  the  neutra l  zone,  as  outlined  by  Panjabi,  is
essential to the understanding of both  the importance and  lim i-
tations of spinal ligam ents regarding spinal stability.66 The neu-
tral  zone  is  the  component  of the  physiologic range of m otion
that  is  associated  w ith  significant  flexibility and  m inim al sti -
ness  at  low  loads—that  is, m inim al  or  no  ligam ent  tension  (a
zone  of non-engagem ent). The  elast ic zone consists  of the  rest
of  the  physiologic  range  of  m otion  (� Fig.  1.20).  The  neutral
zone  can  be  increased  by st retch ing exercises, w hich  increase
the  length  of contracted  ligam ents, thus  increasing  the  phys-
iologic  range  of  m otion  and  flexibilit y.  Under  m ost  circum -
stances,  th is  is  beneficial—assum ing  that  suppor t  m uscle
strength  is  sim ultaneously increased. The  neutral zone  is  sim -
ilarly  increased  in  cases  of  ligam entous  injury  in  w hich  the
ligam ent  has  been  pathologically  increased  in  length ;  in  such
cases,  the  flexibility  of  the  spine  is  pathologically  increased.
Under  unloaded  condit ions, the  spine  is  lax (i.e., floppy) w ith-
in  the  neutral zone. Assum pt ion  of the  upright  posture, how -
ever,  is  not  possible  if  the  spine  rem ains  floppy. Continuous
m uscular  in fluences  compensate  for  th is  by  lim it ing  in ter-
ver tebral  m ovem ent ,  thus  decreasing  the  size  of  the  neutral
zone  and  increasing  stability. Decompressive  spine  surgery  is
usually  destabilizing.  How ever, the  exten t  of  the  destabiliza-
t ion  can  usually  be  controlled  if  fun dam ental  principles  are
followed.67

Finally, spinal instrum entation  is know n  to  cause  an  adverse
stress-sh ielding e ect  on  bone  (osteoporosis). This  also  occurs
w ith  ligam ents, resulting in  dim inished ligam ent strength .68

1.1.9  The Muscles
The  m uscles  m ove  the  torso  by either  directly or  indirectly af-
fect ing the  spine. The m orphology10,69 and  geom etry70 of these
m uscles  have  been  studied  extensively.  The  erector  spinae
m uscles cause spinal extension  and lateral bending via their bo-
ny  attachm ents. The  psoas  m uscle  contributes  to  flexion . The
rectus  abdom inis  m uscle  causes  spinal  flexion  w ithout  direct
spinal attachm ents; it  is a strong torso flexor because of its long
m om ent  arm  (from  the anterior  abdom inal wall to the IAR).70 It
is  an  importan t  spinal  support  m uscle  and  should  be  consid-
ered in  the rehabilitation  process.

The  continuous  dynam ic  influence  of  m uscles  on  spinal
stability  by  their  lim iting  the  size  of  the  neutral  zone  (see
� Fig.  1.20)  cannot  be  overem phasized. The  balance  betw een
flexibility and  strength  is crit ical for dim inishing the size of the
neutral  zone  during  loading. Chronic  pain  syndrom es  associ-
ated  w ith  m uscle  im balance and  overload  are  com m on. Biom e-
chanical studies  are  uniform ly  complicated  by  the  inability  to
accurately m im ic the  contributions  of cont inuous m uscular  in-
fluences to stability. The  rib  cage, although  not  a  component  of
the  spinal  colum n, plays  a  m ajor  role  regarding  stability. The
m aintenance of the bony shell and  an  in tact  sternum  is vital to
this  role. The  stabilizing e ect  of the  rib  cage  is greatest  in  ex-
tension  and  least  in  flexion.44 The union  of the left  and  right  rib
cages via the sternum  significantly augm ents their contribution
to spinal stability (see Chapter 3).

1.1.10  Bone
As previously stated, the vertebral body is the component of the
spine that  bears the greatest  part  of an  axial load. The vertebral
bodies’ dim ensions  are  proportional to  the  loads  they support
(see � Fig. 1.1, � Fig. 1.2, � Fig. 1.4).

The ratio of cort ical to cancellous bone a ects weight-bearing
potential.  It  is  greater  in  the  pedicles  than  in  the  ver tebral
bodies  and  greater  in  sm aller  pedicles  (the  thoracic and  upper
lum bar  spine) than  in  larger  pedicles  (the  sacrum ). Bone  den-
sity correlates w ith  resistance to screw  pullout. Hence, pedicles
resist  pullout  better  than  ver tebral  bodies, and  sm all  pedicles
resist  pullout  better  than  large  pedicles. The  low  bone  density
of the  sacrum  translates in to  significant  problem s w ith  pedicle
screw  pullout  in  th is  region. Furtherm ore, osteoporosis signifi-
cantly decreases bony in tegrity. A 50% decrease  in  the  m ass of
osseous  t issue  results  in  a  reduct ion  in  strength  to  25% of the
original.5

1.2  Configurat ion of the  Spine
Under  norm al  conditions, the  cervical  and  lum bar  regions  of
the spine assum e a lordot ic posture. A kyphosis, as exists in  the
thoracic  and  thoracolum bar  regions, predisposes  the  spine  to
exaggerated  stresses.  These  exaggerated  stresses  are  related
to an  increased  bending m om ent  (see  Chapter  2). Thus, the  in-
tr insic  configuration  of  th is  region  of  the  spine  substan tially

Fig. 1.20  A typical load  deformation  curve  depicting  the  neutral and
elastic zones (deformation or strain vs load  or stress).
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determ ines the type of spinal colum n injury incurred. The thor-
acolum bar  junct ion, for  example, is  the  lower  term inus  of the
thoracic kyphosis. It  lacks the protect ive support  of the rib cage
and does not harbor the excessive support  provided by the larg-
er  lower lum bar  vertebral bodies. This com binat ion  fosters ver-
tebral colum n injury. The in trinsic bending m om ent  allowed  by
the  kyphosis, the  lack of in tr insic protect ion  (relative), and  the
relatively abrupt change in  m echanics (related to lack of rib cage
support)  result  in  focally  increased  strain  and  in  an  increased
incidence  of compression  fractures  in  th is  region. The  cervical
region  sim ilarly has a peak incidence of fractures in  the m idcer-
vical region  (� Fig. 1.21).71,72

In  the  lower  lum bar  region,  the  m ore  m assive  vertebral
bodies provide  substan tial support. The  in tr insic lum bar  lordo-
sis  essentially  elim inates  the  bending  m om ent  com ponent  of
the stresses placed  on  the  spine  at  the  thoracolum bar  junct ion.
In  the  absence  of  a  sign ificant  bending  m om ent,  pure  axial
loads  are  com m only  presented  to  the  spine;  therefore,  burst
fractures  are  m ore  com m on  in  th is  location.  However,  frac-
tures  in  general are  less  frequent  than  in  other  regions  of the
spine.

At  the  lum bosacral junct ion, the  angle  of the  sacrum  in  rela-
tion  to the  L5 vertebral body (the lum bosacral joint  angle) m ay
substantially  a ect  pathologic  processes—both  t raum atic  and
degenerative. Furtherm ore, th is  joint, w hich  is  exposed  to  sig-
nificant  axial  stresses,  m ust  resist  substan tial  t ranslational
forces  as  well.  The  greater  the  lum bosacral  joint  angle,  the
greater  the applied  t ranslation  forces. The ability to resist  these
translat ional forces  is  dim inished  by the  vertical joint  orien ta-
tion, the orientation  of the facet joints, and the strength  charac-
teristics of the ligam ents. Spondylolisthesis m ay ensue. Patients
w ith  exaggerated  lum bar  lordosis are  particularly prone  to the
sequelae of these stresses (� Fig. 1.22).17

1.3  Regional Characterist ics
1.3.1  The Upper Cervical Spine and
Craniocervical Junct ion
The  upper  cervical spine  deserves special atten tion  because  of
its unique anatom ical arrangem ents. C1 has no centrum ; th is al-
low s  in trusion  of the  odontoid  process  of C2  betw een  its  two
lateral m asses. The odontoid  process ar ticulates w ith  the dorsal
aspect  of  the  ventral  portion  of  the  ring  of  C1  and  w ith  the
transverse ligam ent of the atlas by separate synovial joints.

Fig. 1.22  Orientation  of the  lumbar and  the  lumbosacral joints. Note
that  as the  spine  is descended, the  joint  angle  becomes more  nearly
vertical. (A) Arrows depict  the  translational forces resulting  from  the
assumption of upright  posture. (B) Lateral radiograph of a patient  with
exaggerated  lumbar lordosis. This predisposes the  L5–S1 joint  to
significant  shear loads, as portrayed  in  (A).

Fig. 1.21  Incidence  of spinal cord  injury (or significant  neural element
compromise) following  trauma versus spinal level.  Cross-hatching,
cervical; dots, thoracic; diagonal lines, lumbar. (Data obtained  from
Benzel and  Larson.71,72)
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The lateral m asses of C1 articulate w ith  the occipital condyles
and  C2 by kidney-shaped  articulations. The superior  facet  of C1
faces in  a rostral and  m edial direction, w hereas the inferior  fac-
et  faces in  a caudal and  m edial direct ion . This unique wedgelike
configuration  results  in  a  lateral  transm ission  of force  vectors
resulting  from  axial  loads  (C1  burst  [Je erson]  fracture).  The
transverse ligam ent  of the atlas attaches to the tubercles on  the
m edial  aspect  of the  ring  of C1. This  anatom ical  arrangem ent
provides for  the containm ent of the in truding odontoid process.
The  short  and  strong t ransverse  processes allow  attachm ent  of
the  rotators  (m uscles)  of the  upper  cervical spine. The  ventral
ring of C1 is strong—that  is, it  is m ade  up  of dense  cort ical-like
bone. This  has an  im portant  bearing on  the  in tegrity of C1  fol-
low ing  lam inectomy  or  dorsal  arch  fractures.  A circum feren-
tially  in tact  ring of C1  is  not  necessary for  the  m aintenance  of
stability.

The  C2  ring has  m any attributes  of the  m ore  caudal cervical
vertebrae. However, it  also has a rostral extension, the odontoid
process (or  dens). The  pars  in terart icularis  (not  to  be  confused
w ith  the  pedicle) is substan tial and  projects from  the lam ina in
a rostral and ventral direct ion  to attach  to the lateral m ass. This
anatomy is  vitally im portant  in  respect  to  t ransarticular  screw
fixation  techniques.73 The  C2  pars  in terart icularis  attaches  to
the  pedicle,  w hich  passes  m edially  to  the  ver tebral  body
(� Fig. 1.23).50,74,75 The transit ional nature  of th is vertebra obli-
gates  a  complicated  anatom ical  configuration  w ith  an  associ-
ated  variability.76 The  occipital nerve  passes  dorsally to  the  at-
lantoaxial  joint.  This  m ust  be  kept  in  m ind  during  t ransfacet
C1–C2 screw  fixation  (� Fig. 1.24)

The  C2  ring  is  directly  connected  to  the  occiput  by  the  alar
and  apical  ligam ents  and  by  the  tectorial  m em brane. The  C1
ring  funct ions,  in  a  sense,  as  an  in term ediate  “fulcrum ” that
regulates  m ovem ent  betw een  the  occiput  and  C2.77 The  atlan-
to-occipital joint  perm its flexion, extension , and  a  m inim al de-
gree  of lateral flexion . Minim al rotation  is  allowed. The  atlan-
toaxial join t  allow s som e lateral bending (w hich is coupled w ith
rotat ion).78 Most  cervical rotation , w hich  occurs about  the  axis
of the  dens, is  perm it ted  at  th is  joint. The  m ovem ents  perm it-
ted at  the craniocervical region  are depicted in � Table 1.1.5,15,79

The  failure  strength  of the  alar  ligam ent  is  about  200  new-
tons (N), and  that  of the  t ransverse  ligam ent  of the  atlas is  ap -
proxim ately 350 N.52 These ligam ents are very strong compared
to  the  loads  placed  on  them  (compare  to  subaxial  ligam ent
strengths, � Fig. 1.17). This  explains, in  part , the  relatively low
incidence of failure of upper cervical ligam ents.

Surgery on  the upper cervical spine is complicated by the dif-
ficulties associated w ith  calvarial fixation,80 by the unique anat-
omy of the  upper  cervical  vertebrae, by  vertebral  artery  rela-
tionships,81 and  by the substantial spinal m ovem ent  allowed  in
this  region.  A fundam ental  understanding  of  the  anatom ical
and  m orphological characterist ics  of the  occipital bone, hence,
is of significant  importance. Naderi et  al dem onstrated  occipital
bone m orphological variability and  suggested  that  preoperative
computed  tom ography be  perform ed  in  the  planning of occipi-
tal  bone  fixation  strategies.82 The  anatom ical  features  of  the
upper  cervical spine—especially  the  articulations  of the  verte-
brae  w ith  one  another  and  w ith  the  skull—provide  lim ited
points for  fixation  and  sites for bony fusion  placem ent. Further-
m ore, the  unique anatom ical arrangem ent  allow s m ovem ent  in
all direct ions and  in  rotation , as  well. Although  the  m ovem ent
perm it ted  in  the  upper  cervical region  is  not  m anifested  in  all
planes and  in  rotation  at  each  spinal level, its sum  from  occiput
to  C2  is  greater  than  that  in  any  other  region  of  the  spine
(� Fig. 1.25).

Fig. 1.24  Anatomy of the  dorsal aspect  of the  occiput–C1–C2 region,
with  the  occipital nerve  passing  dorsal to  the  facet  joints.

Table 1.1  Movements allowed in the craniocervical region

Joint  Motion  Range of motion (degrees)

Occiput–C1  Combined  flexion–extension  25

Lateral bending  (unilateral)  5

Axial rotation (unilateral)  5

C1–C2  Combined  flexion–extension  20

Lateral bending  (unilateral)  5

Axial rotation (unilateral)  40

Fig. 1.23  The  pedicle  and  pars interarticularis of C2. The  pedicle  is
located  just  lateral to  midline. It  is poorly defined. The  pars
interarticularis is located between the superior and inferior articulating
processes, depicted  here  in  an  oblique  view.
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1.3.2  The Middle  and Lower Cervical
Spine
The  vertebrae  of the  m iddle  and  lower  cervical spine  are  rela-
tively  uniform .  This  consistency  encourages  surgical  in ter-
vention.83 A unique  characteristic  of th is  region  is  its  lordotic
posture. This  m ay aid  in  spinal cord  injury prevention  because
m ost  axial loads are im parted sym m etrically to the spine rather
than  w ith  a  significant  flexion  component  (w hich  would  cause
an  asym m etric load  application  and  increase the  chance of ver-
tebral  body  failure  w ith  retropulsion  of  bone  and  disc  frag-
m ents in to the spinal canal).

The  orientation  of the  facet  joints  in  the  coronal plane  does
not  excessively lim it  spinal m ovem ent  in  any plane  except  ex-
tension .  With  the  cervical  spine  in  extension,  however,  the
spine’s ability to resist  axial loading is greatest. This m ay be  re-
lated to the fact  that  the facet join ts can part icipate in  axial load
support  m ost  e ect ively  in  extension  and  that, as  m ent ioned
above, the  likelihood  of a  flexion  component  to  the  injury  is
sm all. In  this case, the facet  join ts funct ion  in  a load-sharing ca-
pacity (� Fig. 1.26).

The  orien tation  of the  facet  join ts  in  the  cervical spine  (in  a
coronal plane) facilitates spinal instrum entation  in  certain  situ-
ations. If  the  in tegrit y  of  the  facet  join ts  and  pedicles  in  the
cervical region  has been  m ain tained  and  the  ver tebral bodies
are  able  to adequately resist  axial loading, t ranslat ional insta-
bilit y m ay be  e ect ively m anaged  by the  applicat ion  of a  ten -
sion-band  fixat ion  construct  (� Fig.  1.27),  as  d iscussed  in
Chapter  22.84

The  cervical  ver tebrae  (C3–C6  and  occasionally  C7)  contain
bilateral foram ina transversaria  for  the  passage of the  vertebral
arteries. These are  consistently located  laterally to the ver tebral
body border.83,85,86 There  is  less  room  for  surgical error  in  the
m ore rostral segm ents.87 Surgical dissection  lateral to the verte-
bral  body  border  m ay  violate  the  foram ina  t ransversaria  and
the vertebral ar tery. Hence, a clear im aging defin ition  of the pa-
tient-specific anatomy is prudent before surgical in tervent ion.

1.3.3  The Cervicothoracic Junct ion
The  cervicothoracic junct ion  is  exposed  to  unique  stresses  be-
cause of its location  and  anatom ical characteristics.88 The angle
betw een  the  facet  and  in terver tebral  join ts  changes  signifi-
cantly  betw een  C6  and  T1.89 This, com bined  w ith  the  absence
of the  protect ive  rib  cage, predisposes  the  region  to  “transla-
tional deform ation .”

1.3.4  The Thoracic Spine
The thoracic spinal cord  is shielded  from  injury by the  m assive
regional  paraspinal  m uscle  m asses  and  by  the  thoracic  cage.
However,  the  narrow  regional  spinal  canal  diam eter  in  the
upper  thoracic region  complicates the  issue. The form er  attr ib-
utes  help  to  protect  the  neural  elem ents;  the  latter  attribute

Fig. 1.25  (A) The  occiput–C1–C2 ligaments viewed  from  a ventral
orientation  with  the  ventral arch of C1 removed. (B) The  same
ligaments viewed from  a rostral orientation. (C) The  predominance  of
rotation of the cervical spine is allowed between C1 and C2 about  the
odontoid  process peg  (instantaneous axis of rotation).

Fig. 1.26  (A) In  a  neutral spinal orientation, the  facet  joints of the
cervical spine  are  unloaded  during  moderate  axial loading. (B) In  a
lordotic orientation (relative  extension), however, they are  loaded and
thus subjected  to  injury during  axial loading.
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contributes to neural injury. This m ay explain  the  increased  in-
cidence  of  catastrophic  neurologic  injuries  associated  w ith
spine  fractures  in  th is  region. The  increased  paraspinal m uscle
m ass  protects  the  spine  from  failure,  thus  causing  an  all-or-
nothing risk for neural injury—that  is, sign ificant  kinetic energy
is  required  to  fracture  the  upper  thoracic spine. If such  a  frac-
ture  occurs, the  narrow  spinal canal leaves lit t le  room  to  spare
for  neural  elem ent  protect ion  (� Fig. 1.28).71 The  norm al  ky-
photic  posture  of the  spine, w ith  its  associated  predisposition
to spine fracture, complicates all of these factors.

1.3.5  The Thoracolum bar Junct ion
The  thoracolum bar  junct ion  is  located  at  a  point  of t ransition
that  m akes it  vu lnerable to excessive applied force. At  th is junc-
tional region  of the spine, the rib cage no longer provides spinal

support , and  the  kyphotic  curvature  of the  spine  predisposes
the  spine  to  fracture. Furtherm ore, the  vertebral bodies  of the
spine  have  not  yet  ach ieved  the  m assive  size  of the  m iddle  to
lower  lum bar  vertebrae  (and  also  lack  the  increased  ability  to
resist  deform ity  of  the  m iddle  to  lower  lum bar  vertebrae).
Therefore, the  incidence  of fractures  is  increased  at  th is  junc-
tion  (see � Fig. 1.21).71

The  unclear  nature  of  the  definition  of  the  thoracolum bar
junct ion  is  worthy  of  em phasis.  This  junct ion  should  not  be
considered  the  T12/L1  region.  In  reality,  the  thoracolum bar
junct ion  should  be considered a zone—a zone w ith in  w hich  the
vertebral anatomy changes relatively abruptly. This zone begins
w ith  the  first  floating rib  at  approxim ately T9  or  T10  and  ends
w ith  the m ore robust  lum bar  ver tebrae at  about  L1 or L2. With-
in  th is zone, the strength  of the vertebrae  and  associated  struc-
tures increases relatively rapidly as the spine is descended.

The  transverse  processes  of  the  lower  thoracic  region  are
often  dim inutive  or  rudim entary. This presents problem s if in-
strum entation  fixation  to the  transverse  processes is desirable;
alternate fixation  sites are often  necessary.

1.3.6  The Upper and Middle  Lum bar
Spine
The vertebral bodies of the  upper  and  m iddle  lum bar  spine  are
larger  and  m ore  m assive  than  those  at  m ore  rostral spinal lev-
els. This, com bined  w ith  the  resumption  of a  lordot ic curvature
of the spine in  th is region, a ords a region-related  resistance to
excessive  forces. Furtherm ore, the  transit ion  of the  spinal cord
into  the  cauda  equina  (w hich  is  m ore  tolerant  of traum a  than
the  spinal cord)  m akes  catastrophic spinal injury  from  traum a
less likely (see � Fig. 1.21 and � Fig. 1.28).71

Fig. 1.27  In the cervical spine, the orientation of the facet joints can be
used  to  an  advantage  via cerclage  wiring  techniques. (A) The
compression of two spinous processes together in  a  tension-band
manner prevents subluxation  by bringing  the  superior and  inferior
facets together. (B) Because the facet  joints are  oriented coronally, the
close approximation of the superior and inferior facets causes them  to
abut  each other and  thus inhibits translational deformity. (Data
obtained  from  Benzel and  Kesterson.84)

Fig. 1.28  Representation  of the  frequency of the  level of vertebral
injury in complete myelopathies (no function preserved below the level
of injury; dashed line) and  incomplete  myelopathies (some  function
preserved  below the  level of injury; solid line). Note  that  in  patients
with  a complete  myelopathy, the  curve  is shifted  to the  left. (Data
obtained  from  Benzel and  Larson71)
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1.3.7  The Low  Lum bar Spine and
Lum bosacral Junct ion
The  caudal end  of the  spinal colum n  is  associated  w ith  signifi-
cant  logist ic  therapeutic  dilem m as.90–93 Inform ation  regarding
m orphom etric and  anatom ical variability and  characteristics of
the  lum bar  spine  can  have  significant  implications  regarding
im plant  insert ion  and  strategic  planning.94 A frequently  ob-
served  inability  to  obtain  substantial  points  of sacral  fixation
creates a m ultitude of surgical problem s. Sim ilarly, an  appropri-
ate  bending m om ent  is not  often  achieved  by the  instrum enta-
tion  construct  because of the lack of an  adequate length  of lever
arm  below  the injury. Furtherm ore, the relatively steep orienta-
tion  of  the  lum bosacral  joint  exposes  the  lum bosacral  spine
to  an  increased  risk  for  translational  deform ation  (see
� Fig. 1.22), w hile facet  geom etry a ects both  translational and
rotatory deform ation.17,95 Morphological di erences and  varia-
tions  m ay lead  to  pathologic configurations  and  postures (e.g.,
kyphosis  or  excessive  lordosis).96 This  can  have  significant  im -
plications  regarding  strategies  for  im plant  insertion  and  de-
form ity correction .

1.3.8  The Sacroiliac Joint
The  sacroiliac  join t  is  complex.  It  is  a  diar throdial  (synovial)
joint  ventrally and  an  am phiarthrodial (ligam entous) joint  dor-
sally. Its  unique  anatom ical  configuration  requires  m eticulous
technique  for  radiographic  assessm ent.97 Both  an teroposterior
and  oblique views m ay be necessary. As an  aside regarding iliac
bone  anatomy, the  th ickest  portion  of the  iliac bone  is  the  iliac
tubercle  region.98 This  is  relevant  regarding  strategies  to  har-
vest  iliac crest  bone grafts. Sacroiliac joint  m obility is consider-
able, even  in  the aged.99

1.3.9  Anom alies
Anom alies of spine segem entation  and  segm ental developm ent
are not  uncom m on.

Hem ivertebrae, congenital fusion  (e.g., Klippel-Feil anom aly)
and  extra  or  m isplaced  (supernum erary)  ribs  are  relatively
com m on  occurrences. Such  anom alies can  lead  to degenerative
changes  in  the  sam e  segm ent  or  adjacent  segm ent(s)  and  de-
form ity. Such  is often  seen  w ith  Klippel-Feil anom alies, assim i-
lation  of the  atlas, hem ivertebra, and  sacralization  of the  low
lum bar spine. Often, such  anom alies coexist , exem plified  by the
association  betw een  cervical  ribs  and  sacralization  of the  low
lum bar spine.100

1.4  Spinal Mot ion
The  m otion  allowed  (relative)  at  each  segm ent  is  depicted  in
� Fig. 1.7. This  is  related  predom inantly  to  facet  joint  orien ta-
tion  (see  � Fig. 1.6). For  example, the  coronally  orien ted  facet
joints  of  the  cervical  spine  allow  rotation  and  flexion–exten-
sion, w hereas the  sagittally oriented  facet  joints  allow  flexion–
extension, but  not rotation.
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2  Physical Principles and Kinem at ics
Physics  is  one  of  the  m ost  fundam ental  of  all  sciences.  An
understanding of the physical principles involved in  a discipline
such  as spine  surgery allow s the  surgeon  to  appreciate  actions
and react ions, force vectors, related component  vectors, and the
m ovem ents  and/or  deform ations  that  they cause, and  to  apply
fundam ental physical principles to clin ical practice.1,2

Kinem atics  is  the  study of the  m otion  of rigid  bodies. By its
nature, it  involves  the  application  of physical principles. Thus,
the  disciplines of physics and  kinem atics cannot  be  completely
separated, and  a  discussion  of one  is  obligatorily  in tertw ined
w ith  the other. A serious attempt has been  m ade herein  to m in-
im ize discussion of overly technical or clin ically unnecessary in-
form ation . Hence, w hat follow s is a dist illation  of the disciplines
of physics  and  kinem atics.  Pertinent  principles  and  law s  and
clin ically relevant  inform ation  regarding spinal instrum entation
are em phasized.

2.1  Vectors, Mom ent  Arm s,
Bending Mom ents, and Axes of
Rotat ion
Forces applied to the spine can  be broken  dow n into component
vectors. A vector  is  defined  here  as  a  force  oriented  in  a  fixed
and  well-defined  direct ion  in  three-dim ensional  space
(� Fig. 2.1).

A force  vector  m ay  act  on  a  lever  (moment  a rm), causing  a
bending  moment.  The  bending  m om ent  applied  to  a  point  in

space  causes  rotation, or  a  tendency  to  rotate, about  an  axis.
This axis, regarding the  spine, is  term ed  the  instantaneous a xis
of rota t ion  (IAR). The word  instantaneous is included  to em pha-
size  that  the  axis  of  rotation  changes  (or  rather  m oves),  de-
pending on  the  loads  and  forces applied. To  establish  an  easily
defined  and  reproducible  coordinate  system , the  standard  Car-
tesian  coordinate  system  has been  applied  to  the  spine. In  th is
system , there are three axes: the  x, y, and  z axes. Several defini-
tions of the  x, y, and  z axes have  been  used. To  sim plify term i-
nology, the  term s  rostra l, caudal, ventra l, dorsa l, r ight, and  left
are  used  here. Rotat ional and  translational m ovem ents can  oc-
cur  about  these  axes. This  results  in  12  potent ial  m ovem ents
about  the  IAR:  two t ranslat ional m ovem ents  a long each  of the
three  axes  (one  in  each  direct ion)  and  two  rotat ional  m ove-
m ents  around  each  of the  axes  (one  in  each  direction). These
potential  m ovem ents  m ay  also  be  considered  in  term s  of de-
grees of freedom;  thus, six degrees of freedom  exist  about  each
IAR (� Fig. 2.2).

For our  purposes, the IAR is the  axis about  w hich  each  verte-
bral segm ent  rotates at  any given  instant . This is, by defin ition,
the center  of the coordinate system  (in  the plane perpendicular
to  the  IAR)  for  each  m otion  segm ent. When  a  spinal segm ent
m oves, there  is  an  axis  passing through, or  close  to, the  ver te-
bral body that  does not  m ove;  th is  is  the  axis about  w hich  the
vertebral body rotates (the IAR). Its location  is variable, depend-
ing on  the  in tr insic curvature  of the  spine, as well as other  fac-
tors.3,4 Multiple  factors, such  as degenerative  disease, fractures,
ligam entous injuries, instrum entation  and/or  fusion  placem ent,
and  segm ental  m otion,  can  a ect  the  position  of  the  IAR
(� Fig. 2.3). For  example, the  IAR is  a ected  by  the  extent  of
degeneration  and  deform ation  in  the  spondylotic spine  w ith  a

Fig. 2.1  (A) A force vector in three-dimensional space. (B) If a force (F)
is applied  at  a  distance  (d) from  a fulcrum  (instantaneous axis of
rotation), a  bending  moment  (M) is created.

Fig. 2.2  The  Cartesian coordinate  system  with  the  instantaneous axis
of rotation as the center. Translation and rotation can occur in both of
their respective  directions about  each axis.
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lysis of the pedicle (spondylolysis). The IAR m igrates rostrally as
the exten t  of the pars defect  advances and  the wedge deform ity
progresses.5

In  a  sense, the  IAR is  a  fulcrum . For  example, if the  spine  is
flexed, all points ventral to the IAR com e closer  together and  all
poin ts dorsal to the IAR m ove farther  apart  (� Fig. 2.4). It  is im -
portant  to  note  that  these  considerations  are  very  im portant
clin ically. For  example, both  cervical  spine  flexion  and  exten-
sion  can  decompress  the  neuroforam ina, depending on  the  lo-
cation  of the  IAR. In  the  case  in  w hich  the  IAR is located  in  the
region  of  the  facet  joint,  flexion  causes  neuroforam inal  com -
pression  and  extension  causes  neuroforam inal decom pression.
The surgeon can  determ ine and dictate such. For example, if the
surgeon desires to achieve decom pression  of the neuroforam ina
via extension  of the spine, the axis about  w hich the m otion  seg-
m ent  is  extended  (IAR) m ust  be  dorsal to  the  neuroforam ina—
perhaps in  the region  of the facet joints (� Fig. 2.5).6

The  location  of the  IAR at  the  t im e  of spinal colum n  failure
dictates  the  resultant  failure  type.  Hoshikawa  et  al  observed
such  in  a porcine m odel. They observed  that  the  m otion  axis of
fracture  (MAF), essentially equivalent  to  the  IAR at  the  t im e  of
failure, contributed  to  flexion–dist raction  injuries, even  w hen
vertical compressive  loads  were  applied.7 Such  an  observation
should  cause  one  to  consider  carefully the  location  of the  MAF
or  IAR w hen  evaluating  spine  traum a  patients. Such  could  aid
in  the clin ical decision-m aking process.

The  IAR should  be  considered  dynam ic. As spinal m ovem ent
occurs, the  IAR of each  involved  spinal segm ent  m oves. The IAR
is derived, in  the clin ical situation , from  dynam ic radiographs (i.
e., flexion  and extension  radiographs).

The  IAR, however, depends on  the  m ethod  of determ ination.
In  the  present  context, the  IAR is  theoretical. In  the  spine  ex-
posed  to  excessive  loads  at  the  m om ent  of failure, the  IAR is
often  located w ith in  the ver tebral body’s confines in  the sagit tal
plane (see Chapter 5). This assum es that  the ver tebral body piv-
ots  about  a  point  w ith in , ventral  to, or  dorsal  to  its  confines
(� Fig. 2.6a).4

Fig. 2.3  A depiction of an  applied  bending  moment  altering  the
location of the  IAR (dot) from  the  (A) preload  situation to the  (B)
postload  situation. Because  a  ventral bending  moment  was applied,
the IAR, as is often the case, moved dorsally. IAR, instantaneous axis of
rotation.

Fig. 2.4  A depiction of the fulcrum-like nature of the IAR (dot). If spinal
flexion occurs, as depicted, all points ventral to the IAR come closer to
one  another and  all points dorsal to the  IAR spread  farther apart, as
depicted by the curved arrows. A1 and B1 designate  ventral and dorsal
points aligned with the  vertebral end plates in the  neutral position. A2
and  B2 represent  ventral and  dorsal points aligned  with  the  vertebral
end  plates following  flexion. IAR, instantaneous axis of rotation.

Fig. 2.5  Spine  extension  can be  used  to  decompress the  neuro-
foramina, only if the instantaneous axis of rotation (IAR) for correction
is located  dorsal to the  neuroforamina, at  the  level of the  facet  joints.
Neuroforaminal compression noted  in  flexion. (A) Neuroforaminal
decompression noted  in  extension, as the  fulcrum  (facet  joints; dots)
are  loaded. Dots represent  IAR. Shaded  circles represent  neuro-
foramina.
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Another  theoretical assumption  (or  clin ical situation) is  that
flexion  or extension , as elicited  by adjacent  ver tebral body flex-
ion  or  extension  about  an  in tervertebral  disc, results  in  posi-
tioning  of  the  IAR  in  the  region  of  the  in terver tebral  disc
(� Fig. 2.6b). Therefore, the  location  of the  IAR depends  on  the
theoretical foundation  on  w hich  its  defin ition  is  based  and  the
m anner  in  w hich  it  is  determ ined. The  IAR can  be  determ ined
as  by  White  and  Panjabi  (� Fig. 2.6c).8 The  center  of rota t ion
(COR), as applied  by Sm ith  and  Fem ie, is sim ilar  to the  IAR.9 Its
determ ination  and  clin ical application, however, present  prob-
lem s sim ilar to those encountered w ith  the IAR (� Fig. 2.6d).9,10

When  rotation  is  superim posed  on  translat ion, the  resultan t
component  of m ovem ent  described  by the  translat ional m ove-
m ent  vector  is  called  the  helica l  a xis  of  motion  (HAM)
(� Fig. 2.6e). It  is  oriented  in  the  direct ion  of the  t ranslational
m ovem ent. A screw  m otion  can  be  defined, in  part , by th is pa-
ram eter. It  m ust  be  em phasized  that  the determinat ion  of each
of the a xes descr ibed here is subject to er ror.

The  concepts  of the  m om ent  arm  and  the  bending m om ent
are  crit ical  to  the  understanding  of spinal  biom echanics. The
m om ent  arm  associated w ith  a spinal im plant  is defined  as that
“im aginary lever” that  extends  from  a  poin t  (IAR) to  the  posi-
tion  of application  of force  to  the  spine  (perpendicular  to  the
direct ion  of the  applied  force). This is t rue  regardless of the na-
ture  of the  force’s application , w hether  natural (e.g., from  liga-
m ents)  or  extrinsic  (e.g., via  instrum entation  constructs). The
bending m om ent  (M) is  defined  as  the  product  of the  force  (F)
applied to the lever arm  and the length  of the lever arm  (D):

Equation  (2)

M¼ F Â D

w here  M = bending  m om ent,  F= applied  force,  and  D = the
perpendicular  distance  from  the  force  vector  to  the  IAR (m o-
m ent  arm ;  see  � Fig. 2.6). The  bending  m om ent  is  e ect ively
the  torque  applied  by the  force  (circular  force). More  correctly,
torque is a m om ent  w ith  m agnitude. The application  of a bend-
ing m om ent  results  in  a  concentration  of stress, such  that  fail-
ure becom es m ore likely, as depicted in � Fig. 2.7a, b.

In  the  pages  that  follow, som e  of the  discussion  and  associ-
ated  illustrat ions  address  concepts  related  to  the  bending m o-
m ent. In  these  illustrat ions, the  bending  m om ent  is  port rayed
as a curved arrow, w ith  the center of the arc being the IAR.

2.2  Paradoxical Spinal Mot ion
Paradoxical spina l motion is the unexpected  and  potent ially un-
toward  segm ental  spinal  m ovem ent  that  occurs  during  the
application  of flexion, extension, or  rotat ion  stresses to  the  in-
volved  spinal segm ent  and  adjacent  segm ents. It  occurs in  two
circum stances:  (1)  in  cases  of segm ental  spine  instability  and
(2)  in  cases  in  w hich  stabilization  techniques  (spinal implants
or  external  splin ts)  are  used  that  lim it  m otion  betw een  two
nonadjacent  vertebrae w ith  at  least  two in terver tebral discs lo-
cated  betw een  the  term ini of the  im plant  or  splin t  (� Fig. 2.8).
In  the  case  of segm ental  spine  instability,  paradoxical  m ove-
m ent  can  occur  at  the  index and  adjacent  levels. In  the  case  of
stabilization  techniques, the  suspension  of ver tebral body seg-
m ents betw een rigidly im m obilized segm ents allow s segm ental
m uscular  attachm ents to cause segm ental m ovem ent  in  a para-
doxical  m anner  (snaking).  Snaking  is  a  characteristic  type  of
m ovem ent  of  spinal  segm ents  in  response  to  external  force
applications. With  such  m ovem ent, the  sum  of the  m ovem ents
of individual spinal m otion  segm ents is greater  than  the overall
spinal  m ovem ent  observed.11 In  som e  clin ical  circum stances,
it  can  be  object ively assessed.3 In  these  cases, it  can  be  quant i-
fied  by  m easuring  the  overall  m ovem ent  betw een  the  rigidly

Fig. 2.6  Determination  of the  axes of rotation. (A) The  instantaneous
axis of rotation (IAR), as applied  herein, is the  point  about  which a
vertebral body pivots. (B) The  IAR can  also  be  thought  of as a  point
about  which two vertebral bodies flex or extend. (C) The  IAR can  be
determined as by White  and  Panjabi. (Data obtained  from  Aebi et  al,1

White  and  Panjabi.8) (D) The  center of rotation  (COR), similar to  the
IAR, is determined  by comparing  segmental vertebral positions, as
illustrated. (Data obtained  from  Benzel et  al.11) (E) The  helical axis of
motion (HAM). These are all crude methods of describing the center of
motion or the axis of motion. Errors of calculation or interpretation can
easily occur.

Fig. 2.7  The  bending  moment  (M, depicted  by a  curved arrow) is the
product  of the  force  (F) and  the  length  of the  moment  arm  (D). The
maximum  bending  moment  is located  at  the  center of the  circle
defined  by the  radius of the  bending  moment’s arc (i.e., the
instantaneous axis of rotation). (A) Lateral view. (B) Anteroposterior
view.
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im m obilized  rostral and  caudal components. This is subtracted
from  the sum  of the absolute values of each of the individual in-
tervening segm ental m ovem ents (see � Fig. 2.8).11

The  paradoxical  m otion  phenom enon  m ay  becom e  signifi-
cant  w ith  external spinal splin ting or  in  cases  in  w hich  an  in-
strum ented  spine  is not  instrum ented  at  every segm ental level
(e.g.,  on ly  at  the  term in i  of  the  construct).  In  either  case,
m ovem ent  of the  suspended  sp inal  segm ents  can  occur  (be-
tween  the  ext rem es  of the  fixat ion). Paradoxical m otion  and
related  phenom ena  are  di cu lt  to  predict  or  to  reproduce  in
the laboratory.12

2.3  Mom entum  and New ton’s
Laws of Mot ion
Momentum  is  the  product  of  m ass  and  velocity.  Mom entum ,
therefore,  is  defined  in  part  by  direct ion;  it  dem onstrates  its
vector  component  in  th is  m anner. To  appropriately  appreciate
the  stresses  w ithstood  by  the  spine, the  surgeon  m ust  under-
stand  the  fundam ental  act ion–reaction  phenom enon.  An  ap-
preciation  of the  concept  of m om entum  is in tegral to th is proc-
ess. Let  us begin  w ith  Sir Isaac New ton’s law s of m otion  because
they  describe  how  objects  respond  to  external  force  applica-
tions.

New ton’s first  law  of m otion, the law  of iner tia, can  be stated
thus:  If a  body is subjected  to no net  external influence, it  ha s a
constant  velocity, either  zero or  nonzero. As  long as  there  is  no
force  act ing on  an  object , its  speed  and  direct ion  of m otion  do
not change.

New ton’s  second  law  of m otion, the  law  of superim position
of forces, can  be  stated  thus:  The  t ime  ra te  of momentum  of a
body is equal in  magnitude and direct ion to the vector sum of the
forces act ing upon  it. In  other  words, an  object  responds to the
sum m ation  of the forces applied to it .

New ton’s th ird  law  of m otion, the law  of conservation  of m o-
m entum , can  be stated  thus:  Interact ions between  objects result

in  no net  change in  momentum. When  two objects in teract  via a
collision, the first  body exerts a force on  the second. The overall
m om entum  of the  two  bodies  rem ains  constant— that  is, any
m om entum  lost  by  one  body  is  gained  by  the  other. In  other
words, for  every act ion  there is an  equal (in  magnitude) but  op-
posite (in direct ion) react ion.

2.4  Force  Pairs
Forces  occur  only  in  pairs. When  a  reflex  ham m er  str ikes  the
patellar tendon, the force exerted by the ham m er on  the tendon
is precisely equal in  m agnitude  to the force  exerted  by the  ten-
don  on  the ham m er. Sim ilarly, w hen  a force  is applied  to a ver-
tebral body by the application  of an  axial load, the force applied
by  the  vertebral  body  on  its  neighboring  vertebral  bodies  is
equal  in  m agnitude  but  opposite  in  direct ion  to  the  applied
force  (� Fig. 2.9). This  is  a  m anifestation  of New ton’s  th ird  law
of m otion. Deform ation, or  failure  of in tegrity, of the  vertebral
body m ay result .

2.5  Couples (Parallel-Axis
Theorem  for Mom ents)
The  physical principle  of a  couple (not  to  be  confused  w ith  the
phenom enon of coupling—see below ) is used to understand th is
latter  point. A couple  is  a  pair  of forces  applied  to  a  structure
that are of equal m agnitude and opposite direct ion , having lines
of action  that  are  para llel but  do not  coincide. � Fig. 2.10a illus-
trates  a  couple  consist ing  of two  forces, each  of m agnitude  F,
acting upon  a  structure  and  separated  by a  perpendicular  dis-
tance D. The resultant force is zero (F – F= 0).

Fig. 2.8  Paradoxical spinal motion is the  phenomenon whereby an
intended  motion, such as flexion, is accompanied  by an unintended
motion, such  as extension, at  one  or more  motion segments.
Paradoxical motion can occur when at least  two intervertebral discs are
suspended between fixation points (either via external splinting or via
spinal instrumentation). (A) Unobstructed  cervical flexion results in
uniform segmental flexion in the nonpathologic situation. If restriction
of movement  at  the  termini of a  brace  (e.g., halo) is significant,
paradoxical spinal motion may occur. (B) Spinal snaking  is a  manifes-
tation of the  paradoxical spinal motion  phenomenon. It  is depicted
here  in  the  case  of a rigid  external spinal splint.

Fig. 2.9  Forces always occur in pairs. For every action, there is an equal
but opposite reaction (Newton’s third law). If an axial load is applied to
a vertebral body, the  forces impinging  on  the  rostral and  caudal
portions of the  vertebral body are  equal.
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The fact  that  the resultant  force is zero m eans that  the couple
brings  about  no  t ransla t iona l m ovem ent  of the  structure—that
is, the structure  does not  m ove in  a linear  m anner. The only ef-
fect  of the couple is to produce rota t ion. By definition, the resul-
tant  torque  (bending  m om ent)  about  any arbitrary  point  (e.g.,
0; see � Fig. 2.10) is as follow s:

Equation  (3)

Resultant  Torque ¼ x1F À x2F¼ x1F À  x1 þ Dð  ÞF¼ ÀDF

Because  x1  and  x2  do  not  appear  in  the  result , the  torque  of
the couple is the sam e about all points in  the plane of the forces
form ing  the  couple  and  is  equal to  the  product  of the  m agni-
tude  of either  force  and  the  perpendicular  distance  betw een
their  lines  of action. A structure  acted  on  by  a  couple  can  be
kept in  equilibrium  only by another couple of the sam e m om ent
and  the  opposite  direction .  � Fig.  2.10b  illustrates  th is  point.
The  concept  of the  couple  is  im portan t , particularly  regarding
the complex forces applied by instrum entation  constructs.

2.6  Sim ple Clinical Port rayals of
Force  Pairs and Couples
An  axial load  applied  to a ver tebral body at  the poin t  of the IAR
results, by  defin ition, in  an  equal (in  m agnitude)  but  opposite
(in  direct ion)  react ion  force  (see  � Fig. 2.9). This  pair  of forces

m ay result  in  deform ation  or  failure  of the  ver tebral body, re-
sulting in  a burst  fracture (� Fig. 2.11a).

If, however, the  load  is  applied  in  a  plane  at  som e  distance
from  the IAR, a bending m om ent  is created  (see  � Fig. 2.7). This
bending m om ent  is  m atched  w ith  an  equal (in  m agnitude) but
opposite  (in  direct ion)  react ion  bending  m om ent. This  pair  of
forces m ay sim ilarly result  in  deform ation  or  failure  of the  ver-
tebral  body,  resulting  in  a  wedge  compression  fracture
(� Fig. 2.11b). In  th is  case, the  ventral  concentration  of stress

Fig. 2.10  (A) A couple  acting  on  a structure  of width  D. In  this case,
translation will not  occur, but  rotation  will occur if the  couple  is
unopposed. (B) Two couples of equal magnitude  but  opposite
orientation (F x D and F’ x D’) result  in the affected bodies remaining in
equilibrium.

Fig. 2.11  (A) If a load, as applied  in  � Fig. 2.9, is sufficient  to result  in
vertebral body failure, the  failure  is of a  burst  fracture  nature. (B) If,
however, a load is applied in a plane ventral to the instantaneous axis of
rotation (IAR), an asymmetric force  pair and  bending  moment  (curved
arrows) will be  applied  to the  IAR, resulting  in  a  wedge  compression
fracture. Dots, IAR; straight  arrows, loads; curved arrows, bending
moments.
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“facilitated” the  ventral ver tebral body failure. This  type  of de-
form ation  or  failure  m ay occur  in  any plane, depending on  the
point  of application  of the force  vector  (load). This is illustrated
for  a  lateral bending component  (� Fig. 2.12a) and  for  a  com bi-
nation ventral and lateral bending component (� Fig. 2.12b).

2.7  Hooke’s Law  and the Load–
Deform at ion Curve
No solid  is perfectly rigid. When  several external forces act  on  a
solid  at  rest  and  the  resultant  net  force  is zero, the solid  w ill be
deform ed. Hooke’s law  states  that  for  sm all displacem ents, the
size  of the  deform ation  is  proport ional to  the  deform ing force.
This  linear  relat ionship  per tains  only  to  solids  that  are  de-
form ed  w ith in  their  elastic zone  (� Fig. 2.13). Elastic deform a-
tion  (in  the elastic zone) occurs w henever a strain  totally recov-
ers  follow ing  the  rem oval  of  a  stress.  This  law  is  im portant
w hen  one  considers  the  forces applied  to  the  spine  by a  spinal
instrum entation  construct, as  well as  the  response  of the  con-
struct  to these forces.

For  larger  displacem ents,  however,  the  elast ic  zone  is  ex-
ceeded  and  the  elast ic limit  (or  yield  point)  is  reached. This  is
the point at  w hich  the force departs from  the linear relationship
betw een  the  exten t  of deform ation  and  the  deform ing force  (i.
e., Hooke’s  law  no  longer  applies)  (see  � Fig. 2.13). Exceeding
the  elastic lim it  causes the  solid  to  acquire  a  permanent  set, so
that  if  the  external  forces  are  rem oved,  that  solid  does  not
spring back to its undeform ed configuration  (� Fig. 2.14). This is
term ed  the  pla st ic  zone. A solid  w ill  ult im ately  fail  if  fur ther
forces  are  applied. This  poin t  is  the  point  of fa ilure  (ultim ate
strength). For  m ost  m aterials, the  elastic  lim it  occurs  close  to
the point  w here a perm anent set  is reached. The area under the
stress–strain  curve  is  proport ional to  the  energy absorbed  be-

fore  failure  (point  of failure). This is a  m easure  of strength . The
rem oval of a stress recovers energy. The energy expended (area
under  the  stress–strain  curve  up  the  yield  point) is  a  m easure
of an  object’s resilience (see � Fig. 2.13).

In  vivo, m ost  solids  (e.g., bones) subjected  to  external forces
are bu ered  from  these forces by ligam ents, tendons, and  other
soft  t issues. Therefore, before  the  elastic  zone  is  “reached,” a
zone  of non-engagem ent  (neutra l  zone)  is  passed. Within  the
neutral  zone  (AB;  see  � Fig.  2.13),  the  application  of  a  sm all
force  results  in  relatively  large  displacem ent.  This  is  akin  to
pushing on  the index finger (� Fig. 2.15). In itially, m inim al force
application  results in  significant  m otion  (neutral zone). Forcibly
extending  the  index  finger  past  full  extension  represents  the
entrance in to the  elastic zone. Up  to the  point  of full extension,

Fig. 2.12  The  bending  moment  generated  by the  force  pair, as
depicted in � Fig. 2.11, may occur in any plane. (A) Lateral bending. (B)
A combination of flexion and  lateral bending.

Fig. 2.14  A rod, if bent  over a  fulcrum, may incur a  permanent  set  if
the  stresses imparted are  within the plastic zone (solid lines), or it  may
return to its original shape  (dotted lines) if the  stresses applied  do not
exceed  the  limits of the  elastic zone.

Fig. 2.13  A typical stress–strain curve for a biological tissue, such as a
ligament. AB represents the  neutral zone. BC represents the  elastic
zone. When the  elastic limit  (yield  point  (C) is reached, permanent
deformation can occur (permanent set). CD represents the plastic zone
where  a  permanent  set  occurs. Past  D, failure  occurs and  the  load
diminishes. Striped area plus dotted  area represent  strength, whereas
the  dotted  area represents resilience.
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the in terphalangeal joint  is not  engaged  (in  extension). It  there-
fore  is  in  the  neutral  zone  (see  � Fig. 2.15). The  slope  of the
stress–strain  curve  in  the  elast ic  zone  defines  the  sti ness  of
the object  being stressed.

2.8  Elast ic Modulus
For sm all deform ations w ithin  the elast ic zone, Hooke’s law  ap-
plies. For th is region, the ela st ic modulus is defined as follow s:

Equation  (4)

Elastic Modulus ¼
Stress
Strain

w here  the  elastic  m odulus  (m odulus  of elasticity)  is  a  con-
stant  that  is  characteristic of a  given  m aterial. Stress is  defined
as  the  force  applied  to  an  object  (load), w hereas  stra in  is  de-
fined  as  the  response  of the  object  to  the  force  (deform ation).
Strain  is the change in  length  or angle of a m aterial subjected  to
a  load. Strain  m ay be  either  norm al (linear) or  shear  (angular)
in  nature. Norm al strain  reflects  tensile  or  compressive  force-
resisting abilities of a m aterial;  shear strain  reflects angular  de-
form ation-resist ing abilit ies of a m aterial.

Three  types of elast ic m oduli exist:  Young’s modulus, a  m eas-
ure  of the  elastic properties of a  body that  is stretched  or  com -
pressed; shear  modulus, a m easure of the shear deform ation  ex-
perienced  by  a  body  that  is  subjected  to  transverse  forces  of

equal  and  opposite  direction , applied  at  opposite  faces  of the
body; and bulk modulus, the elastic deform ation  of a solid w hen
it  is squeezed.

The  m odulus of elasticity essentially should  be  thought  of as
a m easure of the deform ability of an  object  (i.e., st i ness). � Ta-
ble  2.1  depicts  the  Young’s m odulus of a  variety of substances.
Inform ation  of th is nature  m ay be  used  to provide  guidance for
clin ical decision  m aking.

2.9  Sect ion Modulus, St ress, and
Mom ent  of Inert ia
In  order to understand the properties of spinal im plants and in-
strum entation  constructs, two additional concepts are  needed:
that of the sect ion modulus (Z) and that of the stress (θ).

The section  m odulus is an  indicator  of the  strength  of an  ob-
ject , such  as a  rod  or  screw. Considering a  rod  w ith  a  diam eter

Fig. 2.15  A portrayal of the  zone  of non-engagement  (neutral zone).
(A) If an  index finger flexed at  the  interphalangeal joint  is extended,
minimal resistance  is met  initially. In  this situation, the  joint  is not
“engaged” regarding  the  resistance  of joint  extension  (neutral zone).
(B) However, once  the  interphalangeal joint  is fully extended
(ligaments and tendons become taught), ligament deformation ensues
(if further force  is applied). The  deformation  (ligament  and  tendon
stretching) is proportional to  the  deforming  force. This linear
relationship  between stress and  strain  indicates that  the  elastic zone
has been  “entered.”

Table 2.1  Approximate modulus of elasticity (Young’s modulus)

Substance  Young’s modulus (GPa)

Diamond  1,200

Tungsten  345

Iron  205

Copper  110

Gold  80

316 L stainless steel  60

Titanium  60

Cobalt–chromium  60

Aluminum  70

Glass  70

Bone  21

Cortical bone  14.5

Douglas fir  12.5

White  oak  12.3

Paper birch  11

White  pine  10.1

Redwood  9.2

Cortical bone  (e.g., femur, tibia)  8.2

Plywood  7

Carbon fiber polymer  5

Polyether ether ketone  (PEEK)  3.6

Plastics  1.4

Tendon  0.6

Cancellous bone  ~ 0.5

Cartilage  0.024

Rubber  0.007
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D, the  sect ion  m odulus  (Z)  is  proport ional  to  the  diam eter  of
the rod via the follow ing equat ion:

Equation  (5)

Z ’
 Â D3

32

Sti ness,  however,  is  proport ional  to  the  diam eter  to  the
fourth  power  (m om ent  of inertia) (see  “m om ent  of inert ia” be-
low ; � Fig. 2.16).

It  is obvious that  the  diam eter  of a  rod  (or  the  core  diam eter
of a  screw ) substan tially a ects strength . Failure  of an  implant ,
however, is  also  related  to  the  loads  applied, as  well as  to  the
nature  of their  application  (e.g., m om ent  arm  length , etc.). The
term  stress (θ) defines th is relationship.

More  specifically, st ress  (θ)  is  a  m easurem ent  of the  force
per  un it  area  applied  to  a  st ructure  and  is  defined  by  the
follow ing  equation  (e.g.,  for  a  rod  w ith  a  bending  m om ent
applied):

Fig. 2.16  An example of the relationship between stress and the strength of an object  (e.g., screw). A screw with a constant inner diameter, at tached
to a plate in a fixed moment  arm cantilevered manner, is exposed to a load as depicted in (A). This is associated with a bending moment  that  linearly
increases along the screw from  its tip (point  of force application) to the plate  (dotted line). Because stress (θ) is defined as M/Z (θ = M/Z), and because
the inner diameter of the screw (the denominator of the stress equation) is a constant, the stress also increases linearly as one passes along the screw
toward the plate  (solid line). The  stress, therefore, is maximum  at  the junction of the  screw with the plate. (B) If the screw were to fracture, it  would
fracture  at  this juncture. This scenario is altered if the inner diameter of the screw is ramped (conically shaped). This is portrayed in (C). The bending
moment  still increases linearly (dotted line). However, because stress (θ) equals M/Z and Z (i.e., strength) is proportional to the third power of the inner
diameter of the  screw, the denominator of the equation increases “exponentially” as one passes along the screw. A relatively complex relationship is
therefore  established  between the  resultant  stress and  the  location  along  the  screw. This depends on the  “rate  of change” of the  screw’s inner
diameter. (C) In this case, the stress (θ) is maximum at or near the tip of the screw. (D) A clinical example of failure of a ramped-inner-diameter screw
is depicted  (arrow designates fracture  site). If failure  occurs, it  occurs at  the  point  of maximum  stress.  M, bending  moment; Z, section  modulus
(strength); θ,  stress.
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Equation  (6)

 ¼
Bending  Moment

Z
 ¼

M
Z

Stress and strength  are particularly relevant  regarding failure,
or  potential  failure,  of  a  screw  or  a  rod.  As  already  stated,
strength  is proport ional to the th ird  power of the  diam eter  of a
rod and  the th ird  power of the inner (core) diam eter of a screw.
Stress  is  a  function  of  bending  m om ent,  w hich, in  tu rn ,  is  a
function  of applied force and  m om ent  arm  length . The relation-
ship  betw een these factors, and im plant  failure and  the location
of failure, is portrayed in � Fig. 2.16.

Of particular  note  here, im plants always fracture  at  the  point
of m axim um  stress application. This is incontrovert ible. Hence,
by  understanding  th is  “rule,” one  m ay  better  understand  the
stresses  applied  to  im plants  and  the  strategies  that  m ight  be
used to m inim ize or elim inate im plant fracture.

Equation  (7)
The  m om ent  of  iner tia  (I)  is  defined  by  the  follow ing

equation:

I¼
 Â D4

16

The m om ent  of inert ia  essentially defines sti ness. It  is sim i-
larly evident  that  the diam eter of a rod  (or  the core diam eter  of

a  screw )  defines  sti ness  (to  the  fourth  power),  as  well  as
strength  (to the th ird power). Strength  is propor tional to the di-
am eter cubed, w hile  sti ness is proport ional to the diam eter  to
the  fourth  power.  Therefore,  as  the  diam eter  of  a  rod  is  in-
creased, the  sti ness increases m ore  rapidly than  the  strength .
Hence, larger-diam eter  rods are m ore sti than  they are strong,
compared w ith  sm aller-diam eter rods.

2.10  Coupling
Coupling is defined  as the  phenom enon  by w hich  a  m ovem ent
of  the  spine  along  or  about  an  axis  obligates  another  m ove-
m ent  along or  about  another  axis  (of the  Cartesian  coordinate
system ). In  the  cervical region, for  example, lateral bending re-
sults  in  rotation  of the  spinous  processes  away  from  the  con-
cave  side  of the  curvature  (the  direct ion  of the  bend). This  is
due, in  par t , to  the  orien tation  of the  facet  joints, as  well as  to
the  presence  of the  uncovertebral joints. In  the  lum bar  region ,
however, the  coupling  m ovem ents  associated  w ith  the  lateral
bending  are  in  the  opposite  direct ion , w ith  the  spinous  proc-
esses  rotat ing in  the  sam e  direct ion  as  the  concave  side  of the
direct ion  of  the  bend. The  phenom enon  of coupling  also  ex-
plains  the  association  of  the  obligatory  rotatory  com ponent
associated  w ith  degenerative  scoliosis  of  the  lum bar  spine
(� Fig. 2.17).

Fig. 2.17  Perhaps the  most  important  manifestation of the  coupling  phenomenon is the  relationship  between  lateral bending  and  rotation  in  the
cervical and lumbar regions. This is depicted (A) diagrammatically and (B) anatomically. Note that  the coupling phenomenon results in spinal rotation,
in  opposite  directions, in  these  two regions. A biconcave thoracic and  lumbar curve, depicted  in  an  anteroposterior view (C), illustrates this
phenomenon. Note  that  the  lumbar spinous processes are  rotated  toward  the  concave  side  of the  curve.
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3  Stabilit y and Instabilit y of the Spine
3.1  Tradit ional Concepts
White  and  Panjabi  define  clinica l  stability  of the  spine  as  the
ability of the  spine  under  physiologic loads to lim it  patterns of
displacem ent  so  that  the  spinal  cord  and  nerve  roots  are  not
dam aged  or  irr itated  and, in  addition , to prevent  incapacitating
deform ity or pain  caused by structural changes.1 Spinal stability
is a phenom enon  of increm ents (shades of gray, so to speak); it
is not  absolutely absent  or present. Depending on  circum stance,
the  spine  is  expected  to  provide  varying  degrees  of  support
(stability).2 Therefore, spinal stability should  be defined  accord-
ing to circum stances.

The  converse  of  stability,  obviously,  is  instability.  Whereas
stability  is  di cult  to  define,  instability  is  som ew hat  m ore
easily  quantified  and  assessed. Because  instability  is  possibly
m ore  appropriate  to  consider  clin ically, it  is discussed  here. In-
stability  should  be  defined  generally, w ith  specific  considera-
tion  given  to the type of instability. Instability is the inability to
lim it  excessive  or abnorm al spinal displacem ent. The use of the
word  excessive  reflects  the  di culty  of  clin ical  quantitation .
Th is  chapter  focuses  on  the  understanding  of,  and  how  to
deal w ith , the  uncertain ty associated  w ith  the  quan t itat ion  of
instabilit y.

There  are  two  fundam ental  categories  of  instability:  acute
and  chronic. Acute  instability  m ay  be  broken  dow n  into  two
subcategories:  overt  and  lim ited. Chronic  instability  can  like-
w ise be broken  dow n  into two subcategories:  glacial instability
and  the  instability  associated  w ith  dysfunct ional  segm ental
m otion . These subcategories are not distinct from  each other.

3.2  The Quant itat ion of Acute
Instabilit y
One has only to read  the  volum inous literature  on  acute  spinal
instability to appreciate the di culties associated w ith  the defi-
nition  process.3–25 Many authors  have  attempted  to  quantitate
the  degree  or  extent  of acute  instability by a  poin t  system  ap-
proach. White  and  Panjabi describe  a  region-specific point  sys-
tem  in  w hich  an  accum ulat ion  of five  or  m ore  poin ts indicates
the  presence  of an  unstable  spine. Their  regional poin t  system
em phasizes di erences betw een the cervical, thoracic and thor-
acolum bar, and  lum bar regions.1 It  is em phasized that  these are
essentially  assessm ents  of overt  and  lim ited  instability, as  de-
fined in  the follow ing pages.

Stability determ ination  algorithm s are ultim ately in tended  to
delineate the m ost  appropriate m anagem ent schem e in  any giv-
en  clin ical situation . It  perhaps should  not  rely significantly on
regional di erences w ith in  the  spine. In  th is  vein , the  m ultiple
schem es  of White  and  Panjabi1 for  determ ining  the  extent  of
acute  instability are  com bined  here  in to  a  schem e for  the  sub-
axial spine that  is not  region-specific (� Table  3.1). This  “point”
system  attempts to  object ively define  the  extent  of stability, or
the  lack thereof. It  m ust  be  recognized  that  a  determ ination  of
the  extent  of acute  instability is  often  di cult  and  depends on
the  philosophy or  orientation  of the surgeon  and  on  the lim ita-
tions of the available diagnost ic arm am entarium .

From  a biom echanical perspective, clin ical instability is m ore
closely associated  w ith  the  neutral zone  than  w ith  the  overall
range  of m otion. Thus, the  greater  the  neutral zone  (increased
laxity), the less the stability (see Chapter 1).

In  light  of  the  foregoing,  White  and  Panjabi  recom m end  a
stretch  test  for  the  assessm ent  of acute  cervical spine stability.1

This  involves  the  progressive  addition  of  cervical  traction
weight  (to 33% of the  patient’s weight) w ith  serial radiographic
and  clin ical  assessm ents. A positive  test  (indicating  the  pres-
ence  of instability) show s a  disc in terspace  separation  of m ore
than  1.7 m m  or  a  change  in  angle  betw een  vertebrae  of m ore
than  7.5 degrees betw een  the prestretch  and  poststretch  condi-
tions. The m erits of th is test  are  uncertain . First , it  is clearly not
w ithout  risks, w hether  those  risks  be  im m ediately  obvious  or
occult . The risk for  tethering the spinal cord  over a ventral m ass
goes  w ithout  saying.  Perhaps  the  m ost  significant  and  least

Table 3.1  Quantitation of acute instability for subaxial cervical, thoracic,
and lumbar injuries (point system a)

Condit ion  Points assigned

Loss of integrity of anterior (and  middle) columnb 2

Loss of integrity of posterior column(s)b  2

Acute  resting  translational deformityc  2

Acute  resting  angulation  deformityc  2

Acute  dynamic translation deformity exaggerationd  2

Acute  dynamic angulation  deformity exaggerationd  2

Neural element  injurye  3

Acute  disc narrowing  at  level of suspected  pathology  1

Dangerous loading  anticipated  1

Source: Data  obtained  from  White  and  Panjabi,1with  care  taken to  avoid
duplication  or overlapping  of point  criteria.
aA score  of 5 points or more  implies the  presence  of overt  instability (see
text).
A score  of 2  to 4  points implies the  presence  of limited  instability (see
text).
bBy clinical examination, magnetic resonance  (MR) imaging, computed
tomography, or radiography. A single  point  may be  allotted  if incomplete
evidence  exists—for example, only MR imaging  evidence  of dorsal
ligamentous injury (i.e.,  evidence  of only interspinous ligament  injury
on T2-weighted  images). Columns are  defined  per Bailey, Denis, and
Louis.30,31,33

cFrom static resting anteroposterior and lateral spine radiographs. Must be
the  result  of an  acute  clinical process. Tolerance  for these  criteria  is
variable  with  respect  to  the  surgeon’s opinion and  clinical circumstances.
Guidelines per White  and  Panjabi.1
dFrom  dynamic (flexion and extension) spine  radiographs. Recommended
only after other mechanisms of instability assessment  have  been
exhausted  and  then  only by an experienced  clinician. Usually indicated
only in the cervical region. Must  be the  result  of an acute  clinical process.
Tolerance for these criteria is variable with respect  to the surgeon’s opinion
and  clinical circumstances. Guidelines per White  and  Panjabi.1
eScore of 3 points for cauda equina, 2 points for spinal cord, or 1 point  for
isolated  nerve  root  neurologic deficit. The  presence  of neural element
injury indicates that  a significant  spinal deformation occurred at  the  time
of impact, implying that  structural integrity may well have been disturbed
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im m ediately recognized  risk of such  a  procedure  is the  risk of a
false-negative  test—that  is, the  seem ing presence  of stability in
an  unstable  situat ion. Unfortunately  (in  the  author’s  opinion),
th is test  has been  used  as a determ inant  of eligibility for  part ic-
ipation  in  contact  sports.  The  surgeon  m ust  rem em ber  that,
particularly  in  ath letes, the  resistance  to  stretching  by  m uscle
action  (voluntary  or  involuntary)  m ay easily conceal  ligam en-
tous  deficiencies.  Furtherm ore, physical  contact  during  m any
sports results in  a  far  greater  transm ission  of force  to the  spine
than  that  achieved  during a stretch  test . Finally, the loads are  of
a di eren t  nature (stretch  vs axial loading).

Dynam ic radiography m ay provide ut ility.8–10,26 However, the
surgeon  m ust  keep  in  m ind  that  flexion  and  extension  radio-
graphs m ay not  be  helpful. In  fact, follow ing traum a, they m ay
be  m isleading. If  pathology  is  observed  and  iatrogenic  injury
via  the  act  of flexion  and  extension  is  not  incurred, they  are
usefu l. Regardless, they are  not  w ithout  risk if spinal instability
is present. Perhaps the m ost  significant  “risk” is associated w ith
a scenario in  w hich  a  “norm al” flexion–extension  radiograph  is
in terpreted  as  indicat ing a  safe  clin ical situat ion, w hen  indeed
such  is not  so. In  th is case, the test  result  is falsely negative. In-
complete  patient  cooperation  and  “guarding” against  excessive
spinal  m ovem ent  because  of  underlying  acute  pathology  can
disguise  a  pathologic  process  that  m ay  lead  to  catastrophe  if
treated  im properly. If flexion–extension  radiographs  are  used,
the  surgeon  m ust  have  a  good  grasp  of the  norm al  flexibility
characteristics  of the  spine.27,28 Degenerative  disease  is  associ-
ated w ith  sim ilar concerns.22

Acknowledgem ent  of  the  extent  of  instability  is  crit ical  for
surgical  decision  m aking. It , however, is  also  crit ical  for  other
reasons, such  as turn ing, am bulation, and in tubation  considera-
tions. The  notion  that  nasal  in tubation  is  safer  than  endotra-
cheal in tubation  m ay not  be  valid, at  least  regarding the  upper
cervical spine.29

The  determ ination  of the  presence  of m ore  chronic form s of
instability should  be considered  separately. These clin ical situa-
tions are  obviously di erent  from  acute t raum a, as are  the  sur-
geon’s expectations and the pat ient’s risks.

3.3  “Colum n” Concepts of Spinal
Integrit y
Many instability defin ition  schem es use point  system s to quan-
titate  the  exten t  of spinal in tegrity (or  loss thereof) and  to ulti-
m ately  determ ine  the  presence  or  absence  of  spinal  stability
(see  � Table  3.1). These  schem es  are  usually  based  on  a  “col-
um n” concept  of spinal structural  in tegrity, such  as  those  de-
scribed  by Holdsworth , by Bailey, by Denis, by Kelly and  White-
sides,  and  by  Louis  (� Fig.  3.1).14,15,30–33 The  considerat ion  of
“colum ns” in  defining the  extent  of instability is of som e value
because  it  helps  the  physician  to  conceptualize  and  categorize
case-specific phenom ena.16,17,34 The  three-colum n  (one  ventral
colum n  and  two lateral colum ns) theory of Louis33 is  based  on
the fact  that  the spine bears axial loads principally by accepting
these  loads  along  the  three  ver tical  bony  and  soft  t issue  col-
um ns (the  vertebral body and  in tervertebral discs  and  the  two
facet  joint  complexes)  at  each  segm ental level  (see  � Fig. 3.1).
Although  th is is indeed  t rue, the  concept  of Louis assists in  the
instability  assessm ent  process  only  w hen  predom inantly  axial
loads are  considered. It  assesses the  bony component  of failure
m uch  m ore e ect ively than  the soft  t issue component of failure
because of its obvious association  w ith  the bony colum ns of the
spine (ver tebral body and  facet  joints). This aspect  of stability is
easily assessed  by radiography and  computed  tom ography (CT).
It  can  be quantitated  by assessing the extent  of collapse or  frac-
ture. However, except  for  the  case  of significant  vertebral body
failure, a correlation  betw een  the  extent  of bony injury and  the
presence  of overt  spinal  instability  m ay  be  tenuous. Further-
m ore,  Louis’s  th ree-colum n  theory  does  not  facilitate  assess-
m ent  of the  dist ract ion, flexion, and  extension  components  of
an  injury.

The  two-  and  three-colum n  concepts  of Holdsworth , Bailey,
and  Kelly  and  Whitesides  (two  colum ns)  and  of Denis  (th ree
colum ns)14,30–32 are  m ore  applicable  to  th is  situat ion  (see
� Fig. 3.1). They not  on ly assist  in  assessing the  bony collapse
associated  w ith  axial  load  bearing  but  also  o er  in sigh t  in to
the  assessm ent  of  the  d ist ract ion ,  flexion ,  and  extension

Fig. 3.1  The  “column” concepts of spinal stability. The  concept  described  by Louis (A) assigns significance  to the  vertebral body and  the  facet  joint
complexes (lateral masses) on either side  of the  dorsal spine. Denis’s three-column concept  (B) assigns significance  to the  region of the  neutral axis
and the integrity of the posterior vertebral body wall (the middle column). The two-column construct (A) relies on anatomically defined structures: the
vertebral body (anterior column) and  the  posterior elements (posterior column). Louis’s three-column concept  (A) similarly relies on  anatomically
defined  structures. (Data obtained  from  White  and  Punjabi.1)
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com ponen ts  of the  injury  (i.e ., in jury  to  the  dorsal elem ents)
of  the  sp inal  elem ents  of  the  spinal  colum n.  Den is’s  th ree-
colum n  theory, w h ich  adds  the  concept  of a  m iddle  colum n
to  the  tw o-colum n  theories,  allow s  specific  assessm ent  of
that  com ponen t  of  the  sp inal  colum n  in  the  region  of  the
neutra l  a xis.  The  neutral  axis  is  that  longitudinal  region  of
the  sp inal colum n  that  bears  a  sign ifican t  por t ion  of the  axial
load  and  about  w h ich  spinal elem en t  d istract ion  or  com pres-
sion  does  not  excessively  occur  w ith  flexion  or  extension
(� Fig. 3.2). Usually, the  neutral  axis  is  located  in  the  region
of  the  m iddorsal  aspect  of  the  ver tebral  body—that  is,  the
m iddle  colum n  of  Den is.  Usually,  the  instan taneous  axes  of
rotat ion  (IARs)  in  the  sagit tal  p lane  are  located  close  to  or
w ith in  the  neutral axis (see  Chapter  2).35,36

The  three  colum ns of Denis31 are  conceptually useful for  de-
term ining  the  presence  or  absence  of  acute  instability.  Point
system s designed to quantitate stability often  use the three-col-
um n concept of Denis.

3.4  Categorizat ion of Instabilit y
To facilitate understanding of and, therefore, clin ical application
of the  term s stability and  instability (overt  and  lim ited;  see  be-
low ), a  m ore  sim plistic approach  is  taken  here  for  the  subaxial
cervical,  thoracic,  and  lum bar  spine.37 This  is  done  because
str ict  criteria  for  the  universal defin ition  of stability and  insta-
bility  are  im possible  to  derive.  Therefore,  the  surgeon  m ust
realize  up  front  that  the  clin ical decision-m aking process, as  it
per tains  to  the  defin ition  of instability, is  som ew hat  tenuous,
and  that  it  relies heavily on  clinical judgm ent  and  the surgeon’s
intuit ion  and  “savvy.”

Instability  is  divided  here  in to  two  categories:  acute  and
chronic. Each  is unique. However, neither  of these  categories is
clearly defined. Each  uses, at  least  in  part , the  concepts of each
of the colum n theories discussed.

Instability, being  a  phenom enon  that  is  unique  to  a  specific
clin ical circum stance, is  m ost  appropriately  defined  separately
for each  category, rather than  in  regard to the schem es of White
and Panjabi, w hich define instability in  a global sense but  quan-
titate  it  on  a  region-specific  basis.1 The  schem e  used  here  for

acute  instability categorizes instability (overt  and  lim ited) w ith
regard  to  the  potential for  catast rophe. The  schem e  used  here
also  di ers  from  that  of White  and  Panjabi by its  de-em phasis
of region  specificity.

Four  subcategories of instability are  also  defined  here. These
are  referred  to  throughout  the  text.  These  categories  are  (1)
overt  instability,  (2)  lim ited  instabilit y,  (3)  glacial  instability,
and  (4) the  instability associated  w ith  dysfunct ional segm ental
m otion  (� Table  3.2). The  first  two  are  acute  and  the  second
two  chronic.  As  already  m entioned,  these  categories  are  not
distinct  from  each  other. None are  applicable to all clin ical situ-
ations. Overt  instability and  lim ited  instability are  applicable to
acute  postt raum atic  situations  or  cases  of spinal  involvem ent
by tum or  or  infect ion. Therefore, the relatively acute disruption
of spinal in tegrity is  im plied. Both  of these  categories  of insta-
bility m ay have a chronic component, as well. For example, if an
overtly unstable  spine  is  not  surgically stabilized  and  does  not
acquire  stability  nonoperatively,  the  acute  overt  instability
blends or  m erges in to a chronic phase. Sim ilarly, if a spine w ith
acute  lim ited  instability  does not  heal properly, excessive  liga-
m entous laxity m ay persist  and  becom e chronic. The latter m ay
be  di cult  to  di erentiate, at  t im es, from  glacial instability  or
dysfunct ional  segm ental  m otion .  Glacial  instability  and  dys-
functional  segm ental  m otion  are  usually  m anifestations  of  a
process  that  is  m ore  chronic  than  overt  or  lim ited  instability.
They  are  usually  associated  w ith  degenerat ive  disease  or  the
long-term  sequelae of t raum a, tum or, or infect ion .

The  point  system  presented  here  for  the  quantification  of
overt  and  lim ited  (acute)  instability  (see  � Table  3.1)  is  rela-
tively  independent  of  spinal  level  (excepting  the  occiput  and
upper  cervical  spine). It  depends, instead, on  the  category  of
spinal instability considered. Therefore, � Table  3.1 is appropri-
ate  for  consideration  only  w ith  regard  to  delineation  of  the
presence or absence of acute spinal stability.

In  any  given  clin ical situation, the  surgeon  m ay ask  if overt
instability, lim ited  instability, glacial instability, or  dysfunct ion-
al segm ental m otion  exists. If none of these is present , the spine
is stable. If instability exists in  one or  m ore  of these subcatego-
ries, the decision-m aking process is dictated by the clin ical situ-
ation , including the anticipated loads to be applied to the spine.

Ultim ately, the  need  to  define  the  subcategory of instability
present  in  any given  clin ical situation  is  based  on  the  need  to
attend  to  the  pat ient’s  pathology. Obviously, there  are  num er-
ous  potential options  for  treatm ent . These  include  surgery  for
decompression  and/or stabilization, bed rest, external splin ting,
and  m edications  for  pain  and/or  inflam m ation. Each  subcate-
gory of instability, therefore, is associated  w ith  a num ber  of in -
dications for  t reatm ent, as well as types of t reatm ent strategies.
These  schem es  m ay  be  complex.  They  should,  however,  be
clearly established  in  the  m ind  of the  clin ician. As  long as  the
surgeon’s  schem e  is  individually  “thought  out” and  based  on
sound  principles, it  should  serve  the  surgeon  (and  the  pat ien t)
well.

Fig. 3.2  Depiction of the neutral axis (shaded areas). The neutral axis is
the  longitudinal region  of the  spinal column that  bears much of the
axial load  and  about  which spinal element  distraction or compression
does not  significantly occur with  the  assumption of (A) flexed, (B)
neutral, or (C) extension  postures. This is a  dynamic and  theoretical
concept.

Table 3.2  Instability categorization scheme

Acute  instabilit y  Chronic instability

Overt  instability  Glacial instability

Limited  instability  Dysfunctional segmental motion

Stabilit y and Instability of the Spine

30



To  optim ize  patient  m anagem ent, the  spine  surgeon  should
first  determ ine  the  extent  of instability  present  (and  the  cate-
gory of instability). Then , the  pat ient’s sym ptom s (complaints)
m ust  be considered, as well as the extent of neurologic compro-
m ise, the risks for fur ther neurologic injury, and the desires and
concerns of the  patien t. For  example, a  pat ient  w ith  a  spine  in-
jury  that  is  m oderately  unstable  (e.g.,  a  fractured  facet  joint
w ith  in terspinous  ligam ent  disruption  identified  clin ically and
by m agnetic resonance  (MR) im aging;  lim ited  instability)  is  at
m oderate risk for deform ity progression  and delayed neurologic
injury. Therefore, the  surgeon  m ight  recom m end  stabilization
and  fusion  surgery. If the  patien t  agrees, the  surgery should  be
perform ed  if it  is  not  m edically  contraindicated. On  the  other
hand, a  patient  w ho has significant  laxity at  the  L4–L5  m otion
segm ent  (dysfunct ional  segm ental  m otion), but  w hose  sym p-
tom s  have  responded  to  nonoperative  m anagem ent  (see  37),
should  not  have  surgery, regardless of h is or  her  desires. In  the
form er case, surgery is used as a m anagem ent option  to prevent
fur ther  harm . In  the  latter  case, despite  the  presence  of an  un-
stable  spine  (ligam entous  laxity;  dysfunct ional segm ental m o-
tion),  the  patient  is  w ithout  sym ptom s  and  should  not  have
surgery. Spina l  instability  ha s  widely  dispara te  implica t ions  in
di erent  clinica l circumstances. In  the form er case, the  ability of
the  spine  to  resist  “excessive” displacem ent  was thought  to  be
deficient,  requiring  surgical  stabilization. In  the  latter  case, it
was not  thought  to be deficien t  because the laxity was not  pro-
gressive  and  did  not  cause  refractory pain  or  neurologic deficit
(chronic instability).

The term s overt  instability and  limited instability are  applica-
ble  to situat ions in  w hich  there  is a  risk for  acute loss of stabil-
ity. The term  glacia l instability is applicable  in  m ore  chronic si-
tuations. Glacial instability  is  confirm ed  by  serial  assessm ents
or  by  incrim inating evidence  (e.g., a  translat ional deform ation
of the spine in  the presence of a pain  syndrom e consistent  w ith
the  deform ation ). The  term  dysfunct iona l segmenta l motion  is
m uch  less  object ively defined. It  applies  to  situations  in  w hich
overt  or  lim ited  clin ical instability  is  not  present , but  in  w hich
pain ,  com bined  w ith  abnorm al  significant  spinal  m otion,  is
present. Each  is defined in  the follow ing pages.

3.5  Acute  Instabilit y
3.5.1  Overt  Instabilit y
Overt  instability is  defined  as  the  inability of the  spine  to  sup-
port  the  torso during norm al act ivity. This situat ion  m ost  com -
m only  occurs  follow ing  traum a  or  surgical  in tervent ion, or  in
the  face  of neoplasia, advanced  degenerative  disease, or  in fec-
tion. With  an  overtly unstable spine, the in tegrity of the spine is
insu cient  to  prevent  the  sudden  developm ent  (or  exaggera-
tion) of spinal deform ity. For  overt  instability to  exist , a  loss of
in tegrity  of the  ver tebral body and/or  disc, such  as  occurs  fol-
low ing a  compression  fracture  (see  the  follow ing), m ust  be  as-
sociated  w ith  a loss of in tegrity of the dorsal elem ents (posteri-
or  colum ns). This  results  in  a  circum ferential loss  of spinal in -
tegrity.38 The  clin ical  decision-m aking  process  is  indeed  di -
cult . It  is  em phasized  that  the  surgeon  should  take  particular
note  of the  exten t  of ventral colum n  injury w hen  planning sur-
gical strategies.39 This, however, is specific. What  applies to the
thoracolum bar  region 39 m ay not  apply to the low  lum bar spine

(see Chapters 5 and 29).5 The pat ien t  illustrated in � Fig. 3.3 has
an  overtly unstable  spine. All three  colum ns are  disrupted. The
usual  treatm ent  of choice  is  surgical stabilization  and  decom -
pression, followed by bracing (see � Fig. 3.3).

Dorsal  ligam entous  disruption  (part icularly  of  the  in terspi-
nous ligam ent) is di cult  to assess by CT. Plain  radiographs are
helpful only if the spinous processes are splayed. Clin ical exam i-
nation  is often  m ore useful than  all non-MR or CT im aging m o-
dalit ies  to  determ ine  the  presence  of posterior  colum n  disrup-
tion . The  presence  of pain  to  palpation  over  the  fracture  level,
or  a  loss  of m idline  soft  t issue  defin ition  (loss  of the  m idline
crease  over  the spinous processes), implicates dorsal soft  t issue
disruption  (� Fig. 3.4) and, therefore, dorsal spinal instability.

MR im aging or  CT m ay be  usefu l in  the  assessm ent  of overt
instability.40 MR im aging  clearly  delineates  soft  tissue  changes
consisten t  w ith  t raum a (� Fig. 3.5). � Table 3.1 presents a poin t
system  that  can  be  used  to  assist  the  surgeon  in  the  decision-
m aking process. This system  uses MR im aging w hen  the  delin-
eation  of soft  tissue  disruption  m ay  be  useful  to  establish  the
loss of spinal in tegrity (e.g., the  dem onstration  of posterior  col-
um n  disruption).  Often ,  MR im aging  m ay  not  be  necessary.
However, w hen the determ ination  of soft  t issue injury is imper-
ative, it  is  invaluable. CT can  be  used  to  dem onstrate  bony ele-
m ent  disruption  or  displacem ent.  CT provides  lit t le  inform a-
tion, however, regarding soft  t issue disruption  or injury.

3.5.2  Lim ited Instabilit y
Injuries  such  as  the  obvious  overtly  unstable  injury  (see
� Fig. 3.3) are  clear-cut. Lesser  injuries, however, present  m ore

Fig. 3.3  (A) Lateral radiograph  of a  patient  who had  incurred  a
circumferential disruption of the  spinal column 2 weeks before. (A, B)
Both subluxation and  neural compression are  demonstrated. (C) This
necessitated  decompression (discectomy), reduction, fusion, and
instrumentation.
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of a  diagnostic and  decision-m aking  dilem m a.38 Limited  insta -
bility is  defined  as the  loss of either  ventral or  dorsal spinal in-
tegrity  w ith  preservation  of  the  other,  w hich  is  su cient  to
support  som e  norm al act ivit ies. If both  ventral loss  and  dorsal

loss of in tegrity are  present, overt  instability usually exists. The
ventral  type  is  often  associated  w ith  an  isolated  endplate  or
vertebral  body  fracture. A true  burst  fracture  resulting  in  col-
lapse of the ver tebra should  be considered  to be such  an  injury.
The  dorsal type  is  either  ligam entous  (a  spinal strain  of sorts)
and/or  bony (the  result  of lam inar  or  facet  fracture)  in  nature.
Acutely, MR im aging contributes to the  delineation  of th is  type
of  instability,  as  it  does  w ith  overt  instability  (� Fig.  3.6).40

Under  m ost  circum stances, conservative nonoperative m anage-
m ent  w ith  bracing is  the  treatm ent  of choice  if neural decom -
pression  is  not  a  consideration.  Surgery  m ay  be  indicated  if
there is a significant  risk for chronic instability.

Fig. 3.4  Dorsal instabilit y in  the  thoracic and  lumbar region can be
suggested, particularly in  thin  patients, by physical examination. The
presence  of tenderness over the  spinous processes (A) or the  absence
of the normal midline  crease (B), on account  of swelling or hematoma
formation below the  skin  (C), suggests underlying  soft  tissue  injury.
This, in turn, suggests but does not prove the presence of dorsal spinal
instability.

Fig. 3.5  Magnetic resonance  (MR) imaging  may confirm  the  presence
of paraspinous (interspinous) soft  tissue  injury. In  cases showing  no
other evidence of dorsal injury, except perhaps lumbar tenderness, MR
imaging may be particularly helpful. Note the increased signal intensity
in  the  interspinous regions, projecting  ventrally to the  level of the
ligamentum flavum. (A) The T1-weighted image is less revealing in this
regard  than  the  (B) T2-weighted  image.

Fig. 3.6  T2-weighted magnetic resonance imaging of a thoracolumbar
fracture  demonstrates absence  of dorsal element  injury. This fracture,
therefore, has a  2- or 3-point  score  (depending  on  the  anticipated
loading) by the  scheme  outlined  in  the  text  and  in  � Table  3.1  and  is
not  overtly unstable  (limited  instability).
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Not  uncom m only, overt  instability is m istaken  for lim ited  in-
stability. An  underestim ation  of the extent  of either a ventral or
dorsal spinal injury m ay lead  to  th is  m isinterpretation—a m is-
in terpretation  that  is possibly less likely if MR im aging is liber-
ally em ployed. Delayed  progression  of deform ity m ay result . In
this  situation , overt  instability  m ay evolve  in to  a  chronic state
(glacial instability).

Chronic form s of both  overt  and  lim ited  instability exist . If ei-
ther  of  these  types  of  instability  does  not  heal  follow ing  the
acute  phase,  the  instability  m ay  persist  and  evolve  in to  a
chronic phase. In  th is phase, MR im aging m ay be less useful re-
garding instability definition  because  of its  relative  inability to
depict  ligam entous injury after soft  t issues have healed.

3.5.3  Point  System
The di eren tiation  betw een  overt  and  lim ited  instability can  be
di cult , if not im possible, in  som e cases. The extent of vertebral
body  height  loss  or  the  extent  of  dorsal  ligam entous  injury
often  bears  on  the  diagnosis. The  point  system  for  overt  and
lim ited  instability  (see  � Table  3.1)  m ay  be  helpful  w ith  th is
process. Any point  system , it  is em phasized, m ust  be taken w ith
a “grain  of salt .” With  these system s, object ivity is usually m ore
im agined  than  real. With  the system  presented  here, regardless
of w here  in  the subaxial spine the injury is located, a score of 5
or  m ore  points  indicates  lim ited  instability. However, the spine
surgeon  must  rely on  common  sense  combined  with  clinica l a s-
tuteness. If th is  or  any other  schem e is  used  w ithout  these  two
faculties, errors w ill be com m on.

In  m ost  cases, MR im aging com bined w ith  plain  spine radiog-
raphy is m ore sensitive than  other im aging m odalit ies in  the di-
agnosis of an  unstable  spine. MR im aging is  par ticularly usefu l
in  determ ining the extent  of instability. It  allow s the surgeon  to
accurately  assess  the  in tegrity  of the  m iddle  colum n  of Denis
and, thus, the  extent  of neural impingem ent. More  im portant,
however, it  is the only im aging m odality that provides direct  in -
form ation  on  the presence  or absence, and  the  exten t , of injury
to ligam entous structures. T2 sagit tal im ages are  m ost  useful in
th is  regard.40 T2  im ages provide  the  clearest  defin ition  of liga-
m entous and  other  soft  tissue  injury (see  � Fig. 3.5). Axial im -
ages are relatively unhelpful.

An  im portant  consideration  regarding the use of MR im aging
for  the  determ ination  of spinal in tegrity is the  field  strength  of
the  scanner.  High-field-strength  scanners  (1.0  to  1.5  T)  give
high  resolution  but  o er relatively poor di eren tiation  betw een
soft  t issue types (contrast  betw een  tissues). On  the  other hand,
low -field-strength  scanners (0.064 to 0.5 T) provide less resolu-
tion  but o er greater contrast  between tissues. The greater abil-
ity of low -field-strength  scanners to di erent iate betw een  non-
injured  and  injured  tissues  by  visualizing  blood  or  edem a  is
usefu l (� Fig. 3.7a, b).40 New  im aging sequences  hardware  and
software have m inim ized, if not elim inated, the aforem entioned
disadvantages of h igh-field-strength  scanners.

3.6  Chronic Instabilit y
3.6.1  Glacial Instabilit y
Glacia l instability is defined as spinal instability that  is not  overt
and  that  does not  pose  a  significant  risk for  the  rapid  develop-

m ent  or  progression  of kyphotic, scoliotic, or  t ranslat ional de-
form it ies;  however, like  the  m otion  of a  glacier, the  deform ity
progresses  gradually,  although  substantial  external  forces  do
not  cause  im m ediate  m ovem ent  or  progression  of deform ity.38

Glacial  instability  is  chronic. It  m ay  or  m ay  not  be  associated
w ith  a  potential for  catastrophic spinal colum n  disruption  fol-
low ing the application  of subm axim al external loads. MR im ag-
ing does  not  dem onstrate  evidence  of acute  soft  t issue  injury.
Serial  radiographs, however, m ay  dem onstrate  deform ity  pro-
gression  over t im e (usually m onths or  years). This type of insta-
bility m ay take the form  of a progressive t ranslat ional, rotat ion-
al, or  angular  deform ity. Treatm ent  m ay  range  from  no  treat-
m ent  at  all  to  surgical  deform ity  reduct ion  and  stabilization.
The decision-m aking process m ust  take in to account  the nature
of the relationship  of the neural elem ents to their bony and soft
t issue  confines, the  possibility of impending or  worsening neu-
rologic  deficit ,  the  possibility  of  unsightly  deform ity, and  the
subject ive complaint of pain .

There  are  various  causes  of  glacial  instability:  spondylosis,
traum a,  tum or,  congenital  defect ,  and  infect ion .  A com m on
form  of glacial instability is associated w ith  lum bar spondylolis-
thesis, either degenerative, iatrogenic, or isthm ic. Excessive m o-
bility and  progressive  slippage  (deform ity progression) m ay be
present. This im plies the presence, along w ith  glacial instability,
of dysfunct ional segm ental m otion.

Follow ing traum a  or  other  spine-deform ing pathologic proc-
esses (degenerat ive disease, tum or, or  infect ion), a  biom echani-
cally  disadvantageous  situat ion  m ay  exist  w herein  deform ity
progression  is encouraged  by an  increased  length  of an  applied
m om ent arm . This m ay be compounded by the presence of dor-
sal ligam entous laxity, w hich  first  m ay have m anifested  as dor-
sal ligam entous  instability. The  inability  to  lim it  flexion, com -
bined  w ith  a  tendency to  flex, m ay cause  a  progressive  flexion
deform ity.

Deform ity  begets  deform ity, as  discussed  previously. For  ex-
am ple, a  kyphotic deform ity results  in  a  force  application  dur-
ing axial loading that  is ventral to the  IAR. When  the  axial load

Fig. 3.7  The  field  strength  of a magnetic resonance  (MR) imaging
scanner is a  factor in  both  anatomical resolution definition and  soft
tissue  injury definition. A high-field-strength  scanner (1.5  T) has
greater anatomical resolution but  less soft  tissue  injury definition
sensitivity than a low-field-strength scanner (0.064 T). This is illustrated
by images from  one  patient  who underwent  MR imaging  by both
techniques within  a short  period. (A) High-field-strength  image. (B)
Low-field-strength  image.
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is applied, the load  exerts an  im pact  on  the spine via  a  concen-
tration  of forces  (stress)  in  the  ventral  vertebral  body  region .
This  results  in  a  tendency  to  exaggerate  the  deform ity  (“de-
form ity begets deform ity”) (� Fig. 3.8).

Cancer  or  infect ion  m ay  destabilize  the  spine  to  the  exten t
that  progressive  deform ation  occurs, but  not  to the  exten t  that
overt  instability exists. Pain  m ost  often  coexists, as it  often  does
w ith  other  glacially unstable  situations. This  helps  to  establish
the diagnosis.

Dynam ic  radiographs  (flexion  and  extension  radiographs)
m ay  be  useful  to  establish  the  diagnosis  of an  associated  dys-
functional  m otion  segm ent  (see  the  follow ing).  For  example,
they m ay dem onstrate excessive  or  atypical m ovem ent . As pre-
viously  em phasized, if excessive  m ovem ent  is  not  present  on
dynam ic im aging, the absence of instability cannot be assum ed.
Pain  and  guarding  m ay result  in  a  protect ion  from  m ovem ent
that  m ight  have  been  dem onstrated  if  the  pain  and  guarding
were not present. This is true for all subcategories of instability.

3.6.2  Dysfunct ional Segm ental Mot ion
A dysfunct iona l motion  segment  involves neither  the  overt  dis-
rupt ion  of spinal in tegrity nor  deform ity progression . Most  pa-
tien ts  w ith  glacial instability  can  also  be  considered  to  have  a
dysfunct ional m otion  segm ent. However, all types of glacial in -
stability have, as a  component  of the instability, deform ity pro-
gression , w ith  or  w ithout  excessive  m otion. Dysfunct ional seg-
m ental m otion  is  defined  as a  type  of instability rela ted to seg-
menta l degenera tive  changes, tumor, or  infection  tha t  results  in
the potent ia l for  pa in of spina l or igin. The diagnosis is m ost often
conjectured  and,  infrequently,  clearly  and  object ively  estab-
lished. The  instability associated  w ith  dysfunct ional segm ental
m otion  is term ed  mechanica l instability. The term  dysfunct iona l
segmenta l motion, as  it  is  used  herein , describes  a  pathologic
m otion. Mechanical back pain  is the pain  that  is associated w ith
m echan ical  instabilit y.  Mechan ical  pain  is  pain  that  is  deep
and  agon izing  in  nature,  w orsened  by  sp inal  loading,  and

relieved  by sp inal un loading. Such  pain  describes or  defines a
clin ical  m an ifestat ion  of  dysfunct ional  m otion .  It  is  em pha-
sized  that  a  dysfunctional  m otion  segm ent  is  d i cult  to  de-
fine  or  quan t itate.41

A characteristic pain  pattern  (deep  and  agonizing pain  that  is
usually worsened by act ivity [loading] and relieved by inactivity
[unloading])  suggests  the  diagnosis  of m echanical back  pain—
w hich  is often  associated w ith  a dysfunct ional m otion  segm ent.
This pain  pattern  is sim ilar  to that  associated  w ith  glacial insta-
bility. It  is akin  to the  pain  described  by a  patient  w ith  a  m ark-
edly  degenerated  hip  (m echanical  pain).  When  th is  pain
pattern  is com bined  w ith  degenerative disc in terspace  changes,
or  w ith  tum or  or  infect ion  involving the  disc in terspace, verte-
bral body, or  som e other  vertebral component, the  diagnosis of
dysfunct ional segm ental m otion  is  suggested. The  pain  pattern
im plicates  an  exaggerated  reflex  m uscle  response  that  is  en-
listed  to  improve  stability  (im plying  that  adequate  in trinsic
stability is not  provided  by the spine proper; dysfunct ional seg-
m ental m otion).

MR im aging and discography have been  touted as useful tools
that  m ight  be used  to enhance diagnostic accuracy in  the local-
ization  of a  spinal pain  generator  (harbinger  of the  sym ptom s
associated  w ith  dysfunctional  segm ental  m otion). It  has  been
suggested  that  discography provides a m ethod  by w hich  such  a
generator could be identified  or localized by physiologic m eans.
Many variables, such  as inject ion  rate and pressure,42 m ay a ect
results. The sparseness of object ive data that  relate surgical out-
com e w ith  discographic findings, however, im pugns these tech-
niques. Radiographs o er  the  greatest  advantage  for  clearly as-
sessing potentially  dysfunct ional m otion  segm ents  (� Fig. 3.9).
MR im aging dem onstrates changes in  the  bone  and  in  the  disc
in terspace. Although  MR im aging  is  extrem ely  usefu l  for  the
diagnosis  of over t  and  even  lim ited  instability, its  sensit ivit y
for  detect ing  sym ptom atic  degenerat ive  and  in flam m atory
changes  in  the  spine  m in im izes  its  u t ilit y  in  the  diagnosis  of
dysfunct ional segm en tal m otion . It  is  not  usefu l as  a  d iscern -
ing  d iagnost ic  tool  regarding  the  di eren t iat ion  of m echan i-
cal pain  of sp inal origin  and  other  types  of pain . Therefore, it
is  m ore  usefu l for  determ in ing  instabilit y  in  the  acute  in jury
set t ing  than  in  the  chron ic set t ing. Acutely, soft  t issue  in jury
is  eviden t  on  MR im aging  (see  Chapter  6). Th is  im aging  evi-
dence  of  t raum atic  injury  dim in ishes  rapidly  w ith  t im e
(about  72  hours).

Although  discography dem onstrates degenerat ive  changes in
the disc in terspace, w ith  provocative tests used  to select  painful
joints, it , like MR im aging, has not  been  show n  to be discern ing
as  a  diagnostic  tool  for  determ ining  the  cause  of disc-related
pain . As w ith  MR im aging, convincing correlations w ith  surgical
outcom e  are  lacking. Bone  scanning has  also  been  used  to  de-
fine  unstable  spinal segm ents (or, at  least, the  spinal segm ents
contribut ing  to  pain).  It ,  likew ise, has  not  been  proven  to  be
clin ically useful.

The  presence  of dysfunct ional  segm ental  m otion , as  ascer-
tained by the radiographic dem onst ration  of abnorm al segm en-
tal m ovem ent or  by determ ination  of the IAR or of the center  of
rotat ion  (COR),28,35,43–48 m ay  aid  in  th is  aspect  of  diagnosis.
These  types  of  m ovem ent  m ay  not  be  obvious  on  flexion
and  extension  radiographs. Exaggerated  examples are  depicted
in  � Fig.  3.10.  In  fact,  the  case  presented  in  � Fig.  3.8  m ay
represent  not  only translational m ovem ent  but  also  a  pivoting

Fig. 3.8  “Deformity begets deformity.” A kyphotic deformity, as
depicted, is associated with a moment arm of length (D). (A) If an axial
load  (straight  arrows) is applied, a  bending  moment  (M) is created
(curved arrow). The  application of this load, including  the  bending
moment, results in  the  application of an  eccentric load  to the  spine
(greater ventrally than dorsally). (B) This begets further deformation—
in this case, kyphosis.
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m ovem ent.  Techniques  for  discerning  pathologic  m otion  are
im portan t  for  an  accurate  determ ination  of the  “appropriate”
level(s) for fusion.

Dysfunct ional segm ental m otion  m ay be  inferred  by the  ob-
servation  of excessive  degenerative changes at  a given  segm en-
tal  level.  For  such  degeneration  to  have  occurred,  excessive
stresses  or  m otion  m ust  have  been  historically  present,  thus
predisposing  the  m otion  segm ent  to  degenerative  disc  in ter-
space changes.

It  cannot  be overempha sized tha t  the lack of object ivity makes
the  diagnosis  of  dysfunct iona l  segmenta l  motion  di cult  and
controversia l  and,  simultaneously,  subject  to  abuse  (i.e.,  a  low
threshold for surgery).

3.7  The Contribut ion of the Rib
Cage and Muscles to Stabilit y
3.7.1  The Rib Cage
The ribs and sternum  m ake an  im portan t  contribut ion  to stabil-
ity  in  the  m iddle  and  upper  thoracic  spine. The  two  entit ies

function  together  to enhance stability. The costovertebral join ts
play a pivotal role in  th is process1,49; the role of the costosternal
join ts m ay be  even  m ore  significant. The  bony cylindrical shell
about  the  chest  provides  an  added  degree  of  sti ness  to  the
spine.

The  sti ness  of the  spine  is  greatly  increased  if all  compo-
nents  of the  rib  cage–spine  unit  are  in tact . An  in tact  rib  cage
augm ents  the  axial load–resisting ability  of the  spine  fourfold.
The  rem oval  or  loss  of either  the  ribs  them selves  or  their  at-
tachm ents to an  in tact  sternum  alm ost  completely negates th is
advantage (� Fig. 3.11).1

3.7.2  The Muscles
Muscles, by vir tue  of their  attachm ents  to  the  spinal elem ents
at  every segm ental level, provide significant  stability.50 The ob-
vious absence of their e ect  in  the biom echanics laboratory is a
significant  problem  for researchers attempting to study the bio-
m echanics of stability.

In  general, any  im balance  of m uscular  forces  causes  m ove-
m ent  about  a  m otion  segm ent.  Conversely,  a  balancing  of
m uscle  and  other  in trinsic  forces  about  a  m otion  segm ent  re-
sults  in  no  net  m ovem ent  (New ton’s  second  law ). In  both  of
these  situations, it  is  assum ed  that  no  other  forces  are  applied
to the spine.

Fig. 3.10  Dysfunctional segmental motion is present  if a  smooth
flexion or extension does not occur at  the motion segment in question.
This can be assessed by determining the location of the instantaneous
axis of rotation (see  Chapter 2). Several types of dysfunctional
segmental motion  can  occur: (A) true  translation, (B) excessive
angulation  (with  flexion or extension) without  translation, (C) trans-
lation with  angulation, and  (D) pivotal movement  about  a
pathologic axis.

Fig. 3.9  The presence of dysfunctional segmental motion is suggested
on plain radiography by disc interspace degeneration, with a “fixed”’ or
“mobile” subluxation. In  the  case  depicted, the  subluxation did  not
change  with  flexion–extension radiographs.

Fig. 3.11  Illustration  of the  stability provided  to the  spine  by the  rib
cage. (A) The  spine  without  a  rib  cage  can bend  excessively. (B)
Addition  of the  rib  cage  moderately increases stability. (C) Sternal
at tachments are  required  to  achieve  the  full stabilization potential of
the  rib  cage. Removal of the  effects of either the  sternum  or the  ribs
results in  a significant  diminution  of stabilit y.
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Muscular  act ivity at  a  distance  from  the  spine  a ects  spinal
m ovem ent  and  can  augm ent  spinal stability. The  m ost  impor-
tant  example of th is is the rectus abdom inis m uscle and  associ-
ated  ventral  abdom inal  wall  m uscles.  These  m uscles  provide
substantial  spinal  stability  by  vir tue  of  their  attachm ents  to
structures ventral to the  spinal colum n  (e.g., the  sternum , ven-
tral rib  cage, and  ventral pelvis). This, in  turn , results  in  spinal
flexion  or  lateral  bending  if contract ion  occurs. Sim ultaneous
contraction  of the erector spinae and  rectus abdom inis m uscles
results in  no m otion  if each  counterbalances the other. This pro-
vides a  stabilizing e ect  (� Fig. 3.12). This is a  good  example  of
balanced  forces  applied  to  the  spine  by  opposing  m uscles, re-
sulting in  augm ented stability.

3.8  The Cont ribut ion of Spinal
Deform at ion to Instabilit y
The  contribution  of a  spinal deform ation  to  instability  m ay be
significant.  “Deform ity  begets  deform ity.” The  greater  the  de-
form ity, the  greater  the  m om ent  arm  length . This results in  ax-
ial loads causing the  application  of a  progressively larger  bend-

ing m om ent, w hich  in  turn  accentuates the deform ity by eccen-
tr ically loading the  spine. This  causes a  concentration  of stress
application  on  the  concave  side  of the  curve  (� Fig. 3.13a). De-
form ation  plays  a  m ajor  role  in  acute  instability  (see  � Ta-
ble  3.1).1 The  quantitation  of an  angular  deform ity  can  be  ac-
complished  by  defining  the  Cobb  angle  (� Fig.  3.13b).26 The
Cobb angle is m easured from  the rostral and caudal neutral ver-
tebrae  associated  w ith  a  curve. A neutral vertebra is one that  is
located  in  the  t ransition  zone  betw een  two  curves  of opposite
orien tation—for  example, that  vertebra  located  betw een  a  con-
cave  right  and  concave left  scoliotic curve  (see  � Fig. 3.13b). As
the  Cobb  angle  increases, an  increased  m om ent  arm  length  is
applied  to the  spine. In  the  case  of a  kyphotic deform ation, the
dorsal ligam entous structures  are  stressed  excessively because
their  m ain  funct ion  is  to  resist  tensile  loads.  Sim ultaneously,
the  ventral  structures  (vertebral  body, etc.)  are  also  stressed,
but  in  compression  (axial loading). These  concepts apply to an-
gular deform ations in  any plane.

Voutsinas  and  MacEwen  poin t  out  the  deceptive  nature  of
the Cobb angle m easurem ent. Sim ilar  Cobb angles m ay be  indi-
cative  of w idely  disparate  radii  of curvature  at  the  segm ental
level (� Fig. 3.13c).51

Fig. 3.12  The effects of muscles on stability. (A) Muscles provide stability by virtue  of the  orientation of their at tachments to the  spine. (B) In some
situations, as with the rectus abdominis muscle, the muscle  may influence spinal movement  indirectly (i.e., without  direct  at tachment  to the  spine).
Similarly, this muscle may stabilize the spine by balancing opposing muscle function, resulting in no movement (Newton’s second law; see Chapter 2).
Stability is thus provided. Lateral bending  is achieved  via the  contraction of muscles at tached  to the  lateral aspect  of the  spine—for example, the
quadratus lumborum  muscle.
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3.9  Upper Cervical Spine  Instabilit y
Subaxial  spine  stability  and  instability  have  been  the  focus  of
th is chapter  to th is point. Upper  cervical spine  stability and  in-
stability  deserve  specific  atten tion, albeit  brief. Assessm ent  of
the  stability  of the  upper  cervical spine  is  complicated  by  the
complex  anatomy  of th is  region, compounded  by  the  relative
success  of the  nonsurgical  m anagem ent  of injuries  in  th is  re-
gion. Thus, the definition  of an  unstable spine is even  m ore un-
certain  here than  in  the subaxial regions.

White  and  Panjabi  present  criteria  for  the  determ ination  of
stability (overt) of the upper cervical spine.1 These criteria have
been  m odified sligh tly here (� Table 3.3). This m ay oversim plify
the clin ical determ ination  of the unstable spine, but  it  does pro-
vide  a  foundation  from  w hich  to  begin  to  understand  stability
assessm ent in  th is region.

Ligam entous  or  bony  disruption,  w ith  a  resultant  loss  of
translat ion-resist ing  in tegrity,  constitutes  an  overtly  unstable
spine  (see  � Table  3.3).  Ligam entous  or  bony  disruption  that
does  not  result  in  overt  loss  of  translat ion-resist ing  in tegrity
constitutes lim ited  instability. This  in terpretat ion  of the  unsta-
ble  upper  cervical spine, although  vague, should  su ce  if the
clin ician  uses  the  principles  presented  above, as  well  as  com -
m on  sense. The  stability  of the  upper  cervical spine  is  fur ther
addressed in  Chapters 6 and 37).

Glacial instability and  the instability associated w ith  dysfunc-
tional segm ental m otion  are  less  com m only considered  in  the
upper  cervical spine  than  in  the  subaxial regions. Their  defin i-
tions in  the upper cervical spine are the sam e as in  the subaxial
regions.

3.10  Spinal Inst rum entat ion and
Instabilit y
Spinal  instrum entation  augm ents  the  stability  of the  spine. It
does so  by various m echanism s and  by the  application  of vari-
ous biom echanical principles. Obviously, the  type  of instability
encountered  dictates  the  type  of  instrum entation  construct
used, as well as its m ode of application. Phenom ena such  as in-
strum entation  construct  load sharing and load bearing play im -
portant  roles in  the decision-m aking process. The loss of ventral
axial load-bearing ability generally shifts the  IAR in  a dorsal di-
rect ion. Conversely, the  loss of dorsal axial-load  bearing ability
generally shifts the IAR in  a ventral direction. The IAR is shifted

Fig. 3.13  (A) “Deformity begets deformity” by increasing the length of the moment arm (D). (A, B) The determination of the Cobb angle (α  and β) in a
spine with a moderate scoliotic deformity is depicted. This illustrates the importance of spinal deformity in the determination of acute spinal instability
(see  � Table 3.1). The Cobb angle  is measured from  neutral vertebra to neutral vertebra. (B) The neutral vertebra is located between curves that  are
concave toward opposite directions, as depicted. The radii of the curvatures of two spinal deformities may be widely disparate despite their having the
same Cobb angle. (C) A lesser radius of curvature is observed at  the injured segment in a situation in which an acute segmental angulation occurs, (B)
compared  with  less acute, multisegmental angulations. Note  that  each has the  same  Cobb angle.

Table 3.3  Criteria for C0–C1–C2 instability

Extent  of
motion

Site/nature  of motion

>8 degrees  Axial rotation C0–C1 to  one  side

>1 mm  C0–C1 translation  in  the  sagit tal plane

>7 mm  Overhang C1–C2 (total right  and  left)

>45 degrees  Axial rotation C1–C2 to  one  side

>4 mm  C1–C2 translation  in  the  sagit tal plane

<13 mm  Posterior body C2–posterior ring  C1 in  the  sagit tal plane

Avulsed  transverse  ligament  of the  atlas

Source: From  White  and  Panjabi.1
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in  a  predictable  m anner, usually toward  the  region  of the  non-
pathologic neutral  axis.16 These  factors  are  discussed  in  detail
in  the chapters that follow.

References
[1]  White  AA, Panjabi MM. Clin ical Biom echanics of the  Spine. 2nd  ed. Philadel-

phia, PA: J. B. Lippincott; 1990:30–342
[2]  Panjabi MM, Lydon  C, Vasavada A, Grob D, Crisco JJ III Dvorak J. On  the under-

standing of clin ical instability. Spine 1994; 19: 2642–2650
[3]  Bucholz RW, Gill K. Classification  of injuries to the  thoracolum bar  spine. Or-

thop Clin  North  Am  1986; 17: 67–73
[4]  Clark  WM, Gehweiler  JA, Laib  R. Twelve  significan t  signs  of  cervical  spine

traum a. Skeletal Radiol 1979; 3: 201–205
[5]  Cope R, Kilcoyne RF, Gaines RW. The thoracolum bar burst  fracture w ith  in tact

posterior  elem ents. Im plications  for  neurologic  deficit  and  stability. Neuro-
Orth opedics 1989; 7: 83–87

[6]  Cyron  BM, Hutton  WC. Variations  in  the  am ount  and  distribution  of cortical
bone across the partes in terar ticulares of L5. A predisposing factor in  spondy-
lolysis? Spine 1979; 4: 163–167

[7]  Dupuis PR, Yong-Hing K, Cassidy JD, Kirkaldy-Willis WH. Radiologic diagnosis
of degenerative lum bar spinal instability. Spine 1985; 10: 262–276

[8]  Dvorak J, Froehlich  D, Penning L, Baumgartner  H, Panjabi MM. Functional ra-
diographic diagnosis of the cervical spine: flexion/extension. Spine 1988; 13:
748–755

[9]  Dvorák J, Panjabi MM, Chang DG, Theiler  R, Grob  D. Functional radiographic
diagnosis  of the  lum bar  spine. Flexion-extension  and  lateral bending. Spine
1991; 16: 562–571

[10]  Dvorák  J, Panjabi MM, Novotny JE, Chang DG, Grob  D. Clin ical validation  of
funct ional  flexion-extension  roentgenogram s  of  the  lum bar  spine.  Spine
1991; 16: 943–950

[11]  Friberg  O. Lum bar  instability:  a  dynam ic approach  by tract ion-com pression
radiography. Spine 1987; 12: 119–129

[12]  Froning EC, Frohm an  B. Motion  of the  lum bosacral spine  after  lam inectomy
and  spine fusion. Correlation  of m otion  w ith  the  result. J Bone Joint  Surg Am
1968; 50: 897–918

[13]  Hanley EN, Matteri RE, Frym oyer  JW. Accurate  roentgenographic determ ina-
tion  of lum bar flexion-extension. Clin  Orthop Relat  Res 1976; 115: 145–148

[14]  Holdsworth  FW.  Fractures,  dislocations,  and  fracture-  dislocations  of  the
spine. J Bone Joint  Surg 1963; 45B: 6–20

[15]  Holdsworth  FW.  Fractu res,  dislocations,  and  fracture-dislocations  of  the
spine. J Bone Joint  Surg Am  1970; 52: 1534–1551

[16]  Jelsm a RK, Kirsch  PT, Rice JF, Jelsm a LF. The radiographic description  of thora-
colum bar fractures. Surg Neurol 1982; 18: 230–236

[17]  Kaneda  K, Abum i K, Fujiya  M. Burst  fractures w ith  neurologic deficits  of the
thoracolum bar-lum bar  spine. Results  of anterior  decompression  and  stabili-
zation w ith  an terior instrum entation. Spine 1984; 9: 788–795

[18]  Keene  JS. Radiographic  evaluation  of  thoracolum bar  fractures. Clin  Orthop
Relat Res 1984; 189: 58–64

[19]  McAfee  PC, Yuan  HA, Fredrickson  BE, Lubicky  JP. The  value  of computed  to-
m ography in  thoracolum bar  fractures. An  analysis  of one  hundred  consecu-
tive cases and a new classification. J Bone Joint  Surg Am  1983; 65: 461–473

[20]  Pearcy  M, Shepherd  J. Is  there  instability  in  spondylolisthesis?  Spine  1985;
10: 175–177

[21]  Penning L, Blickm an  JR. Instability  in  lum bar  spondylolisthesis:  a  radiologic
study of several concepts. AJR Am  J Roentgenol 1980; 134: 293–301

[22]  Penning L, Wilm ink JT, van  Woerden  HH. Inability to prove instability. A crit-
ical appraisal of clin ical-radiological flexion-extension  studies in  lum bar disc
degeneration. Diagn Im aging Clin  Med 1984; 53: 186–192

[23]  Riggins RS, Kraus JF. The risk of neurologic dam age w ith  fractures of the ver-
tebrae. J Traum a 1977; 17: 126–133

[24]  Sm ith  WS, Kaufer  H. Patterns and  m echanism s of lum bar  injuries associated
w ith  lap  seat belts. J Bone Join t  Surg Am  1969; 51: 239–254

[25]  Whitesides  TE. Traum atic kyphosis  of the  thoracolum bar  spine. Clin  Orthop
Relat  Res 1977; 128: 78–92

[26]  Cobb JR. Spine arthrodesis in  the treatm ent of scoliosis. Bull Hosp Jt  Dis 1958;
19: 187–209

[27]  McClure  P, Siegler  S, Nobilin i R. Three-dim ensional flexibility characterist ics
of the hum an cervical spine in vivo. Spine 1998; 23: 216–223

[28]  Moll  JMH, Wrigh t  V. Norm al  range  of spinal  m obility. An  object ive  clin ical
study. Ann Rheum  Dis 1971; 30: 381–386

[29]  Donaldson  WF III Heil  BV, Donaldson  VP, Silvaggio  VJ. The  e ect  of airw ay
m aneuvers on  the unstable C1-C2 segm ent. A cadaver study. Spine 1997; 22:
1215–1218

[30]  Bailey  RW. Fractures  and  dislocations  of the  cervical spine:  orthopedic  and
neurological aspects. Postgrad Med 1964; 35: 588–599

[31]  Denis  F. The  three  column  spine  and  its  significance  in  the  classification  of
acute thoracolum bar spinal injuries. Spine 1983; 8: 817–831

[32]  Kelly RP, Whitesides TE. Treatm ent  of lum bodorsal fracture-dislocations. Ann
Surg 1968; 167: 705–717

[33]  Louis  R. Spinal stability  as  defined  by the  three-colum n  spine  concept. Anat
Clin  1985; 7: 33–42

[34]  Slosar  PJ Jr  Patwardhan  AG, Lorenz  M, Havey R, Sartori M. Instability of the
lum bar  burst  fracture  and  lim itations  of  transpedicular  instrum entation.
Spine 1995; 20: 1452–1461

[35]  Gertzbein  SD, Holtby R, Tile  M, Kapasouri A, Chan  KW, Cruickshank B. Deter-
m ination  of a locus of instantaneous centers of rotat ion  of the lum bar disc by
m oiré fringes. A new  technique. Spine 1984; 9: 409–413

[36]  Haher TR, Bergm an  M, O’Brien  M et  al. The e ect  of the three colum ns of the
spine  on  the  instan taneous  axis  of rotat ion  in  flexion  and  extension. Spine
1991; 16 Suppl: S312–S318

[37]  Kern  MB,  Malone  DG,  Benzel  EC. Evaluation  and  surgical  m anagem ent  of
thoracic and lum bar instability. Contemporary Neurosurgery 1996; 18: 1–8

[38]  Benzel EC. Biom echanics  of lum bar  and  lum bosacral spine  fracture. In :  Rea
GL, Miller  CA, eds. Spinal Traum a: Current  Evaluation  and  Managem ent. Park
Ridge, IL: Am erican  Associat ion  of Neurological Surgeons; 1993:165–195

[39]  McCorm ack  T, Karaikovic  E,  Gaines  RW. The  load  sharing  classification  of
spine fractures. Spine 1994; 19: 1741–1744

[40]  Benzel EC, Hart  BL, Ball PA, Baldw in  NG, Orrison  W W, Espinosa MC. Magnetic
resonance  im aging  for  the  evaluation  of patients  w ith  occult  cervical  spine
injury. J Neurosurg 1996; 85: 824–829

[41]  Dim net  J, Fischer  LP, Gonon  G, Carret  JP. Radiographic studies of lateral flex-
ion in  the lum bar spine. J Biom ech 1978; 11: 143–150

[42]  Seo  KS, Derby R, Date  ES, Lee  SH, Kim  BJ, Lee  CH. In  vitro  m easurem ent  of
pressure di erences using m anom etry at  various injection  speeds during dis-
cography. Spine J 2007; 7: 68–73

[43]  Mensor MC, Duvall G. Absence of m otion at  the fourth  and fifth  lum bar in ter-
spaces  in  patients  w ith  and  w ithout  low -back  pain . J Bone  Join t  Surg  Am
1959; 41-A: 1047–1054

[44]  Panjabi MM, Goel VK, Walter  SD, Schick  S. Errors  in  the  center  and  angle  of
rotat ion  of a join t: an  experim ental study. J Biom ech  Eng 1982; 104: 232–237

[45]  Pennal GF, Conn  GS, McDonald  G, Dale  G, Garside  H. Motion  studies  of the
lum bar spine: a prelim inary report . J Bone Join t  Surg Br 1972; 54: 442–452

[46]  Stokes  IA, Wilder  DG, Frym oyer  JW, Pope  MH. 1980  Volvo  aw ard  in  clin ical
sciences. Assessm ent of patients w ith  low-back pain  by biplanar radiographic
m easurem ent of in tervertebral m otion. Spine 1981; 6: 233–240

[47]  Tanz SS. Motion of the lum bar spine; a roentgenologic study. Am  J Roentgenol
Radium  Ther Nucl Med 1953; 69: 399–412

[48]  Webb  JK, Broughton  RB, McSweeney  T, Park  WM. Hidden  flexion  injury  of
the cervical spine. J Bone Join t  Surg Br 1976; 58: 322–327

[49]  Andriacchi T, Schultz  A, Belytschko T, Galante  J. A m odel for  studies  of m e-
chanical  in teractions  betw een  the  hum an  spine  and  rib  cage.  J Biom ech
1974; 7: 497–507

[50]  Gardner-Morse  MG, Stokes IA. The  e ects  of abdom inal m uscle  coactivation
on lum bar spine stability. Spine 1998; 23: 86–91, discussion  91–92

[51]  Voutsinas  SA, MacEw en  GD. Sagit tal profiles  of the  spine. Clin  Orthop  Relat
Res 1986; 210: 235–242

Stabilit y and Instability of the Spine

38



Sect ion II

Spine and Neural Elem ent
Pathology

4  Bone Quality  40

5  Degenerat ive and Inflammatory
Diseases of the Spine  46

6  Trauma, Tumor, and Infect ion  65

7  Spine Deformations  87

8  Neural Element  Injury  95

9  Correlat ion of the Anatomical and
Clinical Domains  106



4  Bone Qualit y
4.1  The Dem ographics of Aging
A deteriorat ion  of bone quality over t im e is inevitable. Osteopo-
rosis  is  a  relentlessly progressive  process. However, it  does not
m anifest  un til m idlife. It  should  be kept  in  m ind  that  in  m illen-
nia gone by, life  expectancy was in  the m iddle 30 s to early 40 s.
Today, th is age range equates w ith  early life to m idlife. Homo sa-
piens today, then, are  essentially living on  borrowed  tim e. It  is
during th is borrowed-tim e  phase  of our  lives that  bone  quality
progressively  and  exponent ially  degrades.  In terestingly,  the
health  of aging Homo sapiens is im proving, and  life  expectancy
increasing.  Today,  m ore  than  20% of  all  Am ericans  are  older
than  65  years  of age  (approxim ately  40  m illion  people). More
than  15% are  older  than  85  years. In  fact, by 2020, it  expected
that  there  w ill  be  55  m illion  people  older  than  65  years, and
that by 2030, th is num ber w ill reach  72 m illion .

Our  population  is  aging, and  aging  at  a  relatively  alarm ing
rate. A 65-year-old  can  reasonably expect  to  live  another  20  or
even  another 30 or m ore years. General health  in  the aged  does
not correlate w ith  bone health . Bone health  in  th is age group di-
m inishes at  a  faster  rate  than  general health . Fixation  strength
in  the  osteopenic spine  is  one-fourth  that  of norm al bone.1 In
an  osteoporotic spine, fixat ion  strength  is expected  to be  m uch
worse.

4.2  The Aging Intervertebral Disc
A discussion  of bone  and  bone  quality should  begin  w ith  m en-
tion  of  in tervertebral  disc  aging:  In  youth ,  the  in terver tebral
disc is  composed  of a  tough, fibrous annulus fibrosus that  sur-
rounds and  contains a gelatinous nucleus pulposus (� Fig. 4.1a).
Over  t im e, during the  aging process, the  nucleus pulposus des-
sicates, and  the  annulus fibrosus degrades in to a  fibrocar tilagi-
nous-like  scar  w ith  suboptim al resilience. This  transform ation
involves  a  change  in  the  loading  pat tern  of the  disc. In  youth ,
the  disc is loaded  centrally, w ith  the  nucleus pulposus pressur-
ized  during axial loading. This results in  a  distr ibution  of pres-
sure  to  the  rostral  and  caudal  endplates  and  annulus  fibrosus
circum ferentially (� Fig. 4.2b).

As  the  spine  ages, axial  loads  are  borne  m ore  laterally  be-
cause  the  m ore  central  nucleus  pulposus  can  no  longer  bear
loads as a consequence of its dessication. As a result , the load  is
increasingly  borne  by  the  peripheral  fibrocartilaginous  scar
equivalent of the annulus fibrosus.

The  in tervertebral  disc  degenerat ive  process, as  outlined, is
associated  w ith  pressure  changes w ithin  the  disc in terspace, as
has  been  docum ented  in  hum ans.  Such  is  depicted  in
(� Fig. 4.2a–c). In  youth , the  pressures  w ith in  the  central por-
tion  of the  in tervertebral disc  are  relat ively  high  and  uniform
during axial loading. As the  aging process  t ranspires, th is  h igh
central  pressure  dim inishes  and  can  fall  below  zero  in  som e
conditions. The latter  situation  m ay be  associated  w ith  the vac-
uum  phenom enon (� Fig. 4.2d).

The last  phase  of the  degenerative  process is associated  w ith
restabilization  of  the  spine,  à  la  Kirkaldy-Willis.  During  th is
phase, osteophytes form , disc in terspace height  dim inishes, and
the  m obility of the in tervertebral joint  declines. Many in terver-

tebral join ts  do  not  reach  th is  phase  before  sym ptom s of com -
pression  or  instability  arise.  These  are  the  patien ts  we  often
consider  for  surgery. Once the  spine stabilizes, though, the  rate
of progression  of spine deform ation  and  the degenerative proc-
ess itself declines.

4.3  Aging Bone
As the in tervertebral join t  degenerates w ith  t im e, bone changes
in  structure in  order to adapt to the loading conditions to w hich
the  spine  is exposed. Bone  structure  form s and  m atures in  res-
ponse to loading to provide m axim um  strength  w ith  m inim um
m ass.  For  example,  t rabecular  bone  in  the  vertebral  body  is
aligned  in  a  vertical direction. Such  t rabeculation  supports  the
spine  as  pillars  m ay support  a  building (� Fig. 4.3). So, at  least
in  early  life  and  m idlife,  the  in tervertebral  disc  degenerates,
w hile  bone  adapts  to  the  loads  applied. This  is  all  in  keeping
w ith  Wol ’s law, w hich  is paraphrased as follow s:

“Bone  is  laid  dow n  w here  stresses  require  its  presence, and
bone is absorbed w here stresses do not require it .”

So, w hy is  it  that  bone  bolsters  itself in  response  to  loading
yet  osteoporosis  ravages  the  aging  spine  from  a  spine  compe-
tence  perspective?  As  already  stated, bone  structure  form s  in
response  to  loading.  This  provides  m axim um  strength  w ith
m inim um  m ass. The problem  associated w ith  aging, however, is
related  to the  progressive  loss of m ass. Hence, these  factors es-
sentially compete—w ith  one augm enting bone structural in teg-
rit y and the other degrading structural in tegrity.

Fig. 4.1  (A) In youth, the  intervertebral disc is composed  of a  tough,
fibrous annulus fibrosus that  surrounds and  contains a  gelatinous
nucleus pulposus. In  youth, the  disc is loaded  centrally, with  the
nucleus pulposus pressurized during axial loading. (B) This results in  a
distribution of the  pressure  to the  rostral and  caudal endplates and
annulus fibrosus circumferentially.
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4.4  Aging-Associated Subsidence
and Spine Deform at ion
As  we  age,  particularly  in  m idlife  and  beyond,  we  becom e
shorter. Most  of the  shortening occurs  at  the  level of the  axial
spine. Vertebral collapse  and  spine  deform ation  progress. Both
contribute to the aforem entioned shorten ing. This loss of height
from  both  causes  is  clearly  typified  in  � Fig. 4.4, in  w hich  de-
generat ive  rotatory  kyphoscoliosis  is  present.  Of  note,  once
spine deform ation  begins, for w hatever reason , it  tends to prog-
ress. “Deform ity begets deform ity.”

It  is  th is  aging-associated  subsidence  and  spine  deform ation
that  often  progresses  to  such  an  extent  that  surgical in terven-
tion  is considered. The rem ainder of th is chapter focuses on  the
surgical treatm ent  of such  pathologies and  the  e ect  of dim in-
ished  bone  quality  on  the  operative  decision-m aking  process.
The focus is on  bone quality as it  a ects bony fixation  via spinal
im plant anchors in  osteoporot ic bone.

4.5  The Opt im izat ion of Bone
Qualit y
Osteoporosis  can  be  altered  (treated)  to  som e  degree. The  ex-
tent  of bone  dem ineralization  is  quantifiable  via  bone  m ineral

density  studies  and  bone  m ineral density  scores. Such  assess-
m ents  provide  valuable  inform ation  regarding  the  patient’s
bone  health  and  a  “report  card” of sorts  that  can  be  used  to
both  guide  and  m onitor  treatm ent . Low  bone  m ineral density

Fig. 4.3  Bone  structure  forms and  matures in  response  to loading  to
provide  maximum  strength  with  minimum  mass. For example,
trabecular bone  in the  vertebral body is aligned  in a vertical direction,
as depicted. Such trabeculation  supports the  spine  as pillars may
support  a  building.

Fig. 4.2  The degenerative process in the intervertebral disc is associated with pressure changes within the disc interspace. (A) In youth, the pressures
within the central portion of the intervertebral disc are relatively high and uniform across the diameter of the disc space during axial loading. (B) As the
degeneration process transpires, the high central pressure  diminishes in midlife  as the  fibrocartilaginous annulus begins to bear a greater portion of
the axial load. As aging and degeneration continue, (C) the pressure in the nucleus region falls even farther and can fall below zero in some conditions.
(D) The  lat ter situation may be  associated  with  the  vacuum  phenomenon.
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correlates  w ith  a  h igher  incidence  of  fractures.  Medical  m a-
nagem ent  strategies  that  are  used  to  m anage  and  prevent
osteoporosis  include  calcium  intake, vitam ins  D and  K supple-
m entation, weight-bearing exercises, lifestyle  changes, and  the
use  of antiresorpt ive  agents  and  agents  to  stim ulate  bone  for-
m ation. It  behooves  the  treating  physician  to  becom e  fam iliar
w ith  all  of these  strategies  because  each  m ay  play  a  role, de-
pending  on  the  case.2 One  should  also  be  cognizant  of  the
complications  associated  w ith  treatm ent . The  observation  of a
correlation  between  bisphosphonates  and  fem oral  shaft  frac-
tures exem plifies th is poin t.3

4.6  Fixat ion in Osteoporot ic Bone
The ability to adequately a x a spinal im plant  to bone depends
on m ultip le variables. These include the follow ing:
1. The num ber of im plant–bone in terfaces
2. The choice of anchors (i.e., screws vs hooks)
3. Anchor (specifically screw ) design  and its e ect  on  screw –

bone in terface in tegrity
4. Screw  design  and  select ion, screw  geometry, and  triangulation

Each factor is considered in  the sect ions that follow.

4.6.1  The Num ber of Im plant–Bone
Interfaces
It  goes  w ithout  saying that  the  greater  the  num ber  of fixation
sites, the  m ore  robust  the fixation. This is in tuitive  via a  sim ple
m athem atical  assessm ent—the  greater  num ber  of screws, the
greater  the  fixation  (at  least  up  to  a  poin t). The  actual fixation
potential, however, is  a ected  by  other  variables, such  as  the
opportunity to apply and  resist  three-point  bending forces and
the application  of bending m om ents that  resist  deform ation.

4.6.2  The Choice of Anchors
A variety  of  anchors  are  available  for  a xation  to  the  spine.
These  include  w ires,  cables,  clam ps,  nails,  pins,  hooks,  and
screws. Only  the  latter  two  are  of  significant  relevance  today.
Hooks, in  general, provide better  pullout  resistance than  screws.
The  variables  that  a ect  screw  pullout  resistance  are  discussed
below. Screws, however, often  resist  the application  of loads that
are  perpendicular  to the long axis of the  screw. Hooks, w hich  in
general  resist  pullout  m ore  e ectively  than  screws, also  apply
and  resist  loads  that  are  in  line  with  the  long axis  of the  spine.
Regardless, w hen  pullout  resistance  is a  high-priority considera-
tion, the use of hooks, as opposed  to screws, m ay be prudent.

The  use  of a  large  number  of anchors, including a  combination
of hooks and  screws, in  a patient  with  metastatic breast  cancer  is
portrayed in  order to illustrate the value of the principles outlined
in  the last  two sections (� Fig. 4.5). Strategies for  determ ining the
most  appropriate  anchor  based  on  bone  mineral  density  have
been  studied. Paxinos et  al observed  that  in  normal bone, pedicle
screws and  wires provide  strong fixation, whereas hooks tend  to
fail with  significantly  less  applied  force. They also  observed  that
in  osteopenic bone, fixation  strength  is  not  related  to the  type  of
anchor—only to bone strength  (bone mineral density).1

4.6.3  Screw  Design and Select ion,
Screw  Geom etry, and Triangulat ion
Multiple  variables a ect  screw  pullout  resistance. First  and  fore-
m ost, screw  pullout  is related  to the  quality of the bone, as well
to  the  forces  applied  to  bone, thread  depth, screw  pitch, m ajor
diam eter, length  of thread  engagem ent, shear  stress (quality) of
bone, and  the tapping of bone. Therefore, one should  seek screw
designs that  have  an  increased  thread  depth, a  decreased  screw
pitch, and  an  increased  m ajor diam eter. One should  also em ploy
longer screws in  stronger bone. Finally, tapping has been  show n
to  dim inish  pullout  resistance  w hen  em ployed  in  cancellous
bone.4 This has been  portrayed  via a m athem atical equation 5:

Equation  (8)

FS  ¼ SÃLÃTTÃDmajorÃ 0:5 ¼ 0:57735
 d
p

   
;  where

Fs = Predicted Shear Failure Force,
S= Material Ultim ate Shear Stress,
L= Length  of Thread Engagem ent  in  Material,
Dm ajor = Screw  Major Diam eter,
d = Thread Depth, and
p = Thread Pitch .

Equation  (9)

Fig. 4.4  With  aging, particularly in  midlife  and  beyond, we  become
shorter. Most  of the  shortening  occurs at  the  level of the  axial spine.
Vertebral collapse and spine deformation ensue. Deformation, as well,
contributes to the  aforementioned  shortening. Loss of height  from
both causes is portrayed  in  this radiograph.

TSP ¼ 0:5 ¼ 0:55375
 d
p
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Fig. 4.5  A variety of anchors are available for affixation to the spine. These include wires, cables, clamps, nails, pins, hooks, and screws. Only the lat ter
two are of significant relevance today. Hooks, in general, provide better pullout resistance than screws. Screws, however, often resist  the application of
loads that  are  perpendicular to their long axis. The use of a large number of anchors, including a combination of hooks and screws, in a patient  with
metastatic breast  cancer is portrayed in (A) lateral cervical, (B) lateral cervicothoracic, and (C) anteroposterior cervicothoracic radiographs. This case
illustrates the  value  of using  multiple  anchors in  high-risk patients with  soft  bone.

Fig. 4.6  Methods of minimizing  screw pullout.
(A) Screw pullout  resistance  is mainly a  function
of the  volume  of bone  (shaded area) between
screw threads. (B) Thread  pitch  affects this by
altering  interthread  distance. (C) Thread  depth
affects this by altering  thread  penetration into
bone. Thread  shape  affects this by altering  the
amount  of bone  volume directly. If the  pitch and
depth are  unchanged, the  only factor that  can
affect  bone  volume  is screw thread  volume
(metal volume). (D) Decreasing  screw thread
volume  (metal volume) increases bone  volume.
The  triangulation of pedicle  screws provides
additional resistance  to pullout  (shaded area). (E)
Pullout  resistance  is proportional not  only to the
volume  of bone  between screw threads but  also
to the  triangular area defined  by the  screw, the
perpendicular, and  the  dorsal vertebral body
surface. (F) Although screw length  does not
routinely contribute  significantly to  pullout  re-
sistance, it  contributes significantly when screws
are  rigidly triangulated. Note  the  increase  in  the
shaded  area. Increasing  the  screw angle  (e.g.,
toe-in) also  increases the  size  of the  shaded area
and  thus pullout  resistance.
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Oktenoğlu  et  al  dem onstrated  that  em ploym ent  of  a  pilot
hole decreases both  insert ional torque and pullout  resistance in
cancellous bone. They also concluded that  if one is to use a pilot
hole, such  should  be  short  and  of a  sm aller  diam eter  than  the
screw  inner diam eter.6

Tapered-  versus  constant-inner-diam eter  screws  were  com -
pared  by Kwok et  al. They observed  that  tapered-inner-diame-
ter  screws  increased  insert ional  torque  but  had  no  e ect  on
pullout  resistance.7

Polly  et  al  studied  the  e ects  of  rem oving  and  replacing
screws. They dem onstrated  that  such  decreases fixation  in teg-
rity.  They  also  studied  rescue  screws  (screws  w ith  a  greater
diam eter  that  are  used  to  salvage  a  degraded  screw –bone

interface  created  by the  in itial screw  insertion ) regarding fixa-
tion  augm entation. They  dem onstrated  that  rescue  screws  are
indeed  e ect ive  in  th is  regard. Increasing  their  length ,  how -
ever,  did  not  provide  added  benefit .  Finally,  sh im s  were  not
show n  to increase fixation .8

Alteration  of the  geom etry of a  screw  a ects pullout. In  gen-
eral, increasing pitch  and  thread  depth  increases pullout  resist-
ance  (� Fig.  4.6a–c).  Such  can  also  be  m arginally  a ected  by
changing  the  shape  of the  thread  (� Fig. 4.6d). One  should  be
cognizant  that  such  options  m ay  not  always  be  available  and
that  unanticipated  consequences  m ay  ensue. For  example, in-
creasing thread  depth , at  the  expense  of inner  screw  diam eter,
weakens  the  screw  and  increases  its  vulnerability  to  fracture

Fig. 4.7  (A) A mismatch between the strut and mortise geometry obligates subsidence or the persistence of a gap. (B) A strut  with a large surface area
of contact  will support  axial loads more  effectively than  a strut  with  small surface  area of contact. (C) A large  strut  can  also  be  “bolstered” by the
corpectomy wall, thus providing  increased  biomechanical advantage. (D) A lesser-diameter strut  can provide  neither of these  advantages. (E)If one
pushes on the center of the end of an empty tin can, the surface is easily distorted, whereas such does not occur when the same force is applied to the
perimeter of the can. This phenomenon is termed the boundary effect. (F) Hence, interbody cages that  are placed near the center of the endplate have
a suboptimal mechanical effect. If placed near the  perimeter, their axial load-bearing ability is much greater. (G) A nearly optimal spacer is perhaps
akin to a femoral ring allograft. Such a spacer provides peripheral and circumferential endplate contact  while providing a central region for autograft or
other bone substitute substrate. (H) Interbody cages are available in a variety of shapes and sizes. (I) If they present a flat surface to the endplate, they
are  able  to bear and  resist  axial loads and subsidence  much more  effectively than (J) if they present  a round  surface to the  endplate. (K, L) One  can
readily envision the  subsidence of a round-faced cage  into a soft  endplate  after initially being relatively stiff—because  of tensioning of the  ligaments
against  the  cage. (M) Minimal subsidence  results in  annular loosening  and  then  further subsidence. The  end  result  of this scenario  is excessive
subsidence, instability, and  nonunion.
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w ith  the  application  of axial  loads  (i.e., loads  that  are  applied
perpendicular  to the long axis of the screw ). In  general, regard-
ing  screw  geom etry  and  pullout  resistance,  the  greater  the
bone  volum e  betw een  screw  th reads, the  greater  the  pullout
resistance.

The t riangulation  of screws has been  show n to augm ent  pull-
out  resistance. This is discussed  in  m uch  greater  detail in  Chap-
ter  15. The tr iangulation  e ect  is created  by toeing screws in  or
out  and  rigidly a xing them  via a  cross fixator  (in  the  case  of a
screw–rod  construct)  or  via  the  plate  itself  (in  the  case  of  a
screw–plate construct) (� Fig. 4.6e, f).

On  a  final note, cancellous bone  is  best  in terfaced  via  m eans
that  cause  the  m edullary  bone  to  be  compressed—hence  in-
creasing its  strength  and  pullout  resistance. Tapping and  drill-
ing  dim inish  th is  bone  compression  e ect  and  so  dim inish
bone–implant  in terface  in tegrity  in  cancellous  bone.  Con-
versely, cort ical bone  is  best  m anaged  by drilling and  tapping.
The  drill  rem oves  hard  and  som ew hat  brit t le  bone.  Tapping
carves the  threads in to the  bone  so  that  w hen  the  screw  is  in-
serted, it  fits like a m achine bolt  in  its nut. If no drilling and tap-
ping were em ployed in  cort ical bone, bone fracture m ight ensue
during screw  insert ion .4

4.7  Interbody Techniques
One should  pay part icular  attention  to the  selection  and  place-
m ent  of in terbody struts and  spacers. The achievem ent  of a sol-
id  fusion  can  be  thwarted  by excessive  subsidence. Unexpected
and untoward consequences can  result  from  an  inadequate pre-
operative  assessm ent  and  the  m isapplication  of available  struts
and  cages. In traoperative  decision  m aking in  th is regard  is crit-
ical. Multiple  factors, therefore, are  deserving of consideration.
The appropriate preparation  of the endplate  or  m ort ise  and  the
strut  abutm ent  surface  is  crit ical. A surface  area  m ism atch  be-
tween  the strut  and  m ortise  obligates subsidence or  the persis-
tence  of a gap  (� Fig. 4.7a). Neither  is desirable. It  goes w ithout
saying that  a strut  w ith  a large surface area of contact  w ill sup-
port  axial loads m ore  e ect ively than  a  strut  w ith  a  sm all sur-
face  area  of contact  (� Fig. 4.7b). A large  strut  can  also  be  “bol-
stered” by  the  corpectomy wall, thus  providing increased  bio-
m echanical advantage  (� Fig. 4.7c). If bone  is  the  substrate  for
the  strut , it  can  fuse  at  in term ediate  levels  to  the  corpectomy
wall,  as  well.  A lesser-diam eter  strut  can  provide  neither  of
these  advantages  (� Fig. 4.7d). If one  pushes  on  the  center  of
the  end  of  an  em pty  tin  can ,  the  surface  is  easily  distorted,
w hereas such  does not  occur  w hen  the sam e force is applied  to
the perim eter of the can. This phenom enon  is term ed the boun-
dary e ect  (� Fig. 4.7e). Hence, in terbody cages that  are  placed
near  the  center  of the  endplate  have  a  suboptim al m echanical
a ect .  If  placed  near  the  perim eter,  their  axial  load-bearing
ability  is  m uch  greater  (� Fig. 4.7f). Perhaps  a  nearly  optim al
spacer is akin  to a fem oral ring allograft . Such  a spacer provides

peripheral and  circum ferential endplate  contact  w hile  provid-
ing a  central region  for  autograft  or  other  bone  substitute  sub-
strate  (� Fig. 4.7g). In terbody cages are  available  in  a  variety of
shapes  and  sizes  (� Fig. 4.7h). If they  present  a  flat  surface  to
the  endplate, they  are  able  to  bear  and  resist  axial  loads  and
subsidence  (� Fig.  4.7i)  m uch  m ore  e ectively  than  if  they
present  a  round  surface  to  the  endplate  (� Fig. 4.7j). One  can
readily envision  the subsidence of a round-faced cage in to a soft
endplate  follow ing distraction  of the  endplates  and  tensioning
of the ligam ents (� Fig. 4.7k, l). Such  a  construct  is in it ially sti 
because  of the  tensioning of the  ligam ents  against  the  im plant
(see  � Fig. 4.7l). Subsequent  m inim al subsidence  results  in  an-
nular  loosening and  then  fur ther  subsidence  (� Fig. 4.7m ). The
end  result  of th is  scenario  is  excessive  subsidence, instability,
and nonunion.

4.8  Dynam ic Spine Fixat ion
The  allowance  of subsidence  along a  trajectory dictated  by the
surgeon  (controlled  subsidence  or  perm issive  spine  deform a-
tion) can  be  used  to  augm ent  fusion . The  principles associated
w ith  dynam ic  fixation  are  discussed  in  m uch  m ore  detail  in
Chapter 29.

4.9  Sum m ary
Dim inished  bone quality m ost  certainly increases the operative
complication  rate  and  operat ive  risk. Keeping  bone  quality  in
m ind  and  ut ilizing strategies  that  have  been  show n  to  be  bio-
m echanically  sound  under  such  circum stances  should  provide
significant  advantage in  the clin ical arena.

References
[1]  Paxinos  O, Tsitsopoulos PP, Zindrick  MR et  al. Evaluation  of pullout  strength

and  failure  m echanism  of posterior  instrum entation  in  norm al  and  osteo-
penic thoracic vertebrae. J Neurosurg Spine 2010; 13: 469–476

[2]  Biggers  RS, Nugent  PJ.  Osteoporosis  testing  in  orth opedic  practice. Spine  J
2002; 2: 204–205

[3]  Park-Wyllie LY, Mam dani MM, Juurlink DN et  al. Bisphosphonate use and  the
risk  of  subtrochanteric  or  fem oral  shaft  fractures  in  older  wom en.  JAMA
2011; 305: 783–789

[4]  Chapm an  JR, Harrington  RM, Lee  KM, Anderson  PA, Tencer  AF, Kowalski  D.
Factors  a ect ing  the  pullout  strength  of cancellous  bone  screws. J Biom ech
Eng 1996; 118: 391–398

[5]  Oberg E, Jones FD, Horton  HL, Ry el HH, eds. Machinery’s Handbook. 28th  ed.
New  York, NY: Industr ial Press; 2008

[6]  Oktenoğlu  BT, Ferrara LA, Andalkar N, Ozer AF, Sarioğlu  AC, Benzel EC. E ects
of hole preparation  on  screw  pullout  resistance and insert ional torque: a bio-
m echanical study. J Neurosurg 2001; 94 Suppl: 91–96

[7]  Kwok AWL, Finkelstein  JA, Woodside  T, Hearn  TC, Hu  RW. Insert ional torque
and  pull-out  strengths of conical and  cylindrical pedicle  screw s in  cadaveric
bone. Spine 1996; 21: 2429–2434

[8]  Polly DW, Orchow ski JR, Ellenbogen  RG. Revision  pedicle  screws. Bigger, lon-
ger sh im s—w hat is best? Spine 1998; 23: 1374–1379

Bone Quality

45



5  Degenerat ive and Inflam m atory Diseases of the Spine
The  m anagem ent  of degenerat ive  and  inflam m atory spine  dis-
eases is complex. Alterations of both  bony and  ligam entous spi-
nal  in tegrity  are  the  predom inant  etiologic  factors  associated
w ith  such  degeneration .  The  degenerat ive  and  inflam m atory
spine diseases presented in  th is chapter include prim ary degen-
erative  diseases  of  the  spine  (e.g.,  spondylosis  and  Scheuer-
m ann’s  disease), as  well as  inflam m atory diseases  of the  spine
(e.g., rheum atoid  arthrit is, ankylosing  spondylitis,  ossification
of the posterior longitudinal ligam ent [OPLL], ankylosing hyper-
ostosis, and  related  processes). This chapter  focuses on  the bio-
m echanics of the  cervical, thoracic, and  lum bar  regions as they
are a ected  by these various pathologies. It , however, also obli-
gatorily focuses on  the clin ical e ects of the disease process and
its biom echanical alterations. In  th is latter  regard, the  di eren-
tial diagnosis  and  m anagem ent  of degenerat ive  disease  of the
spine is not  specifically addressed in  th is chapter.

5.1  Pathogenesis
Degenerat ive  and  inflam m atory  spinal  disorders  involve  the
disc in terspace, facet  joints, and  in traspinal and  paraspinal t is-
sues. Degenerat ive  changes  of the  in tervertebral disc are  typi-
cally portrayed  by one  or  a  com bination  of four  im aging find-
ings:  (1)  loss  of disc in terspace  height , (2)  irregular it ies  in  the
disc endplate, (3) sclerosis of the disc in terspace in  the region  of
the endplates, and (4) osteophyte form ation  (� Fig. 5.1). Soft t is-
sue  proliferation  m ay accom pany th is  process  as  an  associated
phenom enon  or  m ay  be  a  prim ary  process. Degenera t ive  disc
disea se is defined  by Kram er as biom echanical and  pathological
conditions  of the  in tervertebral segm ent  caused  by  degenera-
tion,  in flam m ation, or  infect ion.1 Like  the  changes  associated
w ith  disc  in terspace  degeneration,  facet  join t  degenerative
changes  are  often  associated  w ith  increased  laxity  of  m ove-
m ent. As  the  degenerative  process  proceeds, however, an  ele-
m ent  of stability is  often  conferred. This  is  often  referred  to  as
the  spine  “restabilization” process. Restabilization  results  from
a sti ening of the spine  caused  by one  or  m ore  of the four  pre-
viously m entioned  processes. Hence, m otion  segm ent  sti ness
tends to  decrease  during  the  early phase  of disc degeneration.
It , however, increases as the degenerative process continues.2

Intraspinous  and  paraspinous  t issue  inflam m ation, calcifica-
tion, and  hyper trophy  are  seen  w ith  spondylosis, rheum atoid
arthrit is (e.g., bursa inflam m ation, pannus form ation), and OPLL
(e.g., calcification  and  hypert rophy of the posterior longitudinal
ligam ent). Ankylosing spondylitis  and  related  disesases are  the
only inflam m atory or degenerat ive diseases associated  w ith  in-
creased  stability via  dim inished  m otion  secondary to ankylosis
(fusion).

The  pathogenesis of degenerative  disc disease  varies  accord-
ing to the  underlying disease  process. Fundam entally, aberran t
physiological responses  to  stresses  placed  upon  the  spine, and
accelerated  deteriorat ion  of  the  in tegrity  of  spinal  elem ents,
underlie  the  pathological process  regardless  of the  disease  en-
tity  or  region  of  the  spine  involved.  Before  the  degenerative
process  and  accom panying pathology can  be  fully appreciated,
the  norm al  physiological  processes  associated  w ith  the  disc
interspace  and  related  structures  m ust  be  appreciated.  This

process  is  complex  and  m ultifactorial.3–13 It  can  be  altered  or
potentially  retarded  by  surgical  in tervention  w ith  fusion  and
potentially by m edical m eans.

Gene therapy m ay play a m anagem ent  role  in  the future.14 In
fact, hereditary influence  and  genetic risk factors for  the  accel-
eration  of the spondylotic process have identified.15–17 Since ju-
venile degenerative disc disease is uncom m on, but  not  rare,18 it
is  conceivable  that  hereditary and  genetic influences prevail in
this subset of the degenerative disc disease populat ion.

5.2  Anatom y and Physiology of
the  Disc Interspace1,19

The  disc  in terspaces  account  for  approxim ately  20  percent  of
the height  of the spine. The disc consists of an  outer annulus fi-
brosus  and  an  inner  nucleus  pulposus. It  is  bordered  rostrally
and  caudally  by  a  cart ilaginous  plate  (endplate). The  latter  is
part  of the ver tebral body and  is composed  of hyaline  cart ilage.
The  m edullary  bone  of the  vertebral body is  connected  to  the
endplate  and  provides  it , as  well  as  the  disc  proper, w ith  nu-
tr ien ts via di usion  through fine pores (lam inae cribosae).

Fig. 5.1  The  radiographic appearance  of the  spondylotic degenerative
process. Disc interspace height  loss, osteophyte formation, sclerosis of
the endplate, and irregularities of the endplate  are  demonstrated by a
lateral lumbar spine  radiograph of a  patient  with  lumbar spondylosis.
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The  annulus  fibrosus  is  composed  of lam inated  bands  of fi-
brous  t issue  (predom inantly collagen) orien ted  in  opposite  di-
rect ions,  w ith  consecut ive  layers  situated  in  an  alternating
m anner at  approxim ately a 30 degree angle from  the disc in ter-
space. This  30  degree  relationship  of the  annular  fibers  to  the
disc  in terspace  provides  a  greater  resistance  to  tension  (rota-
tion) than  to bending. In  fact, the  rotation  lim iting e ect  is en-
hanced  by  distraction  of  the  disc  in terspace  (� Fig.  5.2).  This
m ay have significant  im plicat ions regarding torsional instability
and  m echanical  pain . The  inner  bands  of the  annulus  are  at-
tached  to  the  endplate, w hereas the  m arginal zone  is  attached
to the  ring epiphysis of the  vertebral body and  the  osseous tis-
sue of the  vertebral body. These latter  attachm ents (Sharpey fi-
bers) are  stronger  than  the  m ore  m edial (inner) attachm ents to
the  cart ilaginous  plate.  The  annulus  fibrosus  is  stronger  and
m ore  abundant  vent rally and  laterally than  dorsally. In  fact, in
youth  the  ventral  annulus  fibrosus  m erges  in to  nucleus  fibro-
sus. The  fact  that  the  dorsal fibers  of the  annulus  fibrosus  are
weaker  contributes to the  m anifestations of the  disc degenera-
tion  process.

The nucleus pulposus, a  rem nant  of the  notochord, is located
in  the dorsal port ion  of the in terver tebral disc. It  consists of re-
ticular  bands  of closely  packed  nuclei  surrounded  by  a  liquid
m ucoid  ground  substance. It  has been  im plicated  as a  source  of
nerve  root  compression,  as  well  as  inflam m atory  irr itation .20

The  water  conten t  of  the  nucleus  pulposus  decreases  from
about  90% at  bir th  to about  70% by age  70. The water, however,
is not free. It  is reversibly bound to m acrom olecules via their in -
tense hydroscopic propert ies. In  fact, the water content changes
from  m orning to afternoon, w hich  im plies changes in  response
to  weight-bearing.21 In  fact,  pressure-dependent  fluid  m ove-
m ent  in  and  out  of the  in tervertebral disc leads to  m easurable
changes  in  a  person’s  height  from  the  awakening supine  posi-
tion  to the  late  afternoon  erect  position. Multiple  authors have
observed th is fact, w hich is sum m arized nicely by Kram er.1

The  latter  point  im plies  that  water  escapes  and  enters  the
disc  through  a  sem iperm eable  m em brane. Other  sm all  m ole-
cules,  such  as  waste  products  and  nutr ien ts,  m ust  also  pass
through  th is  m em brane. The  changes  in  the  water  content  of
the disc in  response to weight-bearing imply a hydrostatic pres-
sure  e ect  on  disc in terspace  physiology. The  hydrostatic pres-
sure w ith in  the in terver tebral disc in  the erect  position  is m any
tim es greater  than  that  w ithin  surrounding tissue. For  the  disc
to  retain  water, fluid  m ovem ent  m ust  occur  against  th is  very
steep  pressure  gradient .  The  m echanism  through  w hich  th is

occurs  is  an  osm otic  pressure-driven  counterforce  to  the
hydrostatic pressure. The m acrom olecules in  the  in terior  of the
disc  take  up  fluid  as  a  result  of their  hydroscopic capacity. In
equilibrium , the follow ing equation  is m anifest:

Equation  (10)

Extradiscal hydrostatic pressure þ Intradiscal oncotic pressure
¼ Intradiscal hydrostatic pressure þ Extradiscal oncotic pressure

Whenever  one  side  outweighs  the  other  (e.g.,  because  of
weight  bearing),  equilibrium  is  disrupted  and  fluid  m oves
across the sem iperm eable m em brane. Increased weight  bearing
causes in tradiscal fluid  to escape via hydrostatic forces. This in -
creases  the  concentration  of  the  m acrom olecules  w ithin  the
disc in terspace  and  results in  an  increase  in  the  in tradiscal on-
cotic  pressure. This, in  turn , increases  the  absorption  capacity
and  nutrient  delivery  to  the  disc.22 In  addition  to  the  biom e-
chanical e ects, th is fluid  m ovem ent  allow s the  passage  of nu-
tr ients  and  waste  products  across  the  m em brane.  Therefore,
the greater  the activity of the subject , the m ore active th is form
of fluid  m ovem ent. Tract ion  (distract ion) is an  obvious m echa-
nism  by  w hich  the  in tradiscal  pressure  can  be  reduced, thus
causing an  increase in  in tradiscal water content  and an  increase
in  disc  height . The  aforem entioned  poin ts  are  sum m arized  in
(� Fig. 5.3).

The  facet  join t, being  a  synovium -lined  diarthrodial joint, is
subject  to  the  ravages  of in flam m atory disease  processes. This
is  part icularly so  regarding seropositive  inflam m atory diseases
(e.g., rheum atoid arthrit is).

5.3  Biom echanics of the
Intervertebral Mot ion Segm ent
During pure  axial loading of a  disc in terspace, in tradiscal pres-
sure  is  sym m etrically  dist ributed.  Eccentrically  placed  loads,
however,  result  in  the  transient  asym m etric  distr ibution  of
pressures w ith in  the  disc. This, in  turn , causes the  nucleus pul-
posus  to  m ove  w ith in  the  disc from  a  region  of h igh  pressure
(high  load)  to  a  region  of low  pressure  (low  load)  during  th is
transien t  phase  of disequilibrium . For  example, forward  flexion
results  in  the  dorsal  m igration  of the  nucleus  pulposus. Con-
versely, the  annulus fibrosus responds to asym m etric force  ap-
plication  to the disc in terspace by bulging on  the side of the disc

Fig. 5.2  (A) Annular fibers are  oriented  in  a  30 degree  orientation with  the  endplate. (B) This permits a  significant  torsion prevention potential
(arrows). In fact, they are more optimally oriented for torsion prevention than for distraction (or compression) prevention. (C) If the annular fibers are
lax, (D) torsion resistance  diminishes (arrows). Chronic instability and  mechanical pain  may result. (E) Lax annular ligaments also  predispose  to the
more  commonly observed  imaging  correlate  of chronic instability, subluxation.

Degenerat ive and Inflammatory Diseases of the Spine

47



w ith  the  greatest  stress  applied;  that  is, the  annulus  bulges on
the  side  opposite the  direct ion  of m igrat ion  of the  nucleus pul-
posus (� Fig. 5.4).

Bone  responds  to  loading by  reinforcing  itself along  lines  of
stress. The colum nar-like trabeculation  of bone in  the ver tebral
bodies is  illustrat ive  of such  (� Fig. 5.5). Hence, bone  rem odels
itself to  m eet  the  dem ands  of the  stresses  applied  to  it . In  the
case  depicted  in  (� Fig. 5.5), the  rem odeling takes  the  form  of
bolstering  the  ability  to  bear  axial  loads  by  form ing  colum ns
that  are  in  line  w ith  the load  bearing forces. Conversely, the  in-
tervertebral disc does not adapt  to loads by funct ionally rem od-
eling. Instead, it  degenerates w ith  t im e and in  response to repe-
tive  loading.  With  aging,  loading  patterns  w ith in  the  disc
change  and, in  fact , becom e  m ore  dysfunct ional. This  is  illus-
trated  by  prior  observations  w ith  stress  profilom etry.  Stress
profilom etry, in troduced  by McNally and  Adam s,22,23 provided
insight  in to  the  m echanics  associated  w ith  the  degenerative
process  (� Fig.  5.6).  This  procedure  is  perform ed  in  loaded
spine. A needle  (and  pressure  sensor) is  inserted  in to  the  disc,
across its en t ire  diam eter. It  is then  gradually w ithdraw n  as the
pressures  are  recorded. In  youth , the  disc in terspace  is  associ-
ated  w ith  a  uniform ly  high  (norm al)  disc  in terspace  pressure
(� Fig. 5.6  a). In  m id-life, the  pressure  rem ains  high  in  the  de-
generat ing annulus fibrosus region, but  drops in ternally as  the
nucleus pulposus dessicates and loses competence (� Fig. 5.6 b).
As the  degenerative  process  cont inues, end  stage  degeneration
results in  persisten tly high  pressures in  the now  completely de-
generated  fibrocart ilaginous scar  that  once  was the  annulus fi-
brosus, w hile  the  central  region  of the  now  very  degenerated
nucleus  is  completely  incompetent  w ith  low  pressures
(� Fig. 5.6  c). With  advanced  degenerative  changes, the  loads
are borne  peripherally (� Fig. 5.6  c), w hereas in  youth , they are
borne  uniform ly across the  ent ire  disc in terspace  (� Fig. 5.6  a).
With  severe degenerat ive  changes, the  pressures can  dip  below
zero in  the  unloaded  position . Under  such  conditions (negative
pressure  w ithin  the  disc in terspace), gas  m ay form  w ithin  the
disc (vacuum  disc) (� Fig. 5.6 d).

5.4  Pathophysiology of Disc
Degenerat ion and The Spondylot ic
Process24–26

Spondylosis is  defined  as  “vertebral osteophytosis secondary to
degenerative  disc disease.”27 Spondylosis  is  not  to  be  confused
w ith  inflam m atory  processes  that  are  associated  w ith  osteo-
phyte  form ation  or  bony overgrow th. Inflam m atory  processes
are  associated  w ith  osteophyte  form ation  and  are  grouped  to-
gether as arthrit ides. The osteophytes of spondylosis are associ-
ated  w ith  degeneration  of the  in tervertebral disc, w hich  is  an
am phiarthrodial joint  (i.e., one w here there is no synovial m em -
brane). Seropositive  arthrit ides  (e.g., rheum atoid  ar thrit is), on
the  other  hand, classically  involve  the  synovial  m em branes  of
diarthrodial  join ts  (joints  lined  w ith  synovium ;  e.g., the  facet
joints). The presence of spondylosis is defined, therefore, by the
presence  of  non-inflam m atory  disc  and  m otion  segm ent  de-
generat ion. The process of disc degeneration  is complex and  in-
volves  m any  alterations  of  norm al  physiology, as  well  as  the
process of aging. Regardless of the  cause or  the variety of treat-
m ents, disc degenerat ion  is  initially associated  w ith  segm ental
instability,20 w hich  then  proceeds  over  t im e  to  restabilization
in  m ost cases.

Fig. 5.3  Osmotic and  hydrostatic factors affecting  the  disc interspace
(Data obtained  from 1). Note  that  an  increased  intradiscal pressure,
resulting  from  an  increase  in  weight  bearing, causes fluid  to  migrate
out  of the  intradiscal space  (arrows). This, in  turn, increases the
concentration of micromolecules and  the  oncotic pressure  within  the
disc space (+). Hence, the absorption capacity of the  disc is increased.
Decreasing intradiscal pressure has the opposite  effect  (Data obtained
from1).

Fig. 5.4  (A) An axial load  causes an  equally distributed  force
application  to the  disc. (B) An eccentric force  application results in
annulus fibrosus bulging  on the  side  of the  greatest  force  application
(i.e., the concave side of the bend). The nucleus pulposus moves in the
opposite direction. (C) Dashed lines indicate the positions of structures
during  force  application.

Fig. 5.5  Bone  structure  forms and  matures in  response  to  loading  to
provide  maximum  strength  with  minimum  mass. For example,
trabecular bone  in the  vertebral body is aligned in a vertical direction,
as depicted. Such trabeculation  supports the  spine  as pillars may
support  a  building.
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5.4.1  Int radiscal Hydrostat ic and
Oncot ic Pressure
Persistent  elevation  of in tradiscal pressures accelerates the  de-
generat ive  process,  w hich  eventually  results  in  narrow ing  of
the  disc  in terspace. This  results  in  annulus  fibrosus  and  facet

join t  capsule  distort ion  and  stretching. This, in  turn , results  in
fur ther  m otion  segm ent  instability.  Endplate  dam age  fur ther
accelerates  th is  process.28 The  degeneration  process  itself
should  be  considered  sim ply  a  m anifestation  of  the  norm al
aging  process;  but  its  pathological  acceleration , or  the  deter-
rence of sam e, is of obvious clin ical significance.

Fig. 5.6  (A) The  youthful disc interspace  is associated  with  a uniform  high pressure  across the  disc during  axial loading. During  midlife, the  internal
pressures begin  to  decline  as the  previously fluid  nucleus pulposus begins to  dessicate  and  the  annulus fibrosus begins to transform  into a
fibrocartilaginous scar. (B) Hence  a  greater portion  of the  axial load  is borne  by the  outer annulus and  the  internal pressures begin  to, relatively,
diminish. (C) The  internal pressures continue to drop as the  spine  degenerates further in  the  aged spine. The  relative cross-sectional position of the
disc, as observed in A, B and C are correlated with the anatomical position noted in the axial cut  through the disc interspace. If the pressure within the
disc space  falls below zero  (negative  pressure) a  vaccuum  disc might  be  observed, as depicted  in  the  level above  the  fusion  in  (D.)
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The  water  content  of the  disc in terspace, as previously m en-
tioned , decreases gradually throughout life. In  addition, the vas-
cularity of the disc also decreases, ranging from  a well-vascular-
ized  disc  at  bir th  to  essentially  no  vascular  supply  by  age  30.
This  and  other  factors  contribute  to  changes  in  the  chem ical
and  anatom ic m akeup  of the  disc. Fibroblasts produce  inferior-
quality  fibers  and  ground  substance. The  disc  becom es  desic-
cated  and  less  able  to  function  as  a  cushion. Fissures  occur  in
the  cart ilaginous  plates  w ith  defects  resulting  in  in ternal her-
niations  (Schm orl  nodes).29 Gas  accum ulates  in  the  disc  (vac-
uum  phenom enon) (� Fig. 5.6  d). Mucoid  degeneration  results
in  instability. This in  turn  can  lead  to fur ther  degeneration  and
other  sequelae, such  as  annulus  fibrosus  bulging and  torsional
instability.

5.4.2  Disc Deform at ion
The  bulging  of the  annulus  fibrosus  causes  the  periosteum  of
the  adjacent  vertebral bodies  to  be  elevated  at  the  attachm ent
site  of Sharpey  fibers. Bony  react ions  (subperiosteal bone  for-
m ation)  occur, resulting  in  spondylotic ridge  (osteophyte)  for-
m ation  (� Fig. 5.7  a-c). This  process  m ost  com m only results  in
spinal canal encroachm ent  in  the  cervical and  lum bar  regions,
relatively  sparing  the  thoracic  region  (� Fig.  5.7  d).  This  is
caused  by  the  natural  lordosis  in  the  cervical  and  lum bar  re-
gions,  w hich  results  in  a  dorsally  oriented  concavity  of  the
spinal curvature  (lordosis) and, hence, the  tendency of annular
bulging  toward  the  spinal  canal.  This  process  is  predicated
on  m otion  as  the  inciting  factor.  The  spondylotic  process  is

Fig. 5.7  (A) Osteophyte formation results from subperiosteal bone formation, which results from elevation of the periosteum by disc bulging. (B, C) A
spondylotic ridge  then develops. (D) This commonly encroaches on the  spinal canal in  the  cervical and  lumbar regions, because  the  lordotic spinal
curvature causes the disc bulging and osteophyte formation to occur toward the spinal canal. This is less common in the thoracic region, because the
concavity is oriented  away from  the  spinal canal (see  also  � Fig. 5.8).

Fig. 5.8  (A) Spondylotic ridges (osteophyte  for-
mation), associated with scoliosis, predominantly
occur on the concave side of a curve (i.e., on the
side  of chronic or long-term  annulus fibrosus
bulging). (B) This is demonstrated  at  two
separate levels, on opposite  sides of the  spine, in
a patient  with  a bi-concave  curve.
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lessened  or  elim inated  by  im m obilization  or  fusion.30 In  fact ,
osteophytes m ay involute  in  response  to complete  im m obiliza-
tion  associated w ith  fusion.

Osteophyte  form ation  occurs  on  the  concave side  of a  curve,
w here  annulus  fibrosus  bulging  is  sim ilarly  m ost  pronounced
(� Fig. 5.8). Hence, osteophytes are  com m only seen  on  the con-
cave  side  of a  scoliotic curvature. The  concave  side  of a  spinal
curvature, however, is usually not  the side of the spine that har-
bors  the  predisposition  for  disc  herniation .  This  discrepancy
warrants fur ther attention. Osteophyte form ation  represents, in
a  sense, a  m echanism  to  stabilize  the  spine. If osteophytes  are
rem oved, strain  dist ribut ion  shifts  and  the  chance  for  further
spine deform ation  is enhanced.31

As  noted  flexion  and  lateral bending cause  annulus  fibrosus
bulging  and  prom ote  osteophyte  form ation  along  the  concave
side  of the  curve. Conversely, the  th in  dorsal annulus  fibrosus
and  relatively  weak  posterior  longitudinal  ligam ent  (particu-
larly  laterally)  com bine  w ith  the  m igratory  tendencies  of  the
nucleus  pulposus  to  encourage  dorsolateral  disc  herniation
(� Fig. 5.9). This is m ost com m on in  the lum bar spine.

Many  factors  play  roles  in  inducing  disc  degeneration  and
dorsolateral disc herniation. These  include  the  aforem entioned
m igratory  tendencies  of  the  nucleus  pulposus,  the  relatively
weak lateral portion  of the  posterior  longitudinal ligam ent, the
thin  dorsal portion  of the annulus fibrosus and  the m orphology
of  the  iliolum bar  ligam ent.32 A fam ilial  predisposition  has, in
fact  been  suggested.33

Laboratory  investigations  that  attempt  to  determ ine  the
m echanism  of disc hern iation  are  lacking—a fact  that  has ham -
pered investigations in  th is area for  years. Most  disc hern iations
do not  occur, or do not  becom e m anifest, im m ediately follow ing
traum a. Adam s  and  Hutton, however, determ ined  that  a  h igh
percentage  of lum bar  discs  in  the  laboratory could  be  encour-
aged to hern iate if (1) the disc was degenerated and (2) a specif-
ic  force  pattern  was  delivered  acutely  to  the  m otion  segm ent.
This  force  pat tern  includes  (1)  flexion  (causing  posterior  nu-
cleus  pulposus  m igration), (2)  lateral  bending  away  from  the
side  of disc herniation  (causing lateral nucleus pulposus m igra-
tion), and (3) application  of an  axial load (causing an  increase in
intradiscal  pressure).34 As  show n  in  (� Fig. 5.9), th is  complex
loading  pattern  causes  (1)  the  application  of  tension  to  the
weakest  portion  of the annulus fibrosus (dorsolateral position—
the  location  of  the  herniation),  (2)  m igration  of  the  nucleus
pulposus toward  th is  position, and  (3) an  asym m etric increase
in  in tradiscal pressure. A degenerated  disc is a  requisite for  the

occurrence  of th is process. These  factors, in  general, have  been
corroborated  by others.35 These factors, plus the  increasing fre-
quency  w ith  w hich  annulus  fibrosus  tears  are  observed  w ith
advancing  age  and  observation  of peak  nucleus  fibrosus  pres-
sures in  the  35  to  55  age  group, give  rise  to  a  h igher  incidence
of disc hern iation  in  m idlife (� Fig. 5.10). Finally, endplate shape
has been  im plicated  regarding the  tendency to  develop  degen-
erative  disc disease  and  disc hern iation .36 This, along w ith  the
sti en ing  of the  annulus  (as  it  degenerates  and  evolves  in to  a
fibrocart ilagenous  scar), results  in  a  circum ferential constrain t
on  the  nucleus pulposus. This  can  contribute  to  an  accelerated
degeneration  of the nucleus pulposus.37

Much  discussion  has  focused  on  disc herniation. Disc m igra-
tion  and  herniation,  however,  is  not  an  obligatory  one  way
street.  Disc  resorption  or  involution  occasionally  occurs  as
well.38

The term inology for reporting lum bar disc herniation  is often
inconsistent .  A com m on  language  regarding  th is  process  has
been  provided  by Milette.39 Of note in  th is regard  is that  lateral

Fig. 5.9  (A) The  application  of an  axial load,
lateral bending, and  flexion causes the  nucleus
pulposus to migrate in the direction of the region
of the  annulus fibrosus that  is under tension and
prone  to tearing. (B) This may result  in  disc
herniation in  the  dorsal paramedian location  if
the  disc is degenerated  (and  thus predisposed
to pathological migration). (Data obtained
from19,34)

Fig. 5.10  The  age-related  factors associated  with  disc herniation. The
densities of the  vertical lines correlate  with  the  incidence  of disc
herniation (Data obtained  from1).
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disc  herniations  are  uncom m on  and  fortunately  usually  re-
spond  to  non-operative  strategies.40 The  surgical m anagem ent
of hern iated  discs via  nucleotomy fur ther  alters  the  m echanics
of the  m otion  segm ent. A decrease  in  disc in terspace  pressure
and  endplate deform ation  results.41 Hence, at  least  in it ially, dis-
cectomy is associated w ith  a favorable m echanical change.

The  disc degeneration  process  is  so  predictable  and  so  com -
m on  that  routine  pathological  exam ination  of operatively  re-
sected degenerated disc m aterial not  necessary on  a routine ba-
sis. The surgeon m ust  weigh  carefully the cost  and  advantage to
the  patient  of subm itt ing  disc  specim ens  for  pathological  ex-
am ination. It  appears that  unless the surgeon  suspects an  atyp -
ical process  on  the  basis  of clin ical history, exam ination, or  by
gross inspection  at the t im e of surgery, the routine exam inat ion
of surgically resected  in tervertebral disc specim ens is  not  war-
ranted.42–44 This is corroborated by the observation  that  there is
no correlation  betw een histology and clin ical findings.45

5.4.3  Torsional Instabilit y
Torsional  instability,  secondary  to  degenerative  disease,  m ay
have  significance  clin ically. If a  disc in terspace  has  lost  height ,
or  if the  annular  fibers  have  becom e  lax  for  any other  reason,
rotat ion  of a vertebral body can  occur about  the long axis of the
spine. The  angular  orientation  (30°) of the  annulus fibrosus fi-
bers is optim al for  the  prevention  of th is type  of rotat ion . This,
however, is on ly so if the fibers are taut . Lax fibers secondary to
disc in terspace narrow ing perm it  rotat ion , as does fiber length-
ening or  weakening (� Fig. 5.2). It  has  been  hypothesized  that
th is  type  of torsional instability  m ay be  related  to  m echanical
back pain .46 Of note  in  th is  regard  is that  radial and  transverse
tears of the annulus fibrosus result  in  a dim inished ability to re-
sist  torsional m otion.47

5.4.4  Ext radiscal Involvem ent
The  spondylotic  process  includes  soft  tissue  pathological  proc-
esses  in  addition  to  disc and  facet  joint  degeneration. In  this  re-
gard, the  hypertrophy and  buckling of the  ligamentum  flavum  is
a major contributor  to the development  of myelopathy in  the pa-
tient  population  a icted  with  cervical spondylotic myelopathy.48

Lateral recess involvement  is more  common  in  the lumbar  spine.
It  is  often  intermittent  (dynamic)  depending on  posture. Exten-
sion  tends to exaggerate central canal and foraminal narrowing.49

Finally, ligamentous  laxity contributes  to  the  degenerative  proc-
ess. With  aging, laxity increases. This is predominantly related  to
a loss of elasticity.50 Such increased laxity results in  an  augmenta-
tion  of the  stresses applied  to all components of the  motion  seg-
ment, with  an  associated  acceleration  of the  degeneration  proc-
ess. Facet  joint  opening, as a result  of motion  segment  instability,
presents  an  imaging  indicator  of  such  instability.  Neutral  zone
enlargement  has  been  observed  to  be  associated  with  increased
facet  joint  volume  and  facet  joint  opening.51 The  assessment  of
the  interspinous  ligament  by  MRI  may  also  provide  a  useful
method of assessing and grading the degenerative process.52

5.4.5  Osteoporosis
With  aging (and  t rabecular  abnorm alities), a  decrease  of bone
form ation  w ith  associated  continued  bone resorption  leads to a

decrease  in  bony in tegrity and  deform ities.25 This  m ay lead  in
turn  to  the  collapse  of the  vertebral body. Unlike  the  Schm orl
node, th is  collapse  is  not  circum scribed. The  thoracic kyphosis
predisposes  the  spine  to  ventral  ver tebral  body  collapse  in
this  region  (� Fig. 5.11). This  applies  to  traum a  in  general (see
Chapter 7).

5.4.6  Scheuerm ann Disease
In  the developing spine, the in tradiscal pressure is norm ally rel-
atively h igh . This  can  result  in  focal sites  of penetration  of the
endplate  (Schm orl  nodes)  w ith  resulting  destruct ion  of  the
grow th  plate. The  preexisting thoracic kyphosis, w hich  is asso-
ciated  w ith  asym m etrically  high  ventral  in trad iscal  pressures,
m ay  lead  to  the  exaggeration  of focal  endplate  penetration  in
this circum stance. This phenom enon  is know n  as Scheuermann
disea se (osteochondrosis). It  is associated  w ith  a disproport ion-
ate  loss of ventral vertebral body height , Schm orl’s nodes (pre-
dom inantly  ventrally  located),  irregularit ies  of  the  ver tebral
endplates,  and  narrow ing  of  the  disc  in terspaces  (predom i-
nantly  ventrally).53,54 As  stated  by  Kram er,  “The  developm ent
disorders  of Scheuerm ann  disease  are  secondary  changes  and
are  caused  by increased  pressure  of the  developing disc t issue
on  the vent ral aspects of the in tervertebral segm ents in  the ky-
photic region of the spine.”1

Because  of the  increased  focal  pressures  exerted, degenera-
tion  of the  disc is  accelerated. Fibrous, and  ultim ately bony fu-
sion  occurs, usually in  a kyphotic posture. This can  cause signif-
icant lifestyle and, hence, clin ical m anagem ent dilem m as.55

5.5  Non-Spondylot ic, Non-Infec-
t ious Arthropathies Of The Spine
5.5.1  Rheum atoid Arthrit is
Rheum atoid  ar thrit is  a ects  spinal ligam ents  and  the  calcium
content  of bones, including the spine. It  is com m only associated
w ith  two  separate  processes  that  result  in  spinal deform ity  in
the  cervical region . The  transverse  ligam ent  of the  atlas  weak-
ens and  stretches. This allow s excessive  translation  of the  atlas
on  the  axis  (� Fig.  5.12  a).  Soft  tissue  proliferation  (pannus)
often  coexists. Pannus  form ation  is, at  least  in  part , related  to
excessive  or  abnorm al  m otion . The  cessat ion  of  m otion  via  a
stabilization  procedure has been  show n  to cause  the  pannus to
involute. This indicates that  pannus form ation  is m ore of a reac-
tive  fibrosis  than  a  direct  consequence  of  the  inflam m atory
process itself.43,56 This underscores the  notion  that  ligam entous
destruct ion  is followed  by replacem ent  of synovium  w ith  pan-
nus, as  a  result  of repetit ive  m otion. It  is  em phasized  that  the
converse,  elim ination  of  m otion,  results  in  involution  of  the
pannus.43 The  osseous  structures, as  well, are  eroded  and  de-
stroyed  as  a  result  of  m echanical  instability–as  opposed  to
being a ected by an  acute inflam m atory process.57

In  addition , rheum atoid  arthrit is often  involves an  inflam m a-
tion  of the  disc  in terspace  w ith  narrow ing  of the  disc  height
w ith  defect ive  vertebral endplates and  react ive  sclerosis (spon-
dylodiscitis).1,58 Disc  narrow ing  and  disc  ballooning  can  both
occur as rheum atoid  m anifestations in  the lum bar spine.59 This,
com bined  w ith  facet  joint  weakening and  bony erosion  (w hich

Degenerat ive and Inflammatory Diseases of the Spine

52



appears to  be  m echanical in  nature26), m ay allow  exaggeration
of a  flexion  deform ity by the  ‘stair  stepping’ of the vertebrae  in
the cervical spine that  is enhanced by the ligam entous and cap-
sular  (facet)  joint  laxity  (� Fig. 5.12  b). Stair  stepping  is  m uch
m ore  com m only  observed  in  the  cervical  region  than  in  the
thoracic and  lum bar  regions. Due  to  the  absence  of ‘stair  step -
ping’ in  the  lum bar  spine,  deform ation  is  less  com m on.  The
etiopathogenesis  of rheum atoid  arthrit is  associated  changes  is
not  w ithout controversy, though.

Cervical spine  disc in terspace  destruction  and  instability as-
sociated  w ith  rheum atoid  arthrit is  m ay be  the  consequence  of
cervical instability caused  by facet  joint  ar thropathy and  capsu-
lar  and  other  dorsal ligam ent  laxity. This, in  turn , m ay lead  to
discovertebral destruct ion .60

Of note, the  progression  of upper  cervical spine  lesions  and
the  occurrence  of  the  subaxial  subluxation  are  closely  corre-
lated  w ith  an  elevation  of the  serum  C-react ive  protein  level.61

This strongly suggests an  inflam m atory etiology as the basis for
the im aging and clinical findings.

Exaggerated  upper  cervical degenerative  changes can  lead  to
deform ation and instabilit y at the occiput-C1 level. This, in  turn ,
m ay lead  to  m igration  of the  dens upward  through  the  ring of
C1 (vert ical subluxation) (� Fig. 5.12 c).

Rheum atoid  arthrit is  is  a  progressive  disease. Structural and
neurological findings  advance.62 As  a  result , catastrophic com -
plications  of  rheum atoid  arthrit is  are  not  uncom m on.49,63–65

These are  often  related  to the sudden  onset  of quadriplegia fol-
low ing m inim al t raum a. This phenom enon  is the foundation  on
w hich  m uch  of the  spine-stabilization  surgery  for  rheum atoid
ar thrit is patients is based.66

5.5.2  Axial Spondyloarthropathes and
Ankylosing Spondylit is
Spondyloarthritis can  be broadly classified  as either axial or pe-
ripheral, depending on  its predom inant  clin ical m anifestat ions.
Axial spondyloar th rit is generally a ect s  the  spine  and/or  sac-
roiliac  join ts.  It  includes  ankylosing  spondylit is  and  nonra-
d iograph ic  axial  spondyloarth rit is  (akin  to  a  form e  fruste  of
ankylosing  spondylit is).  Peripheral  spondyloar th rit is  is  pre-
dom inan t ly  characterized  by  peripheral  ar th rit is,  en thesit is
and/or  dactylit is.

Ankylosing  spondylit is  (Bekhterev,  or  Marie-Stüm pell  dis-
ease) is  an  axial spondyloarth rit is  that  results  in  a  gradual an-
kylosis of the  spine, com bined  w ith  a  progressive  osteoporosis.
The  ankylosing  process  essentially  involves  the  ossification  of
the  ligam entous  inser tion  sites  on  bone  (entheses). It  involves
the in tervertebral disc m argin , the facet joint capsules, the an te-
rior  and  posterior  longitudinal ligam ents, and  the  in terspinous
ligam ents, resulting in  a circum ferential ankylosis (� Fig. 5.13 a,
b). The  ankylosing process  begins  w ith  a  spondylodiscitis. It  is
observed  as a  secondary process in  rheum atoid  arthrit is. Char-
acterist ic spinal deform ities  develop  and  progress. The  com bi-
nation  of these  deform ities, the  spinal ankylosis, and  the  asso-
ciated  osteoporosis  results  in  a  substantial  propensity  toward
spinal  fracture. Fracture  m ay  occur  through  the  region  of the
intervertebral  disc  or  the  vertebral  body  (� Fig.  5.13  b).  The

Fig. 5.11  Osteoporosis can  result  in  pathological fractures whose
characteristics depend  on the  local configuration of the  spine. In  a
region with a kyphotic posture, a  ventral wedge  compression fracture
might  be  expected  because  of the  moment  arm  (D) applied  to the
spine  at  the  apex of the  kyphosis. In  a  region without  significant
kyphosis (e.g., the  middle  and  lower lumbar region), a  pancaking  of
the  vertebral body (burst  fracture) might  be  expected  because  of the
decreased  length  of the  applied  moment  arm  (D = 0).
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m anagem ent  of  such  fractures  is  fraught  w ith  di culty  and
complications.67

Spinal  deform it ies  associated  w ith  ankylosing  spondylit is
m ay becom e rem arkably debilitating. Their prevent ion w ith  ap-
propriate  education  regarding  postural  m anagem ent  (e.g.,
sleeping w ithout  a pillow  during the early phases of the disease
w hile the perm anent  postural configuration  is being defined) is
em phasized. Radical surgical m anagem ent  has  been  used  suc-
cessfully in  severe cases.68

Ankylosing  spondylitis  can  be  associated  w ith  dural ectasia.
The  et iology  of  th is  phenom enon  is  unknow n. It  can  rarely
resu lt  in  neurological  deficit ,  such  as  the  cauda  equine  syn -
drom e. Due  to  the  ‘m ystery’ associated  w ith  the  et iology and
the  neurological  dysfunct ion ,  t reatm ent  st rategies  have  var-
ied  substan t ially.69,70

5.5.3  Ossificat ion of the Posterior
Longitudinal Ligam ent  (OPLL)
OPLL predom inantly  a ects  the  cervical  spine.  It  m ost  com -
m only a ects  Mongolians, but  also  occurs  in  Caucasians.71 The
ossificat ion  process results in  a  calcification  (i.e., conversion  in-
to  hydroxyapat ite)  of  the  posterior  longitudinal  ligam ent,  as
well as its th ickening.72 This process involves enchondral ossifi-
cation  in  the  ossified  posterior  longitudinal ligam ent. Elastic fi-
bers  degenerate  and  cart ilaginous  cart ilage  form s. This  is  fol-
lowed by hypertrophic changes in  cartilage cells w ith  accom pa-
nying  neovascularization,  and  expression  of  BMP-2,  TGFβ ,
VEGF.73,74 The end  result  is grow th  of the ossified  posterior lon-
gitudinal ligam ent  and  encroachm ent  on  the  spinal canal. This
process increases the rigidity of the spine.75 Its cause is complex
and yet  to be optim ally defined.76–80

Surgical m anagem ent  of th is  disorder  can  be  undertaken  by
either  a  ventral  or  a  dorsal  approach.81,82 Ventral  approaches
appear  to  be  m ore  popular.83–85 Most  surgeons reserve  ventral
approaches  for  one-  or  two-level  disease,  w hile  dorsal  ap -
proaches  are  m ore  com m only  em ployed  for  m ultilevel  dis-
ease.82 Regardless of the  surgical approach, the  m aintenance  of
norm al spinal curvatures and spinal colum n integrity optim izes
the  outcom e.86 Of note, the  ossification  continues after  decom -
pression  operat ions.87 It , though, is  likely  that  the  progression
of ossification  is at least  in  part  related to m otion. In  th is regard,
no  studies  have  dem onstrated  the  progression  of ossification
follow ing  decompression  procedures  w ith  stabilization  by  fu-
sion, although  such  has been  suggested  regarding the  m anage-
m ent of selected pat ients w ith  ossification  of the anterior longi-
tudinal ligam ent.88

The  cellular  m akeup  of OPLL t issue  is  associated  w ith  an  os-
teoblastic phenotype, w hereas  posterior  longitudinal ligam ent
cells  from  una ected  individuals  are  not .89 It  is  possible  that
persisten t m otion  activates or stim ulates th is process.

Fig. 5.12  The  pathogenesis of rheumatoid  arthritic spinal involvement. (A) Laxity of the  transverse  ligament  of the  axis leads to instability and  an
increase in the size of the predental space. (B) Stair-stepping of the cervical vertebral bodies in response to ligamentous laxity, disc degeneration, and
facet  joint  arthropathy. Vertical subluxation may also occur secondary to cartilage loss, bony erosion, and collapse of the occiput–C1 and C1–C2 facet
joints (C).

Fig. 5.13  Ankylosing  spondylitis. Ankylosis of the  vertebral bodies,
facet  joints, and  interspinous ligaments occurs. This may result  in  the
radiographic appearance  of longitudinal fusion  masses along  these
structures. This is visible  on both  the  (A) AP and  (B) lateral views.
Fracture  formation  in  the  region of the  vertebral body (1) and  disc
interspace  (2) is (B) illustrated.
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5.5.4  Ankylosing Hyperostosis
Ankylosing  hyperostosis  (Forestier  disease;  di use  idiopathic
skeletal hyperostosis) involves  the  presence  of focal spinal an-
kylosis,  in tact  vertebral  endplates, norm al  in tervertebral  disc
height , and  ossification  of the anterior, longitudinal ligam ent.90,

91 It  occurs in  the thoracic, lum bar, and  cervical spines, in  order
of decreasing frequency. Clinical sym ptom s are  uncom m on, but
an  association  w ith  a retro-odontoid  m ass and  cericom edullary
compression  has been  observed.92 This  disorder  is  the  anterior
longitudinal  ligam ent  counterpart  of OPLL. It  is  di erentiated
from  OPLL by its  involvem ent  of the  ventral vertebral body re-
gion  and  from  ankylosing spondylit is by the lack of dorsal (facet
joint  region) involvem ent. It  is also di erentiated  from  OPLL by
its  preservation  of disc  space  and  lack  of  involvem ent  of  the
endplates.

The  ossification  bridges  out  in to  the  ventral  paravertebral
soft  t issues, form ing bony bridges.93,94 Fractures of the spine af-
flicted  by ankylosing hyperostosis present  challenging m anage-
m ent  problem s.95

5.5.5  Other Nondegenerat ive Disorders
Com pressive  myelopathy  from  calcification  of the  ligam entum
flavum  is a rare cause of degenerative compression  of the spinal
cord.96–102 Tum oral  calcium  pyrophosphate  dehydrate  deposi-
tion  disease (CPPD) of the ligm entum  flavum  overlaps w ith  th is
process  from  a  clin ical  perspective.103 With  the  latter,  CPPD
crystals are observed in  pathological specim ens (rectangular bi-
refringent  crystals observed via polarized light  m icroscopy). Fe-
noy  et  al  recom m end  that  calcium  pyrophosphate  dehydrate
crystal  deposit ion  around  the  t ransverse  ligam ent  of  C1,  if
sym ptom at ic,  should  be  treated  by  resection .104 It  should  be
noted  that  th is  recom m endat ion  has  not  been  corroborated,
however,  by  comparison  w ith  controls  treated  by  fusion  and
dorsal decom pression only.

Tophaceous gout  has also  been  reported  as  a  cause  of spinal
cord compression.105 This is related to hyperuricem ia. Gout m ay
be im plicated in  chronic back pain  in  som e cases.

Destructive  spondyloarthropathy  is  a  destruct ive  degenera-
tive process that  is associated w ith  long term  hem odialysis. It  is
often  di cult  to m anage, requiring extraordinary surgical strat-
egies.106,107 Regardless  of the  etiology of spinal cord  compres-
sion, early, rather than  late, surgery seem s to be associated w ith
better outcom e and fewer disabilit ies.108

5.5.6  Regional Variat ions
Degenerat ive  diseases  that  involve  the  cervical  spine  include
spondylosis, rheum atoid  arthrit is,  ankylosing  spondylit is,  and
OPLL. Because of the relative ease of access to the cervical spinal
cord  from  both  the  ventral and  dorsal directions, surgical m a-
nagem ent of cervical spine degenerative diseases is com m on.

Degenerat ive diseases of the thoracic spine, although  uncom -
m on, deserve serious attention . They include m any of the proc-
esses  a ect ing the  cervical spine, ankylosing hyperostosis, and
Scheuerm ann’s  disease. The  surgical  approach  to  these  prob-
lem s is often  complicated  by the need  for decompression  of the
ventral  aspect  of  the  thoracic  spine.  Surgical  considerat ions

di er  from  those  in  the  cervical  spine  (cervical  lordosis  and
thoracic kyphosis).

Surgical considerations  in  the  lum bar  spine, too, di er  sub-
stantially  from  those  in  the  cervical  and  thoracic  regions.
Although  the in trinsic curvature of the lum bar  spine is lordotic,
the  m assive  size  of the  ver tebral bodies and  the  forces they re-
sist  m ake  the  lum bar  spine  unique.109 The  often  near  ver tical
orientation  of the  lum bosacral joint  space  is  an  additional con-
founding  factor.  The  sagit tal  orientation  of  the  lum bar  facet
join ts  and  the  usual m anner  of progression  of facet  joints  and
the  usual  m anner  of  progression  of  facet  joint  degenerative
changes  also  di erentiate  lum bar  degenerat ive  processes  from
thoracic and cervical ones.

5.6  Spinal Configurat ion
The  surgical approaches  for  both  decom pression  and  stabiliza-
tion  of the  degenerative  diseases  of the  spine  often  include  a
com bination  of  decom pression,  fusion,  and  instrum entation ,
perform ed  from  either  a  ventral or  a  dorsal exposure, or  both .
The  surgical  approach  used  for  any  given  spinal  disorder, in -
cluding the application  of an  instrum entation  construct, should
be  determ ined  at  least  in  part  by the  in trinsic curvature  of the
spine.

5.6.1  The Cervical Spine
The spondylotic degenerative  process results in  a loss of height ,
predom inantly at  the disc in terspace. In itially, th is loss of height
occurs in  the ventral aspect of the disc.

The disc space is th icker  ventrally than  dorsally. This contrib-
utes to the norm al cervical lordosis. As the ventral aspect  of the
disc in terspace  height  decreases, the  lordot ic posture  is dim in-
ished and eventually is lost . This straighten ing of the spine then
increases the  forces placed  on  the  ventral aspects  of the  verte-
bral  bodies  (eccent ric  loading  causes  stress  concentration)  by
increasing  the  length  of the  m om ent  arm , thus  exposing  the
ventral aspects of the vertebral bodies to increased  stress and  a
tendency  toward  compression.  As  the  loss  of  lordosis  pro-
gresses  and  the  kyphosis-producing  forces  on  the  spine  in-
crease, the ver tebral bodies begin  to lose height  ventrally m ore
than  dorsally (� Fig. 5.14). This is further  encouraged  by osteo-
porosis. The  process  of collapse  of the  disc  in terspace  and  the
vertebral body results in  the developm ent  of a forward bending
of the  dural sac and  spinal cord. This contributes to the  overall
pathological relationship  betw een  the  neual elem ents  and  the
surrounding bony and soft  t issues.110,111(� Fig. 5.12)

Because  the  assessm ent  of the  curvature  of the  spine  is  im -
perative  to  sound  decision  m aking, a  relatively  precise  defin i-
tion  of curvature  types  is  necessary. An  ‘e ect ive’ cervica l ky-
phosis is a  configuration  of the  cervical spine  in  w hich  any part
of the  dorsal aspect  of any of the  vertebral bodies  C3  through
C7  crosses  a  line  draw n  in  the  m idsagittal  plane  (on  a  lateral
cervical  spine  tom ogram , myelogram , or  MRI scan)  from  the
dorsocaudal aspect  of the  vertebral body of C7. Conversely, an
‘e ect ive’ cervica l lordosis is a configuration  of the cervical spine
in  w hich  no  part  of the  dorsal  aspect  of any  of the  vertebral
bodies  C3  through  C7  crosses  th is  line. The  defin ition  of th is
im aginary  line  is  associated  w ith  a  zone  of uncertainty  (“gray
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zone”), w ithin  w hich  the  surgeon’s  bias  and  clin ical judgm ent
together  determ ine  w hether  lordosis  or  kyphosis  is  the  pre-
dom inant  spinal  configuration  in  the  m idsagittal  sect ion
(� Fig. 5.15). If, in  the  opin ion  of the  surgeon, there  is  no  ‘gray
zone’ (i.e., if only an  ‘e ective’ kyphosis or an  ‘e ective’ lordosis
is  possible), then  surgical  decision  m aking  is  sim pler. On  the
other  hand, if the  surgeon  discerns  a  ‘gray zone,’ the  decision-
m aking process  is  m ore  complex. Most  surgeons  would  desig-
nate  patien ts w hose  spinal configuration  falls in  their  (the  sur-
geons’) ‘gray zone’ as having a  ‘straightened’ spine.112

Surgical indications for  myelopathy associated  w ith  degener-
ative diseases vary.24,113–115 Both ventral and dorsal decom pres-
sive  approaches are  poten tially useful for  degenerative  and  in-
flam m atory  diseases  of  the  spine;  in  a  given  case  the  choice
should be for the approach that  seem s to carry the h igher prob-
ability of success.29,112,114,116–121 Spinal geom etry is em phasized
as  an  im portant  determ inant  of the  appropriateness  of either
the  ventral  or  the  dorsal  approach  in  individual situations.112,

116,122 An  ‘e ective’ lordosis  m ay  be  a  relat ive  indication  for  a
dorsal approach, w hereas an  ‘e ective’ kyphosis m ay be relative
indication  for  a  ventral approach. A straightened  spine  m ay be
approached  either  ventrally or  dorsally. However, the  surgeon
m ust  also  consider  the  propensity  of  the  spine  for  deform ity
progression, w hich  is  greatest  in  the  kyphotic and  least  in  the
lordot ic  spine. A straight  spine, w ith  a  m oderate  tendency  to

Fig. 5.14  The non-pathological situation in which the dorsal vertebral body height is less than the ventral height. (A) This results in the normal lordotic
curvature in the cervical spine. (B) Ventral disc interspace height  loss (via the typical degeneration process) results in the loss of the non-pathological
lordotic posture. This causes the creation and elongation of the moment  arm  applied to the spine, D, leading to ventral vertebral body compression.
(C) A further exaggeration  of a  pathological kyphotic posture  may then  ensue.

Fig. 5.15  A mid-sagit tal section of a cervical spine (as observed by MRI
or myelography) configured  in  lordotic posture  (‘effective’ cervical
lordosis). A line  has been drawn from  the  dorso-caudal aspect  of the
vertebral body of C2 to the dorsocaudal aspect of the vertebral body of
C7 (solid  line). (A) The  “gray zone” is outlined  by the  other lines. A
midsagit tal section of a  cervical spine  configured  in  kyphosis
(‘effective’ cervical kyphosis). (B) Note  that  portions of the  vertebral
bodies are  located  dorsally to the  gray zone. (C) A midsagit tal section
of a “straightened” cervical spine. Note that  the  most  dorsal aspect  of
a cervical vertebral body is located within, but  not dorsally to, the gray
zone. (Data obtained  from 112)
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deform ity  progression  becom es  m ore  likely  to  kyphose  if  the
dorsal  tension  band  has  been  rem oved  by  lam inectomy.  In
these  situations, a  lam inectomy accom panied  by a  fusion , or  a
ventral procedure (w ith  fusion), should perhaps be considered.

A spinal deform ity, in  a  patien t  undergoing spine surgery for
other reasons (e.g., for neural compression  or spinal instability),
should  be  corrected  if such  is  pract ical and  safe. Persistent  de-
form ity  not  only  increases  the  chance  of fur ther  neural  com -
pression,  it  also  causes  eccentric  disc  in terspace  loading  and
subsequent  end-fusion  accelerated  degenerat ive  changes, w ith
fur ther deform ity progression .49,123

5.6.2  The Thoracic Spine
In  the  thoracic  spine, disc  height  loss  (predom inantly  ventral
disc height  loss) results in  progression  of the  kyphotic deform -
ity. This, however, is  superimposed  on  a  preexisting  kyphotic
deform ity, thus  exaggerating  the  deform ity’s  progression . This
tends to occur in  Scheuerm ann disease.

The  rib  cage, however, substantially  adds  to  the  stability  of
the thoracic spine. This stability is predom inantly related  to the
rib’s  attachm ent  to  the  vertebral and  costovertebral joints  and
the sternum . The attachm ent of the rib to the sternum  is crucial
to  the  rib’s  contribut ion  to  stability  (see  Chapter  3  ).1,19 The
stability conferred  by the rib cage m inim izes progression  of the
thoracic kyphosis caused by degenerative changes.

5.6.3  The Lum bar Spine
The lum bar spine is not  protected  by the rib cage. Furtherm ore,
the  coupling response  to  m ovem ents is  di erent  from  that  ob-
served in  the cervical region. This is attr ibuted to the absence of
the uncovertebral joints and  the di erent  orientation  of the fac-
et  join ts  (see  Chapter  1). These  factors  contribute  to  the  pro-
gression  of lateral bending deform it ies in  the lum bar  spine and
kyphotic deform ation . An  asym m etric loss of height  of the lum -
bar  in tervertebral disc m ay progress to an  asym m etric collapse
of the  vertebral body. If such  a  coronal plane  deform ity  (scoli-
otic deform ity)  occurs  and  progresses, it  is  obligatorily  associ-
ated  w ith  a  rotat ion  of the  spine that  is caused  by the  coupling
characteristics  of the  lum bar  spine. The  osteophytes  occur, as
previously  depicted, on  the  concave  side  of the  curvature  (see
Chapter 1).

This obligatory association  of a rotatory deform ity w ith  a lat-
eral bending deform ity (coupling) m akes lum bar  spinal instru-
m entation  surgery in  these  patien ts m ore  di cult  and  danger-
ous. Lateral  t ransverse  process  dissection  can  result  in  nerve
root  injury  because  of their  relat ively  dorsal location  w ith  re-
spect  to  the  transverse  processes. Deform ity correct ion  by  the
distraction  of  the  concave  side  of  the  spine  m ay  result  in
stretching of shortened  and  tethered  nerve  roots  (� Fig. 5.16).
Proxim al  (in tradural)  nerve  roots  are  m uch  less  tolerant  of
stretching  than  their  m ore  peripheral  nerve  counterpar ts  be-
cause of their lack of perineurium . This type of deform ation  can
also a ect  the side of disc herniation.124

5.6.4  Spine Configurat ion Definit ion
Except  at  its term ini, the thoracic spine is in  a kyphotic posture.
The cervicothoracic and  thoracolum bar  junct ions are t ransition

zones  betw een  kyphotic  and  lordot ic  postures.  The  lum bar
spine  again  assum es  a  lordotic  posture  m uch  like  that  of the
cervical  spine. The  clin ical  impact  of degenerative  changes  on
spinal  curvature  is  not  so  evident  in  the  thoracic  and  lum bar
spine as in  the cervical spine. The norm al thoracic kyphosis can
be  exaggerated  in  the  degenerated  spine.  This  occasionally
causes,  or  contributes  to,  spinal  cord  compressive  processes,
and  predisposes  the  spine  to  fur ther  deform ation  (� Fig. 5.11).
The lum bar lordosis can  precipitate  or  exaggerate sagit tal plane
translat ion  deform it ies (� Fig. 5.17).

5.7  Spinal Stabilit y
The in tr insic stability of the  spine125 plays a  role  in  surgical de-
cision  m aking.  The  surgeon  m ay  choose  a  ventral  approach
(w hich includes fusion) if the patient’s spine is thought to be in-
tr insically  unstable. This  approach  allow s  decom pression  and
stabilization  to  be  perform ed  sim ultaneously.  Alternatively,  a
dorsal approach , w ith  an  accom panying dorsal fusion, m ay be
chosen .

Although  dorsal decompression  operat ions m ost  certainly di-
m inish  in t rinsic  spinal  stability,  the  exten t  of  their  e ect  on
stability  is  often  exaggerated.114 An  appropriately  perform ed
lam inectomy  in  an  appropriately  selected  patien t  should  not
significantly  dim inish  in tr insic  spinal  stability  (� Fig. 5.18).126

The  surgeon  m ust  consider  the  anatom ical  factors  that  a ect
postoperat ive  stability. In  th is  vein , som e  have  suggested  that
m ultiple  bilateral  lam inotom ies, rather  than  lam inectomy, be
perform ed  for  lum bar  spondylosis and  spinal stenosis. This ap-
proach,  however,  obligates  extensive  facet  join t  rem oval  be-
cause  of the  t rajectory for  decompression  that  is  perm itted  by

Fig. 5.16  (A) The obligatory rotation of the spine (rotatory component
of scoliosis resulting from the coupling phenomenon), as illustrated on
an antero-posterior radiograph. Note  that  the  low lumbar spinous
processes are  rotated  to the  right, toward  the  concave  side  of this
scoliotic curve. This is associated with a propensity for nerve root injury
during  dissection along  the  transverse  process on the  concave  side  of
the  curvature. (B) This is because  of the  juxtaposition  of the  exiting
nerve  root  to  the  overlying  transverse  process created  by spinal
rotation. The nerve roots exiting on the  concave side  of the  curve  can
be  injured  by stretching associated with surgical deformity correction.
The  proximal (intradural) nerve  roots are  much less tolerant  of
stretching  than their more  distal peripheral nerve  counterparts
because  of their deficient  perineurium.
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the  confines  of  the  m idline  spinous  processes  and  lam inae
(� Fig. 5.18 a). It  is also im perative to note that  the in terspinous
ligam ent  is absent  at  L5–S1 and  weak at  L4/L5. Its preservation
through  lam inotomy would  therefore  appear  to  be  a  futile  at-
tempt  to  preserve  stability. Conversely, the  capsular  ligam ents
are  strong. Their  disrupt ion  via  lam inectomy  m ay  exaggerate
instability. Lam inectomy  m inim izes  disruption  by  providing  a
m ore  optim al  t rajectory  for  lateral  recess  decom pression
(� Fig.  5.18  b).  Raynor  and  coworkers127 have  dem onstrated
clearly that cervical lam inectomy w idth  is related to stability. In
cases  in  w hich  lam inectomy  is  laterally  extended  only  to  the
lateral-m ost  aspect  of the  dural sac, postoperative  instability is
rare.114 Therefore, w ide  lam inectom ies  that  are  extended  past
the  m edial  one-quarter  to  one-th ird  of the  w idth  of the  facet
and  foram inotom ies  that  disrupt  facet  in tegrity  should  be
avoided—or perhaps, should  be accom panied by a fusion  proce-
dure  (� Fig. 5.19). Other  authors have sim ilarly described  post-
lam inectomy spinal deform ity complications128 and  have quan-
tified  such  deform it ies  in  vitro.125 These  factors  complicate  as-
sessm ent  and, in  part , explain  som e late deterioration  follow ing
lam inectomy.129

Osteophyte  form ation  m ay contribute  to  spinal stability. The
bridging  of spinal  segm ents  by  osteophytes  m ay  m inim ize  or
elim inate spinal segm ental m ovem ent. The acquisit ion of stabil-
ity  via  the  spondylotic process  (spine  restabilization)  becom es
progressively  m ore  evident  beyond  the  sixth  decade  of  life.
Spine restabilization  confers stability and  has been  show n  to be
inversely associated  w ith  instability follow ing lum bar  lam inec-
tomy. Matsunaga and  colleagues observed  that  a decreased  disc

interspace height, endplate sclerosis, osteophyte form ation , and
ligam ent calcification  m inim ized  the incidence of postoperative
(lam inectomy)  instability.130 Others  have  observed  that  in
m ales  of increased  age, coronally  oriented  lum bar  facet  joints
also  confer  stability. This  process, taken  to  the  extrem e, is  ob-
served  in  ankylosing  spondylitis. This  increase  in  stability  af-
fords  extra  assurance  regarding  the  safety  of an  appropriately
perform ed  lam inectomy.  Stability  augm entation,  however,  is
not  always present , particularly in  pat ients w ith  a kyphotic spi-
nal configuration.

Accelerated  degenerative  changes  and/or  flexible  kyphosis
occur  follow ing  fusion  (w hether  surgical  or  secondary  to  the
degenerative process). The longer  m om ent  arm  associated  w ith
this process places significant  stress on  the joints above and  be-
low  the  m om ent  arm  (fused  segm ent), w hich  in  turn  results in
the  acceleration  of degenerative  changes.131,132 This  process  is
exacerbated fur ther by deform ity.133

5.8  Axial Spine Pain
Thus far, th is chapter has focused  on  the m echanics and  charac-
teristics  of  degenerat ive  and  inflam m atory  spine  disorders.
Their  m anifestation  is  often  via  the  complaint  of  axial  spine
pain . It , hence, behooves us to define som e term s regarding ax-
ial spine pain . This is not  a straightforward process. Not all axial
spine pain  complaints are t reatable by surgery. In  fact , m ost  are
not. Fundam entally, axial spine  pain  can  be  separated  in to four
categories. Each  is defined  for purposes of th is discussion. Mov-
ing forward in  th is book, reference w ill be m ade to these defini-
tions  and  to  the  im portance  of  separating  the  di eren t  syn-
drom es from  each other w ill be em phasized.
1. Mechanical Axial Spine Pain  – Mechanical axial spine pain  is

characterized by the t riad  of (1) deep and agonizing axial
pain  that  is (2) worsened by load the spine (e.g., standing,
lift ing, bending, stooping, etc) and that  is (3) im proved w ith
unloading (e.g., the pat ien t seeks and can  find a position  of
relative com fort). The latter component of the tr iad is crit ical.
Im provem ent  w ith  unloading is an  essential component  that
should be observed in  spine fusion  surgery candidates. Such

Fig. 5.17  An exaggeration  of the  normal lumbar lordosis places
excessive  translational stresses on the  lumbosacral junction  when the
patient  is exposed  to axial loads (vertical arrows). This may result  in  a
parallelogram-like  translational deformation  at  the  lumbosacral junc-
tion  (diagonal arrows).

Fig. 5.18  The trajectories achieved  via  (A) laminotomy, and  (B)
laminectomy for lateral recess decompression following  lumbar
laminectomy. Note  that  to  effectively decompress the  lateral recess
with  an  angled  curette  or Kerrison rongeur via laminotomy, excessive
medial facet joint  must be removed. Laminectomy permits the use of a
more  optimal trajectory.
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patients usually harbor a significantly degenerated, m obile
or unstable m otion  segm ent.

2. Myofascial Pain  – Myofascial pain  is the m ost com m on axial
spine pain  syndrom e. It  is characterized by superficial para-
spinous m uscle tenderness. This is often referred to as
m uscle spasm  or back spasm . It  m ay or not be associated
w ith  underlying im aging evidence of pathology. Patients
m ay not  be able to find a position  of com fort. The pain  is
worsend by spinal loading, though.

3. Inflam m atory Axial Spine Pain  – Inflam m atory axial spine
pain  is associated w ith  inflam m atory spondyloarthridites, in-
cluding ankylosing spondylitis. It  is characterized by late
night/early m orn ing back pain  that has a m echanical charac-
ter, but  that dissipates as the patient  m oves about after aris-
ing from  bed in  the m orn ing. After the pain  subsides in  the
m orn ing (usually w ith in  2  hours of arising), the  pat ien t
goes about  h is/her  day w ith  relat ive  ease, at  least  in  the
early stages. The  cycle  begins in  the  next  m orn ing. Of note,
there  is usually a  sign ifican t  response  to an t i-in flam m a-
tory m edicat ions. Early diagnosis is im perat ive, given
m odern  day m anagem en t  w ith  ‘biologics’ can  thw ar t  the
advancem en t  of d isease  and  elim inate  the  sign ifican t
m orbidity associated  w ith  un t reated  ankylosing spondyli-
t is. The  m ajorit y of pat ien ts so a icted  are  young (i.e., in
their  30s).

4. Chronic Pain  – Chronic pain  is often  associated w ith  failed
prior surgery, chronic narcotic use, depression, low  energy
level m anifestions, and sleep disorders. The pain  is not con-
sistent and is poorly characterized. There often is a burning
or lancinating component. It  is usually associated w ith  m ulti-
ple unrelated som atic complaints. Although im aging evi-
dence of structural pathology m ay be present , surgery is un-
likely to help. In  fact, it  m ay be detrim ental, in  spite of the
best  in tentions of the surgeon and the patient.

5.9  Clinical Applicat ions
In general, ventral compressive lesions should be decom pressed
via  a  ventral surgical approach  and  dorsal lesions  via  a  dorsal
surgical approach. Patients  w ith  an  ‘e ect ive’ kyphosis  have  a
decreased  probability of adequate ventral dural sac decom pres-
sion  follow ing a dorsal decom pressive operation. These patients
should, perhaps, have surgery via a ventral surgical decom pres-
sion; that  is, if the deform ity is thought  to not  be reduceable via
a  dorsal only approach. In  the  presence  of an  ‘e ective’ kypho-
sis, a  lam inectomy cannot  be  expected  to  relieve  ventral com -
pression  because  of a  ‘sagittal bow string’ e ect  associated  w ith
a  deform ity  that  is  thought  to  be  non-reduceable  via  a  dorsal
approach  (see  Chapter  10  ), w hereby the  dural sac and  its con-
tent are tethered over ventral osteophytes in  a sagittal plane.134

If  an  ‘e ective’ lordosis  is  present ,  a  dorsal  decompressive
operation  m ay  be  m ost  appropriate, w hereas  a  ventral  opera-
tion  m ay  be  less  e ect ive. If  a  ‘straightened’ spine  is  present
(bear in  m ind  that  the surgeon’s bias and clin ical judgm ent  play
a m ajor  role  in  determ ining the size  of the  ‘gray zone’), the  pa-
tient can  be treated w ith  either a ventral or a dorsal decom pres-
sive procedure. Of note is that  lam inoplasty m ay provide an  ad-
vantage  by  preserving  the  tension-band  (ligam ents  and  bone)
after  lam inectomy.135 The  ability  of  lam inoplasty  to  m echani-
cally  provide  such  an  advantage  is  yet  to  be  established. It  is
em phasized  that  m anagem ent  strategies  rem ain  controversial
and ill-defined.136,137

It  goes w ithout  saying that  the t reatm ent of degenerative dis-
ease  of  the  thoracic  and  lum bar  spine  rem ains  controversial.
The variety of non-surgical and  surgical m anagem ent  strategies
are  myriad,138–148 and  ‘best  care’ should  be  individualized  and
based  on  judgm ent. The ent ire  clin ical decision  m aking process
is  compounded  by  the  unknow n  and  obscure  diagnoses  that
can  m im ic sym ptom atic spine degeneration .149,150

Fig. 5.19  Surgical decompression via laminectomy should preserve the
functional integrity of the  facet  joint. In  the  cervical region, this
involves the preservation of at  least  two-thirds to three-quarters of the
facet  joint  diameter. The valley between the facet  joint  and the lamina,
located  just  laterally to the  vertical line, corresponds to the  medial
aspect  of the  facet  joint. Laminectomies rarely require  extension
laterally past  this valley. In general, a laminectomy should not be taken
laterally to this line.
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Lum bar  pars in terar t icularis  fractures and  associated  pathol-
ogy  m ay  be  a  cause  of back  pain . Hence, further  discussion  is
warranted. The  pain  associated  w ith  such  pathology is  often  of
a  m echanical  nature  and  usually, but  not  always, arises  from
the  L4–5  level  (L4  pars  in terart icularis  fracture). Hyperexten-
sion  loading of the  spine, such  as seen  w ith  gym nasts or  o en-
sive  Am erican  football  linem en, can  be  a  contribut ing  factor.
Surgery can  be helpful in  selected  refractory cases. Im aging can
be  used  to  identify  the  etiology  of the  problem  sooner  rather
than  later.151

5.10  Mechanics of Spine Loading
The m echanics associated w ith  the loads and stresses im pacting
upon  the  spine  are  worthy of specific consideration  here. Such
loads and  stresses a ect  both  the  routine  degenerative  process
and  other  inflam m atory and  non-inflam m atory diseases of the
spine. The  fundam ental m echanical principles  associated  w ith
the  degenerative  and  spinal colum n  failure  processes were  dis-
cussed  in  Chapter  2. Their  implications regarding spine loading

are  presented  and  expounded  upon  here. We  w ill  begin  w ith
several rudim entary principles and progress from  there.

In  Chapter  2 we learned  that  bending m om ent  is the product
of the  force  and  distance  (M = F x D). Using a  seesaw  as  an  ex-
am ple, if dow nward  loads (forces) are  applied  to the  seesaw  at
each  end, the sum  of these loads equals the upward  force at  the
fulcrum  (New ton’s th ird law ) (� Fig. 5.20 a)

If the seesaw  is balanced and not  in  m otion, the m om ents ob-
ligatorily  m ust  be  balanced  as  well. (� Fig. 5.20  b). Hence  the
m om ents are balanced.

These  principles  can  be  applied  clin ically. If a  m an  were  to
hold  a  weight  at  arm s  length  (approxim ately  60 cm  from  the
IAR of the spine  at  th is level), the loads and  the  m om ents m ust
be  balanced, since  no m otion  occurs and  the  m an  does not  fall
over. In  order for th is balanced situation to exist , a dorsal dow n-
ward  force  m ust  be  applied  -  in  th is  case  by the  erector  spinae
m uscles, w hich  are  located  a  short  distance  (about  5 cm ) from
the IAR of the spine (� Fig. 5.21 a)

If the  m an  were holding (at  arm s length;  e.g., 60 cm = .6 M) a
50  new ton  m ass  (approxim ately  11.2  lbs), another  dow nward

Fig. 5.20  A seesaw may used to exemplify forces, moment  arms and bending moments. (A) If downward loads (forces) are applied  to the seesaw at
each end, the  sum  of these  loads equals the  upward  force at  the  fulcrum  (Newton’s third  law). (B) If the  seesaw is balanced and  not  in  motion, the
moments obligatorily must  be  balanced  as well, as depicted. Hence  the  moments are  balanced.
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directed  load  would  be  required  to m ain tain  a  balancing of the
m om ents (� Fig. 5.21 b), 60 cm  x 50 new tons (N) = 3000 Ncm . If
the erector spinae m uscle  is 5 cm  (.05 M) from  the IAR, a 600 N
load  would  be  required  by the  erector  spinae  m uscles  in  order
to  m aintain  balanced  m om ents  (� Fig. 5.21  c, d). Thus, a  600
N + 50 N load m ust  be applied to m aintain  balanced m om ents.

This represents a twelvefold  increase in  the axial load applied
to the spine over that  required to sim ply support  the 50 N m ass.
Since  the  spine  is  not  m oving up  or  dow n  (ie, m otionless), the
loads  m ust  be  balanced  (New ton’s  th ird  law ). It  is  no  wonder
that  pregnant  ladies  and  obese  people  have  an  increased  inci-
dence of degenerative changes and  back pain . Both  carry a sub-
stan tial port ion  of their  excess weight  in  front  –  thus result ing
in  the m echanics associated w ith  the aforem entioned analysis.

Such  analyses are  clearly artificial, but  the  principles learned
from  such  an  exercise can  be applied to the clin ical arena. These
principles  are  relevant  to  the  understanding of the  m echanics
associated  w ith  degeneration  and  spinal  colum n  failure  from

other  causes, as  well  as  the  application  of forces  to  correct  or
prevent deform ity.
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6  Traum a, Tum or, and Infect ion
6.1  Int roduct ion
This chapter focuses predom inantly on t raum a. Tum or1,2 and in-
fect ion,3–6 however,  often  have  biom echanical  e ects  on  the
spine that  are sim ilar  to those of traum a. Tum or- and  infect ion-
related  fractures,  dislocations  (translational  deform it ies),  and
rotat ional injuries can  occur, particularly w hen  tum or  or  infec-
tion  is  associated  w ith  superim posed  t raum a—however  slight
or seem ingly insignificant. For th is reason , tum or, infect ion , and
traum a  are  discussed  together  as  one  ent ity, w ith  t raum a  pre-
sented as the focus of discussion.

The  m ost  com m on  and  illustrative  types  of spine  injury are
presented  to describe  the  associated  m echanism s of injury and
pathologic  anatomy. The  radiographic  diagnosis  of  instability
and pathologic anatomy relies heavily on plain  radiography (an-
teroposterior  and  lateral  radiographs). Com puted  tom ography
(CT), however, plays a  significant  role, part icularly w hen  dorsal
bony  elem ent  disruption  is  in  quest ion .7 Magnetic  resonance
(MR) im aging m ay be  part icularly useful in  identifying soft  t is-
sue injury and neural elem ent comprom ise (see Chapter 3).

6.2  Loss of St ructural Integrit y of
the  Upper Cervical Spine
The upper cervical spine is prone to t raum atically induced inju-
ries  because  of (1)  the  unique  anatomy of that  region, (2)  the
substantial  spinal  m ovem ents  allowed, and  (3)  the  high  inci-
dence  of  exposure  of  the  upper  cervical  spine  to  significant
pathologic  stresses  from  traum a  (usually  in  association  w ith
head  t raum a). The  unique  anatomy and  m obility of th is  region
of the  spine  are  addressed  in  Chapter  1. The  importance  of the
third factor, the high  incidence of exposure to significant  patho-
logic  stresses, is  enhanced  by  the  substantial  forces  often  ap-
plied  during head traum a.

Previously  reported  observations  indicate  that  m ost  upper
cervical spine injuries result  from  blow s to the head.8–15 Anoth-
er  noteworthy cause  of such  injuries  is  sudden  deceleration  of
the  torso, com bined  w ith  restrict ion  of m ovem ent  of the  cervi-
cal  spine.  This  creates  a  flexion–dist ract ion  m echanism  of
injury  that  results  from  an  applied  bending  m om ent.8 Spinal
involvem ent  w ith  tum or  or  infect ion  obviously lowers  the  tol-
erance for such injuries.

Very violent  m ovem ents of the  head  can  disrupt  strong pro-
tective ligam ents of the upper cervical spine. The kinetic energy
absorbed  by  the  calvaria  in  these  cases  m ay  be  su cient  to
cause death  by head  injury. The spine injury incurred, however,
m ay also be fatal.9

6.2.1  Relevant  Anatomy
The  C1  vertebra  is  essentially  a  ring  w ith  an  in terconnecting
and transect ing t ransverse ligam ent  (transverse ligam ent  of the
atlas)  and  art iculating  facets  (both  rostral  to  the  occiput  and
caudal to  the  axis) on  both  sides. A m ultitude  of ligam ents se-
cure fixat ion  to the surrounding vertebral and  cranial bony ele-
m ents. These  ligam ents  m ay  fail  under  an  excessive  load. The

orientations of the articulating facets m ake the ring of C1 prone
to injury from  axial loading, and  the location  of the  dorsal arch
of C1 m akes it  prone to hyperextension  and  hyperflexion  load-
ing injuries (� Fig. 6.1).

The  pedicles  of C2  are  located  m ore  ventrally  and  m edially
than  those at  other spinal levels. They essentially form  a dorso-
lateral extension  of the ver tebral body, connecting the vertebral
body  proper  w ith  its  superior  articulating  process  (lateral
m ass). The  pars  in terart icularis  of C2 has  a  m ore  rostrocaudal
orientation. This a ects the way in  w hich  loads are transm itted
through  the  occiput–C1–C2  complex  and  the  type  of  injuries
sustained  w hen  loading to failure  occurs;  w hen  an  axial load  is
borne, the lateral m asses accept  the load. These anatom ical var-
iables  also  a ect  the  C2  screw  placem ent  decision-m aking
process (� Fig. 6.2).

6.2.2  Factors Determ ining Type of
Injury
The orientation  of the force  vector  applied  to the  cervical spine
is  the  predom inant  factor  dictating  the  type  of injury. The  ap-
plied-force  vector  m ust  also  result  from  a  deceleration  of the
torso. The  relative  in trinsic  strengths  of C1  and  C2, as  well  as
the  surrounding spinal elem ents (including the  adjacent  verte-
brae,  calvaria,  and  support ing  ligam ents),  secondarily  dictate
the  type  of injury by “setting the  stage” for  dissipating the  en-
ergy  of  the  applied-force  vector.16,17 The  kinetic  energy  im -
parted predom inantly dictates the m agnitude of the injury.18

The  “stage-sett ing” aspect  of the  relative  in trinsic  strengths
of  the  spinal  elem ents  is  particularly  obvious  w hen  m ore
than  one  injury can  theoretically result  from  the  application  of

Fig. 6.1  (A) A coronal section  of the  C1–C2 articulations with
surrounding  elements. An axial load  (vertical arrows) causes a  laterally
oriented  resultant  force  vector (horizontal arrows). (B) If substantial, it
causes a  bursting  of the  ring  of C1 via fracture  of the  ring  in  four
locations (Jefferson fracture). (C) Hyperextension of the calvaria (curved
arrow) can cause a fracture of the posterior arch of C1 by impingement
on  the  dorsal arch  of C1 via the  occiput  or the  lamina  of C2. (D)
Hyperflexion (curved arrow) can cause  a similar injury via  ligamentous
at tachments. The  latter two injuries do  not  usually degrade  spinal
stability, as can  the  C1 burst  fracture.
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a  single  force  vector. For  example, an  axially  applied  load  can
result  in  a burst fracture of the atlas, a C2 burst-pedicle fracture,
or  a  subaxial cervical spine burst  fracture. The relative  in trinsic
strengths of the ring of C1, the body and  pedicles of C2, and  the
subaxial cervical spine  vertebral bodies  dictate  the  type  of in-
jury  incurred  if  a  failure-producing  force  is,  indeed,  applied.
Usually,  the  ring  of  C1  or  a  subaxial  cervical  spine  vertebral
body is the weakest  link, and  a C1 burst  fracture (Je erson  frac-
ture;  see  � Fig. 6.1)  or  a  subaxial cervical spine  fracture  is  in-
curred. Occasionally, however, C2  is  the  weakest  link  (see  the
follow ing).

6.2.3  Applied-Force Vectors
In  m ost  cases, the kinetic energy imparted to the upper cervical
spine is directed to th is region  through the odontoid  process via
the  ventral  arch  of C1  or  the  transverse  ligam ent  of the  atlas,
unless a true axial load is applied (� Fig. 6.3). The direct ion  (ori-
entation) of the  applied-force  vector  essentially dictates the lo-
cation  of the  fault  line  (location  of the  fracture  site  or  ligam en-
tous disrupt ion) (see  � Fig. 6.4).17 The  location  of the  fault  line
is also  influenced  by the  in trinsic strengths and  weaknesses of
C1 and C2 and the surrounding bony and soft  t issue elem ents.

Although  m ost  failure-producing forces applied  to the  upper
cervical spine  are  applied  via  the  odontoid  process, a  t rue  axial
load  injury, in  w hich  the superior  ar ticulating processes (lateral
m asses) of C1 and  C2 accept  all of the load  applied  to the upper
cervical spine, is an  exception. If structural failure  of the  upper
cervical spine  occurs follow ing the  application  of an  axial load,
a bursting of C1 (or less frequently a bursting of C2 or an  occipi-
tal condyle fracture) m ay occur.17,19

6.2.4  Types and Mechanism s of Injury
The  definition  of m echanism  of injury  in  upper  cervical spine
fractures and dislocations has been  complicated by the assump-
tion  that  the injury types m ust  be relatively few  in  num ber. The
variety of observed m echanism s of injury, however, causes con-
fusion. � Fig. 6.5 illustrates the force vectors that cause the vari-
ous  C1  and  C2  fractures and  dislocations. Several of the  injury
types  that  result  from  these  force  vectors  have  been  underre-
cognized. Their  structural  characteristics,  and  w hat  is  know n
about  their respect ive m echanism s of injury, are discussed indi-
vidually.

The injury types are discussed  in  the order of force vector ap-
plication, beginning  w ith  the  judicial  hangm an’s  fracture  and
proceeding  in  a  clockw ise  m anner  (� Fig.  6.5a).  Then,  lateral
(coronal)  injuries  (� Fig. 6.5b)  and  finally  rotatory  injuries  are
discussed.

The schem a presented  here  is subject  to change w ith  the  ad-
vent of new clinical and biom echanical observations.

Judicial Hangm an’s Fracture
The  com binat ion  of dist ract ion  and  capital hyperextension  re-
sults  from  judicial  hanging  w ith  the  noose  placed  in  the  sub-
m ental position  (see injury m echanism  A, � Fig. 6.5a). Falls w ith
a  rostrally orien ted  force  vector  applied  to the  subm ental posi-

Fig. 6.2  C2 and  its articulations with  surrounding  elements. (A)
Coronal view. The  shaded  area (dots) marks the  region  of the  C2
pedicle. (B) Sagit tal view. The diagonal bars mark the region of the pars
interarticularis. (C) An axial view of C2 also  shows the  difference
between  the  C2 pedicle  and  pars interarticularis. The  arrow denotes
the  trajectory of the  pedicle. (D) An anteroposterior coronal view
depicting the absence of bony support  below the superior articulating
facet  of C2 (arrows).

Fig. 6.3  Blows to the head cause  (A) an extension load or (B) a flexion
load to be applied to the odontoid process unless a purely axial load is
applied. If a  purely axial load  is applied, the  lateral masses bear the
load. (C) A C2 fracture  may result.
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t ion  can  occasionally cause the sam e injury.20,21 The evolution  of
judicial  hanging  is  associated  w ith  a  relatively  rich  history  and
scientific study. Such  was eloquently recorded  by Rayes et  al.22

Dorsal Dislocat ion of C1 on C2
Dorsal C1–C2  dislocations  (� Fig. 6.6)  are  rare.23 They are  pur-
ported  to  be  caused  by  injury  m echanism  A (see  � Fig. 6.5a).
This results in  the  ventral arch  of C1 riding over  the  dens, w ith
the result  that it  becom es “locked” behind the dens.

Traum at ic Spondylolisthesis of the Axis
(Hangm an’s Fracture)
The  sudden  hyperextension  of  the  head,  w ithout  an  associ-
ated  dist ract ion  com ponen t ,  causes  the  com m only  observed

hangm an’s  fracture  (traum atic  spondylolisthesis  of  the  axis)
(see  injury  m echanism  B,  � Fig.  6.5a).11 These  fractures  have
been  classified  by E endi and  colleagues.11 They are  often  asso-
ciated  w ith  a  C2–C3  dislocation  (subluxation).  The  extent  of
both  the bony (pars interart icularis) and  soft  tissue  (C2–C3 disc)
injury  determ ines  the  E endi grade  (� Fig. 6.7), as  well  as  the
extent  of stability  disruption  and  the  need  for  surgery. Injuries
w ithout  significant  displacem ent  (< 6 m m ) can  be m anaged  w ith
a  cervical  collar.  Displacem ent  m ay  require  a  halo  brace  (see
Chapter  22). Rarely  is  surgery  necessary, although  controversy
exists.24 Severe dislocations (E endi type III) are such  cases.9,25

Vert ical Coronally Oriented Dorsal C2 Body
Fracture w ith C2–C3 Extension–Subluxat ion
(Type I C2 Body Fracture w ith C2–C3
Extension–Subluxat ion)
A sligh tly sm aller capital extension, com bined w ith  a sm all axial
load  component  (see  injury m echanism  C, � Fig. 6.5a), m ay re-
sult  in  an  injury  slightly di erent  from  traum atic spondylolis-
thesis of the axis. In  th is case, the bony fault  travels through  the
dorsal C2  vertebral body instead  of the  pars  in terart icularis  of
C2, w hich  is  typical for  t raum atic spondylolisthesis  of the  axis
as  defined  by Burke  and  Harr is10 and  E endi and  colleagues.11

However, it  is  not  atypical and  is  not  a  spondylolisthesis  of the
axis  (hangm an’s  fracture). It  has  an  appearance  sim ilar  to  that
of the type I C2 body fracture (� Fig. 6.4).

Vert ical Coronally Oriented Dorsal C2 Body
Fracture w ith C2–C3 Extension–Subluxat ion
and Ventral Teardrop (Type I C2 Body Fracture
w ith C2–C3 Extension–Subluxat ion and
Ventral Teardrop)8,26

A force vector applied  to the h igh  forehead  region  m ay result  in
the  application  of  an  axial  load  and  capital  hyperextension
forces  to  the  upper  cervical  spine  (see  injury  m echanism  D,
� Fig. 6.5a). The  direct ion  and  m agnitude  of the  force  applied
result  in  disrupt ion  of  the  disc  in terspace  and  hypertension
of the  spine  at  the  C2–C3  level. This  causes  an  opening of the

Fig. 6.5  The  mechanism  of injury (orientation  of injury force  vector)
partly dictates the type of injury incurred. (A) Sagit tal plane  injury. (B)
Coronal plane.

Fig. 6.4  When a  failure-producing  load  is applied, the  location  of the
fault  line  depends largely on the  orientation of the  injury force vector.
The length of the moment  arm  also depends on this orientation. In C2
body injuries, a fault  line commonly occurs in the  coronal plane  in the
dorsal C2 vertebral body. (A) Radiograph. (B) Illustration. This type  of
fracture is termed a vertical coronally oriented C2 body fracture (type I C2
body fracture).
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ventral disc in terspace  and  a  teardrop  avulsion  fracture  of the
ventral  caudal  aspect  of the  C2  vertebral  body. The  vert ically
orien ted  axial load  causes significant  compression  of the C2–C3
disc  in terspace,  w ith  a  shearing  m echanism  applied  to  the
ventral and  dorsal aspects of the  vertebral body because  of the
variable  resistance  encountered  (the  perim eter  of the  disc  in-
terspace  is m ore  rigid). This is term ed  a  dorsa l C2 body fracture
and  subluxa tion  with  a  vent ra l tea rdrop  (type  I C2  body  frac-
ture). It  resem bles other type I C2 body fractures, except  for  the
addition  of the ventral teardrop component (see � Fig. 6.3).

Type I C2 Body Fracture Variants: Horizontal
Caudal C2 Body Fractures
Type  I C2  body  fracture  variants  include  the  isolated  extension
teardrop  and  hyperextension  dislocation  injuries  described  by
Burke and  Harris (see injury m echanism s C and  D, � Fig. 6.5 a).10

With  these fracture  variants, the  vertical coronal dorsal C2 body
component  is  not  observed. Therefore, the  w hole  C2  body  ex-
tends, instead  of the  aspect  of the  vertebral body that  is  ventral
to the fault, as in  the form al type II C2 body fracture. This exten-
sion  results in  C2–C3 disc interspace disruption  (with  the hyper-
tension  dislocation  injury) and  a  teardrop  or  avulsion  injury  to
the  ventral  caudal  aspect  of the  C2  vertebral  body  (� Fig. 6.8).
These variants are more comm on than  other C2 body fractures.10

They are termed  horizontal caudal C2 body fractures.

Fig. 6.6  The  mechanism  of injury of a  dorsal C1–C2 dislocation. Note
the  requirement  for at  least  some  distraction (heavy straight arrow) to
cause the ventral arch of C1 to slide over the dens (curved arrow). Dots
indicate  the  original (pretraumatic) and post traumatic ventral C1 arch
location.

Fig. 6.7  The  Effendi classification  of hangman’s fractures. A type  I fracture  is an  isolated  hairline  fracture  of the  pars interarticularis with  minimal
displacement  of the body of C2 on C3. A type II fracture  is characterized by ventral displacement  of the ventral fragment  (C1 and C2 body) on C3. A
type  III fracture, like  a  type  II fracture, is characterized  by ventral displacement, but  the  body of C2 rests in  a  flexed  position.

Trauma, Tumor, and Infect ion

68



C1 Burst  Fracture  (Je erson Fracture)
Axial  loads  applied  to  the  vertex  of  the  calvaria  (see  injury
m echanism  E, � Fig. 6.5a) can  cause several types of injury. The
m ost  com m on  of these  is  the  C1  burst  fracture  (Je erson  frac-
ture;  see  � Fig. 6.1). The bursting of the  C1 ring occurs because
of the radically oriented (lateral) resultant  forces applied  by the
condyles of the occiput  and  facet  joints of C2. Their  oblique ori-
en tation  causes  the  laterally  directed  resultant  force.  This
causes a  fracture  about  the  r ing of C1, usually in  four  locations.
If the  total lateral displacem ent  of the  C1 facet  joints on  C2 ex-
ceeds  7 m m  (adding  together  the  lateral displacem ents  of the
right  and  left  sides), the  fracture  m ay  be  unstable. This  is  be-
cause  of  the  rupture  of  the  transverse  ligam ent  of  the  atlas
(� Fig. 6.9). This rule of thum b can  be m isleading. Com puted to-
m ography  (CT)  and  MR im aging  can  be  helpful  regarding  the
defin ition  of an  unstable  injury. A type I transverse ligam ent  of
the axis injury is purely ligam entous. A type II injury is an  avul-
sion-type  injury.  The  lat ter  usually  heals  by  fracture  healing.
The  form er  does  not  and  m ay  require  surgery.27 It  is  em pha-
sized that  the m echanism  of injury is controversial.28

Horizontal C1 Fractures
A horizontal split  of the ventral C1 arch  is often  associated  w ith
other  ligam entous  injuries, and  therefore  its  presence  should
suggest a careful work-up to identify associated injuries. The in-
jury results from  violen t  dist ract ion  and  extension. The  longus
colli  m uscle  attaches  to  the  an terior  tubercle  of C1  and  likely
applies  the  force  that  results  in  the  avulsion  or  separation  be-
tween  the  rostral  and  caudal  port ions  of  the  ventral  C1  ring
(� Fig. 6.10).29

Occipital Condyle Fracture
There  are  three  types of occipital condyle fractures.7,30–33 Types
I and  II usually  are  incurred  via  an  axially  applied  load  (see
injury  m echanism  E, � Fig. 6.5a;  see  also  � Fig. 6.11). A type  I
fracture  is a m edial disrupt ion  of the  condyle  (im pacted  occipi-
tal condyle) caused  by a resultant  force that  is applied  m edially
on  account  of the  oblique  orientation  of the  occipital condyle–

C1 facet  (� Fig. 6.11a). This is relatively uncom m on, m ost  likely
because the  C1 arch  is usually a weaker link and  so tends to fail
first  (Je erson  fracture). The  type  II occipital  condyle  fracture
(an  extension  of a  basilar  skull fracture) m ost  likely also results
from  an axially applied load (� Fig. 6.11b).30,33 The m anagem ent
of  occipital  condyle  fractures  is  complex.  Decision  m aking,
therefore, m ust  be based on  data and logic.34

Fig. 6.8  The  mechanism  of injury in  type  I C2  body fracture  variants.
(A) Isolated  extension  teardrop  fracture. (B) Hyperextension  disloca-
tion. (Data obtained  from  Burke  and  Harris.10)

Fig. 6.9  A lateral displacement of the C1 facet  on the C2 facet  of more
than  7 mm, adding  together the  (A) right  and  (B) left  displacements,
implies disruption of the  transverse  ligament  of the  atlas and
significant  instability.

Fig. 6.10  Depiction  of a  horizontal C1 fracture. Note  the  split  of the
ventral C1 ring.
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Vert ical Sagit tally Oriented C2 Burst -Pedicle
Fracture (Type II C2 Body Fracture)
Axial loads applied  to the vertex of the skull (see injury m echa-
nism  E, � Fig. 6.5a, b)  m ay occasionally  cause  a  C2  body  frac-
ture.35 If other  spinal elem ents  do  not  fail first  (resulting in  an
occipital condyle fracture, a Je erson  fracture, or a subaxial cer-
vical spine burst  fracture), the  load  applied  to the  ar ticular  pil-
lars of C2 m ay result  in  a com m inuted sagittal fracture of the C2
body. This injury is  best  visualized  via  an  anteroposterior  view
(� Fig. 6.12). With  th is fracture, the C2 body fails along its later-
al aspect , in  the  region  of the  pedicle–vertebral body junct ion.
Because part  of the dorsal wall of the C2 vertebral body is thrust
in to  the  spinal canal by vir tue  of the  predom inantly axial load
applied, the fracture is, by the defin ition  of Denis et  al,36 a burst
fracture (see the follow ing).

The  C1  burst  fracture  (Je erson  fracture) and  the  type  I and
type II occipital fractures are caused  by the sam e m echanism  of
injury. If the  C1  ring and  the  occipital condyles  are  strong, the
better  part  of an  applied  axial load  is accepted  by C2. If not, the
m echanism  of injury  m ay result  in  a  Je erson  fracture  or, less
com m only,  an  occipital  condyle  fracture.  With  purely  axial
loads, m ost  of the load  is borne by the facet  joints;  w ith  the ad-
dition  of hyperextension  or flexion  components, a large portion
of the load  is borne by the odontoid  process. In  the case of non-
axially applied  loads, the  dens functions  as  a  lever  or  m om ent
arm  by  accepting  the  load  and  applying  a  bending  m om ent.
Only  w hen  isolated  axial loads  are  applied  to  the  C2  ver tebra
does  the  dens  not  funct ion  as  a  lever  arm . The  addition  of a
flexion  or  extension  component  results  in  the  stressing  of  a
substantially weaker link (see � Fig. 6.3).

The  addition  of a  lateral  component  to  the  axial  load  m ay
shift  the  location  of  the  fracture  laterally  (see  � Fig. 6.5a, b),
causing  a  m ore  laterally  situated  sagittal  C2  fracture.17,35 This
fracture m ay pass through  the foram ina transversaria and along
the pars in terart icularis of C2.

C1 Arch Fracture
Axial loads, w ith  or  w ithout  a  hyperextension  component  (see
injury m echanism s C, D, and  E, � Fig. 6.5a), m ay result  in  a frac-
ture  through  the  weakest  poin t  of  the  ring  of C1. This  weak
poin t  is  near  the  course  of the  ver tebral ar tery;  its  fracture  is
com m only  associated  w ith  other  upper  cervical  spine  injuries
(e.g., hangm an’s fracture). Hyperflexion  m ay result  in  the  sam e
injury, via the ligam entous attachm ents to C1 (see � Fig. 6.1).

Vert ical Coronally Oriented Dorsal C2 Body
Teardrop Fracture with C2–C3 Flexion–
Subluxat ion (Type I C2 Body Fracture w ith
Flexion–Subluxat ion)
A dorsally  applied  force  vector  w ith  an  axial  load  component
(see  injury m echanism  F, � Fig. 6.5a) m ay result  in  the  opening
of the  dorsal aspect  of the  C2–C3  disc in terspace  (capital neck
flexion), thus causing an  accom panying avulsion  teardrop  frac-
ture  of  the  dorsal  aspect  of  the  caudal  C2  vertebral  body.
Because the C2–C3 disc in terspace is slanted  in  a dow nward  di-
rect ion, its  orientation  is  nearly  in  line  w ith  the  applied-force

Fig. 6.12  The  mechanism  of injury in  a  vertical sagit tally oriented  C2
burst-pedicle  fracture  (type  II C2 body fracture). (A) Note the  absence
of bony support  immediately below the  lateral mass of C2 (shaded
area). (B) A more  lateral orientation of the  axial load (see  � Fig. 6.5 a,
b) may result  in  a  more  laterally situated  fracture.

Fig. 6.11  Occipital condyle fractures. (A) Type I. (B) Type II (C) Type III. Types I and II are caused by an apical blow, whereas Type III is caused by a lateral
blow. (Data  obtained  from  Anderson  and  Montesano.30)
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vector. This, then, results  in  a  subluxation  betw een  C2  and  C3.
This  fracture  resem bles  other  type  I  C2  body  fractures  (see
� Fig. 6.3). Occasionally, the  fracture  m ay extend  rostrally  in to
the dens, or a vert ical dens fracture can  occur in  isolation.37 The
latter  m ay be  caused  by the  ventral foram en  m agnum  im ping-
ing on  the dens as a result  of an  applied axial load.

Horizontal Rost ral C2 Body Fracture (Type III
C2 Body Fracture)
A dorsal blow  to the head  (see  injury m echanism  G, � Fig. 6.5a)
m ay  result  in  t rue  neck  flexion.  Previously  reported  data14

dem onstrate that  if the C2 region  fails, a horizontal fracture oc-
curs through the rostral port ion of the body of C2. This has been

term ed a type III odontoid process fracture.38 However, th is frac-
ture is, by the definition  of Anderson  and  D’Alonzo, through  the
region  of the  C2  body, not  the  odontoid  process.17,33 Therefore,
it  should  be  considered  not  an  odontoid  fracture, but  rather  a
C2 body fracture (horizontal rostral C2 body fracture, type III C2
body  fracture). For  completeness, the  Anderson  and  D’Alonzo
schem e is depicted in � Fig. 6.13. The horizontal rostral C2 body
fracture (type III Anderson  and D’Alonzo fracture) is depicted in
� Fig. 6.12c.

C2  fractures  in  children  are  uncom m on. They tend  to  occur
through  ossification  centers (synchondroses) and  result  from  a
dorsal blow  to  the  head  (see  injury m echanism  G, � Fig. 6.5a).
The  synchondroses  are  depicted  in  � Fig. 6.14a, and  a  CT scan
and  the  relevant  em brylogic  anatomy  of  such  a  fracture  are

Fig. 6.13  The  Anderson and  D’Alonzo  odon-
toid process fracture  scheme. (A) A type I dens
avulsion fracture, (B) a type  II dens base
fracture, and (C) a type  III horizontal upper C2
body fracture  are  depicted. The  lat ter is
equivalent  to  a  type  III C2  body fracture.

Fig. 6.14  Computed tomographic (CT) scans obtained (A, B) before and (C, D) after treatment of the synchondrotic slip. (A, B) A CTstudy at  the level
of the neural arches of C2 demonstrates ventral displacement  of the odontoid and C2 body with respect  to the neurocentral synchondroses. (C, D) A
CT examination 6 weeks after the accident shows healing at  the synchondrotic plates of C2. (E) The embryologic anatomy is depicted. (Data obtained
from  Vining  et  al.118)
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show n  in  � Fig. 6.14b, e. Of note  is  that  the  em bryonic  dens
encompasses  m uch  of  w hat  is  considered  the  body  of  C2  in
adults.

Rupture of the  Transverse  Ligam ent  of the
At las
If  the  odontoid  process  does  not  yield  to  a  failure-producing
force  applied  by  injury  m echanism  G (see  � Fig.  6.15a),  the
transverse  ligam ent  of the  atlas  m ay  rupture  (� Fig. 6.15).14,15

The  ligam ent  is  usually a  stronger  link than  the  rostral portion
of the C2 vertebral body; hence, there is lesser  incidence of th is
injury. MR im aging m ay be  used  to  dem onstrate  disruption  of
the  t ransverse  ligam ent  of  the  atlas.39 Vertical  m obile  atlan-
toaxial dislocations  have  been  described.40 Ligam entous  laxity
is  m ost  certainly  a  predisposing  factor  because  overt  traum a
does not appear to be requisite.

Vert ical Coronally Oriented Dorsal C2 Body
Fracture w ith Flexion–Dist ract ion (Type I C2
Body Fracture w ith Flexion–Dist ract ion)
If a capital flexion  injury is com bined w ith  a distraction  compo-
nent, w hich  is  usually  caused  by  deceleration  over  a  fulcrum

(e.g., the shoulder harness of an  autom obile), a flexion–distrac-
tion  force  complex  is  applied  (see  injury  m echanism  H,
� Fig. 6.15a). This results  in  a  bending m om ent  about  the  ven-
tral caudal aspect  of C2, an  opening of the  disc in terspace  dor-
sally, m aintenance or  exaggeration  of the disc height , and  pres-
ervation  of the  ventral  soft  t issue  in tegrity  (evidenced  by  the
lack  of  dem onstration  of  ventral  soft  t issue  injuries  on  MR
im aging). This  is  term ed  a  vert ica l corona lly or iented  dorsa l C2
body fracture  with  flexion–distract ion  (type  I C2  body fracture
w ith  flexion–dist ract ion). Its radiographic appearance is sim ilar
to those  of other  type  I C2 body fractures (see  � Fig. 6.4). It  has
also been  term ed an  a typica l hangman’s fracture.41

Com m ent: Vert ical coronally orien ted  C2 body fractures have
m ult ip le  m echan ist ic  causes.  These  include  hyperextension
w ith  an  axial load, hyperflexion  w ith  an  axial load, and  flex-
ion–dist ract ion  (� Fig. 6.16). The  com plex et iology of C2  body
fractures  is  the  source  of the  confusion  surrounding  th is  as-
pect  of spinal t raum a.

Dens Fracture
The  type  II odontoid  process  fracture  of Anderson  and  D’Alon-
zo38 (see  � Fig. 6.13) m ay be  m ore  appropriately term ed  a  dens
fracture.2 It  m ost  probably  results  from  a  lateral  blow  to  the
head  (see  injury  m echanism  I,  � Fig. 6.5b),31 possibly  coupled
w ith  extension .32

Dens fractures have been  further subcategorized  by Korres et
al, based  on  the level and  characteristics of the fracture.42 Most
feel  it  is  unnecessary  to  em ploy  such  a  schem e  clin ically  be-
cause  clin ical relevance has yet  to be  show n. Nonunion  is com -
m on  w ith  type  II fractures. A nonunion  m ay evolve  in to  an  os

Fig. 6.15  The  mechanism  of injury in  a rupture  of the  transverse
ligament of the atlas. The transverse ligament of the atlas (A) stretches
if a  dorsal force  vector (arrows, B) is applied  to the  ring  of C1, usually
via the  calvaria.

Fig. 6.16  Various mechanisms of injury of vertical coronally oriented
C2 body fractures (type  I C2 body fractures). (A) Hyperextension with
varying  degrees of axial loading  (see  injury mechanisms C and  D,
� Fig. 6.5  a), resulting  in  a  bending  moment  (curved arrow). (B) Axial
loading  with  some  flexion (see  injury mechanism  F, � Fig. 6.5  a),
resulting  in  a  translational deformation  (arrows). (C) Flexion–distrac-
tion  (see  injury mechanism  H, � Fig. 6.5  a), resulting  in  a  bending
moment  (curved arrow).
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odontoideum .43 Advancing  age  portends  an  increasingly
poor  progn osis  regard ing  fract ure  healing  and  the  develop -
m en t  of  m edical  com plicat ions  associated  w ith  den s  frac-
tures,  par t icu larly  after  su rgical  in terven t ion 44—hence  the
curren t ly  increased  en thusiasm  for  nonoperat ive  m an age-
m en t  in  octogenar ians45 in  selected  cases.46

Occipital Condyle Fracture  (Type III)
A lateral blow  to the head  (see  injury m echanism  I, � Fig. 6.5b)
uncom m only results  in  a  m edial avulsion  of the  occipital con-
dyle. This is term ed  a type III occipita l condyle fracture.30 It  is an
avulsion  injury  caused  by  shearing  forces  that  put  tension  on
the  occipital  condyle  via  the  alar  and  capsular  ligam ents  (see
� Fig. 6.11C).30,33 It  m ay be  associated  w ith  open  upper cervical
injuries.47 Tectorial m em brane  injury  is  a  key feature, part icu-
larly in  ch ildren.2

At lanto-occipital Dislocat ion
A lateral deceleration  injury (w ith  or  w ithout  a hyperextension
component)  involves  an  applied  lateral  bending–rotation–dis-
traction  force  complex  (see  injury  m echanism  J,  � Fig.  6.5b).
This  m ay result  in  atlanto-occipital dislocation, although  som e
authors  have  postulated  hyperextension–distract ion  m echa-
n ism s (� Fig. 6.17).9,48

Avulsion Fractures of the  Dens
A distract ion  of the  spine, not  unlike  the  one  that  m ight  be  in-
curred  w ith  a  judicial  hanging  (see  injury  m echanism  A,
� Fig. 6.5a)  or  w ith  a  force  vector  having  a  lateral  component
(see  injury m echanism  J, � Fig. 6.5b), m ay result  in  an  avulsion
of the tip  of the dens (� Fig. 6.18).

Fig. 6.17  The  mechanism  of injury of an
atlanto-occipital dislocation: (A) lateral mech-
anism  and  (B) extension–distraction.
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Rotatory Subluxat ion Injuries
If a  torque  (bending m om ent) is  created  about  the  long axis  of
the  spine  (about  the  dens),  a  rotatory  injury  m ay  occur.49–52

This  m ay  result  in  a  rotatory  subluxat ion  of C1  or  C2. This  is
clearly  the  weakest  link  in  the  occiput–C1–C2  ligam entous
complex. This  is  confirm ed  by  the  substantial  rotatory  m ove-
m ent  allowed about  the dens (see Chapter  1). If the instantane-
ous axis of rotation  (IAR) is situated m ore laterally (e.g., through
the  facet  join t), it  m ay result  in  a  contralateral unilateral rota-
tory subluxation  (� Fig. 6.19). Mouradian  and  colleagues.14 and
Fielding and colleagues.53 have provided biom echanical support
for  m uch  of the  aforem entioned . Their  observations  are  sum -
m arized in  (� Fig. 6.20).

6.3  Loss of St ructural Integrit y of
the  Subaxial Cervical, Thoracic,
and Lum bar Spine
6.3.1  Relevant  Anatomy
The  anatomy of the  entire  subaxial spine  is  relat ively m onoto-
nous  compared  w ith  the  significant  level-to-level  anatom ical
variations seen  in  the upper cervical spine. Subaxial injuries are
less  varied  in  num ber  of definable  injury  pat terns  and  types
than  are  upper  cervical  injuries.  For  th is  reason,  they  are
grouped together here.

6.3.2  Factors Determ ining Type of
Injury
Denis  described  several  fracture  types,  and  accom panying
m odes  of  failure,  of  the  thoracolum bar  spine  (� Table  6.1).54

This schem e  of defin itions of fracture  types is  the  m ost  w idely
used  today. It  applies, for  the  m ost  part , to  the  ent ire  subaxial
cervical  spine. In  contrast  to  the  schem e  of Denis  and  related
schem es, such  as  the  AO schem e,55 the  descrip t ion  of  injury
types  here  is  based  on  the  mechanism  of injury.8 The  d i er-
ence  betw een  the  tw o  schem es  is  subtle;  it  m ay  be  m ost
clearly d iscerned  in  the  di eren t iat ion  of ven tral w edge  com -
pression  and  burst  fractures. The  presence  or  absence  of ret -
ropulsed  bone  and/or  d isc  fragm ents  in  the  spinal  canal  is
not  used  herein  as  a  criter ion  for  fracture  type  defin it ion , as
in  Den is’s  schem e.  (Den is’s  concepts  are  not  to  be  d isre-
garded , how ever. His  th ree-colum n  concepts  are  used  in  th is
text  [see  Chapter  3]  for  the  determ inat ion  of spinal  stability
and  instabilit y.)

The  way  in  w hich  a  load  is  applied  partly  determ ines  the
bending m om ent  applied  (see  Chapter  2). This, in  turn , deter-
m ines the  stresses placed  on  a  given  spinal segm ent. These  are
discussed below  in  regard to each fracture type.

Fig. 6.18  The  mechanism  of injury of a  dens avulsion fracture.

Fig. 6.19  C1–C2 rotatory subluxation. (A) If rotation occurs about  the dens (e.g., the instantaneous axis of rotation [IAR] located in the region of the
dens), bilateral facet  dislocations may occur. (B) If the  IAR is located  more  laterally, a  unilateral and  contralateral dislocation  may occur.
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The fracture  pattern  is influenced  by the  position  of the  point
of force  application  in  relation  to  the  IAR.55 The  point  of force
application  directly a ects  the  type  and  extent  of injury by vir-
tue  of its role  in  determ ining the bending moment. Likewise, an
alteration  of  the  IAR can  a ect  the  bending  mom ent  signifi-
cantly. The type and  extent  of force application, the m ode of fail-
ure,  and  the  fracture  incurred  are  altered  by  these  factors.  A
mechanism  of injury that  not  only applies a load  to the spine but
also  alters  the  bending  mom ent  can  significantly  a ect  the
stresses applied  to the spinal elements.

More  complex  schem es  have  been  derived  from  the  funda-
m ental  concepts  outlined  above, such  as  the  AO classification
schem e  of thoracic and  lum bar  injuries.56 This  schem e  is  very

comprehensive  and  covers  nearly  all  conceivable  injuries.  It
divides  injuries  in to  three  fundam ental  categories  (using  the
two-colum n  concept):  (1)  compression  injuries  of the  anterior
colum n; (2) two-colum n  injuries w ith  dorsal, ventral, or  trans-
verse  disruption;  and  (3)  two-colum n  injuries  w ith  rotation
(� Fig. 6.21). Each  of these three  categories is then  fur ther  sub-
classified  extensively (AO Classification:  � Table  6.2, Type  A In-
juries:  Groups, Subgroups, and  Specifications;  � Table 6.3, Type
B;  � Table  6.4, Type  C). This  schem e  em ploys  the  two-colum n
concept, not  the three-colum n concept of Denis.

Although  the AO schem e helps to categorize injury types m e-
ticulously, a m ore sim plified  approach  to clin ical decision  m ak-
ing m ay be  appropriate. A determ ination  of the  location  of the
IAR (at  impact;  see  Fig. 6.21) helps the  surgeon  understand  the
compression  and  distraction  aspects  of an  injury. It  helps  an-
swer questions related to bony and ligam entous in tegrity. These
factors are discussed in  the pages that follow.

Next, the  surgeon  m ust  determ ine  if the  ventral columns can
e ect ively bear axial loads. This can  be determ ined by (1) assess-
ing  the  extent  of comm inution  (� Fig. 6.22  a), (2)  assessing  the
extent  of dispersion  of the  com minuted  fragm ents  (� Fig. 6.22
b),  and  (3)  assessing  the  extent  of  angular  deform ation
(� Fig. 6.22  c). If the  ventral load-bearing ability is thus deemed
inadequate, surgical  intervention, such  as  with  interbody  strut,
m ay be  appropriate. Finally, if significant  translation  (� Fig. 6.22
d)  or  angular  deform ation  (see  � Fig.  6.22  c)  in  any  plane  is
present, stabilization  m ay require  the  application  of a  long m o-
m ent  arm ,  such  as  with  a  long  hook  or  screw –rod  construct .
These issues are discussed  fur ther in  Chapters 23, 27, 29, and  30.

6.3.3  Applied-Force Vectors
The  m agnitude  and  characteristics  of  the  failure-producing
force  and  the  resultant  configuration  of the  injured  spinal level
(as  well  as  the  need  for  spinal  decompression)  dictate  the
m anagem ent schem e and thus m ay be used as criteria for defin-
ing  injury  type. As  a  result ,  the  schem e  used  here  lim its  the
definition  of the  burst  fracture;  w hen  th is  schem e  is  used, the
incidence  of burst  fracture  is  less  and  the  incidence  of wedge
compression  fracture greater  than  w hen  the schem e of Denis is
used.54

6.3.4  Types and Mechanism s of Injury
Ventral Wedge Com pression Fractures
Ventral wedge compression  fractures are the product of an  axial
load  and  ventrally oriented  bending m om ent  (to  failure)—that

Fig. 6.20  Mouradian et  al14 and  Fielding  et  al 53 produced  fractures in
cadavers in  the  biomechanics laboratory by applying  forces (loads) to
the  upper cervical spine. They applied  loads to  C1 in  (A) ventral, (B)
dorsal, and (C) lateral orientations with respect to C2 (which was fixed).
(A) Ventral C1 loads resulted in either a C1 transverse ligament  rupture
or a  dens fracture. Dorsal C1 loads failed  to  produce  an injury. (B) C2
fracture in the epoxy failed first. (C) Lateral C1 loading produced a dens
fracture  (type  II fracture  of Anderson  and  D’Alonzo).

Table 6.1  Basic modes of failure of the three columns in the four types of spinal injury

Type  of fracture  Anterior  Middle  Posterior

Compression  Compression  None  None  or severe  distraction

Burst  Compression  Compression  None

“Seat  belt”  None  or compression  Distraction  Distraction

Fracture–dislocation  Compression
Rotational shear

Distraction
Rotational shear

Distraction
Rotational shear

Source: From  Denis.54
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is,  the  axial  load  is  eccentrically  placed  (ventral  to  the  IAR;
� Fig. 6.23). In  th is situat ion, all points ventral to the  IAR com e
closer  together  at  the  m om ent  of im pact  and  all points  dorsal
to the  IAR becom e farther  apart . At  the  ventral–dorsal plane  of
the  IAR, the  vertebral body height  is  unchanged, w hereas  it  is
dim inished  ventral to  th is  plane  and  is  elevated  dorsal to  th is
plane.  The  bending  m om ent  causes  an  eccentric  loading  of
the  spine,  w hich  results  in  a  concentration  of  stresses  (load)
ventrally. This  bending  m om ent–initiated  stress  concentration
explains w hy failure  is  m ore  likely w hen  a  bending m om ent  is
sim ultaneously  applied  w ith  an  axial  load.  This  is  contrasted
w ith  the  scenario  associated  w ith  burst  fractures  (see  the  fol-
low ing). This results in  flexion  deform ity of the  fractured  bone
(an  asym m etry  of vertebral  body  height  in  w hich  the  ventral
height  is  less  than  the  dorsal  height).57–62 Most  osteoporotic
compression  fractures are of th is type or a pure burst  fracture.63

Of note, stereotact ic radiosurgery for spinal m etastasis has been
show n  to be a risk factor for  the developm ent  of vertebral com -
pression  fracture.64 The cervical spine, thoracic spine, and  thor-
acolum bar  junct ion  are  prone  to  such  injuries  because  of the
flexibility of the cervical spine and the often-assum ed relat ively
flexed  posture  of  the  cervical  and  thoracic  spine  and  thora-
colum bar  junct ion  at  the  m om ent  of  im pact.  The  significant
flexibility  often  counterbalances  the  influence  of  the  natural
lordot ic  posture  of the  cervical  spine. However, if  the  person
has  not  assum ed  a  posture  of flexion, the  biom echanics  of the
natural lordotic posture  prevail, and  a burst  fracture  m ay occur
(see  the  follow ing). The  thoracic and  thoracolum bar  regions of
the  spine  have  a  natural kyphotic curvature  that, by its  nature,
exposes the  spine to an  increased  chance of flexion  component
in  the  injury. An  eccentric load  application  is often  encouraged
by a  flexed  posture, w hether  it  be  secondary  to  a  natural  ky-
phosis or to a superimposed flexion  (� Fig. 6.24).

The m iddle to lower cervical and  lum bar  regions of the spine
have in t rinsic lordotic curvatures. In  addition, the lum bar spine,
because  of the  m assive  size  of the ver tebral bodies, is relat ively
unyielding. These  factors  m inim ize  the  likelihood  of a  signifi-
cant  flexion  component  in  a  spinal fracture  in  these  regions—
that  is, the  bending m om ent  is  n il, or  nearly  nil. Therefore, an
isolated  axial load  is often  applied  to the m iddle to lower cervi-
cal and  lum bar  regions. As m ent ioned, however, in  the  cervical
region  the  frequent  assumption  of a  kyphotic  posture  at  the

m om ent  of  im pact  (e.g.,  during  “spear” tackling  in  Am erican
football)  results  in  a  h igher  incidence  of  wedge  compression
fractures in  the cervical region  than  in  the lum bar region .

Nevertheless, ventral wedge  compression  fractures  do  occur
in  the  m iddle  to  lower  lum bar  region . Because  of the  reasons
outlined  above,  they  m ore  frequently  occur  near  the  upper
lim its  of the  lum bar  spine. This  is  caused  by  the  lessening  of

Fig. 6.21  The AO classification scheme: essential characteristics of the three  injury types. (A) Compression injury of the  ventral column. (B-1 or B-2)
Two-column injury with  either dorsal or ventral or transverse  disruption. (C) Two-column injury with  rotation. (Data  obtained  from  Aebi et  al.56)

Table 6.2  AO Classification. Type A Injuries: Groups, Subgroups, and
Specifications

Type  A. Vertebral body compression

A1 Impact ion  fractures

A1.1  Endplate  impaction

A1.2  Wedge  impaction  features

1.  Superior wedge  impaction fracture
2.  Lateral wedge  impaction  fracture
3.  Inferior wedge  impaction  fracture

A1.3  Vertebral body collapse

A2 Split  fractures

A2.1  Sagit tal split  fracture

A2.2  Coronal split  fracture

A2.3  Pincer feature

A3 Burst  fractures

A3.1 Incomplete  burst  fracture

1.  Superior incomplete  burst  fracture
2.  Lateral incomplete  burst  fracture
3.  Inferior incomplete  burst  fracture

A3.2  Burst-split  fracture

1.  Superior burst-split  fracture
2.  Lateral burst-split  fracture
3.  Inferior burst-split  fracture

A3.3  Complete  split  fracture

1.  Pincer burst  fracture
2.  Complete  flexion burst  fracture
3.  Complete  axial burst  fracture

Source: Aebi et  al56
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the  natural  lordotic  curvature  observed  as  the  lum bar  spine
ascends. Retropulsion  of bony  and/or  disc  fragm ents  in to  the
spinal canal m ay occur.

Burst  Fractures
If a  t rue  axial load  (to  failure) is  applied  to  the  subaxial spine,
wedging of the  resultant  vertebral body fracture  (i.e., asym m e-
try  of  ver tebral  body  height  loss)  is  un likely.  Typically,  a
sym m etric  compression  of the  vertebral  body  results—a  burst
fracture.7,37,57,65–69 This  “pancaking” of the  vertebral body often
causes the  retropulsion  of body fragm ents in to the  spinal canal
and  dural  sac  compression.54,70 The  loading  rate  is  associated
w ith  the extent  of spinal canal comprom ise.69 This retropulsion
is  a  requirem ent  of Denis’s  defin ition  of burst  fracture. It  is  a
m anifestation  of an  axial  load  that  is  not  eccentrically  placed
w ith  regard  to the  IAR (� Fig. 6.25). The  nuances of the  m echa-
nism  of failure have been  studied in  detail.71

The latter point  is crucial. If a force is t ransm itted  in  a rostral-
to-caudal  direction  along  the  axis  of the  spine—delivering  an
axial load—the  vector  of the  force  passes  through, or  close  to,
the IARs of all ver tebral bodies. Because a vertebral body rotates
about  the  IAR, the  location  of  the  IAR dictates  the  vertebral
body’s  response  to  the  applied  force. If  a  force  vector  passes
precisely through  the  IAR of the  vertebral body that  is stressed
to failure by the force, a  burst  fracture  w ill result . This is so be-
cause no eccentric component  to the force vector is present; the
m om ent  arm  length  of th is force vector (perpendicular distance

from  the  force  vector  to  the  IAR;  see  Chapter  2)  is  zero  (see
� Fig. 6.25). Excessive force  m ay be  required  because  of the  ab-
sence  of an  applied  bending m om ent  eccent ric loading and  the
absence  of  stress  concentration.  In  fact,  preloading  the  spine
along its  axis  (follower  load) increases its  resistance  to  angular
deform ation.72

If a  force  vector  passes in  a  plane  that  is  adjacent  to  the  IAR,
bending of the  spine  w ill occur  if the  force  is less than  that  re-
quired  to produce failure. The  concave side  of the  induced  cur-
vature  is  directed  toward  the  orientation  of the  force  vector. If
the force applied  to a straight  spine (� Fig. 6.26a) is su cient  to
cause failure, a  fracture  m ay result . This fracture  w ill be  eccen-
tr ically  located  w ith  respect  to  the  IAR and  w ill  result  in  an
eccentric  collapse  of  the  vertebral  body  (wedge  compression
fracture), the  direct ion  of w hich  is  dictated  by  the  location  of
the  force  vector  (� Fig. 6.26b). From  these  biom echanical facts,
vertebral  body  fractures  can  easily  be  categorized  by  m echa-
n ism  of injury  or, m ore  appropriately, by  the  configuration  of
the ver tebral body after fracture.

Burst  fractures,  because  they  are  caused  only  by  relatively
isolated  axial  loads,  occur  m ost  frequently  in  the  upper  and
m iddle  cervical and  lum bar  regions. In  the  lum bar  region, the
relatively high  incidence of burst  fractures is caused by the rela-
tively lim ited flexibility of the lum bar spine compared w ith  that
of  the  cervical  spine,  and  by  the  substantial  lordotic  posture
present  in  the  lower  lum bar  spine. In  the  lower  lum bar  spine,
however, these fractures are less com m on  because of the spinal
colum n’s  increased  in trinsic  compression-resisting  ability

Table 6.3  AO Classification. Type B Injuries: Groups, Subgroups, and Specifications

Type  B. Anterior  and  posterior  element  injury with  distract ion

B1  Posterior disrupt ion  predominantly ligamentous (flexion-distract ion  injury)

B1.1  With  transverse  disruption of the  disc

1.  Flexion-subluxation
2.  Anterior-dislocation
3.  Flexion-subluxation/anterior dislocation  with  fracture  of the  articular processes

B1.2  With  type  A fracture  of the  vertebral body

1.  Flexion-subluxation + type  A fracture
2.  Anterior-dislocation + type  A fracture
3.  Flexion-subluxation/anterior dislocation  with  fracture  of the  articular processes + type  A fracture

B2  Posterior disrupt ion  predominantly osseous (flexion-distract ion  injury)

B2.1  Transverse  bicolumn fracture

B2.2  With  disruption of the  disc

1.  Disruption through the  pedicle  and  disc
2.  Disruption through the  pars interarticularis and  disc (flexion-spondylolysis)

B2.3  With  type  A fracture  of the  vertebral body

1.  Fracture  through the  pedicle + type  A body
2.  Fracture  through the  pars interarticularis (flexion-spondylolysis) + type  A fracture

B3  Anterior  disrupt ion  through  the  disc (hypertension-shear  injury)

B3.1  Hyperextension-subluxations

1.  Without  injury of the  posterior column
2.  With  injury of the  posterior column

B3.2 Hyperextension-spondylolysis

B3.3  Posterior dislocation

Source: Aebi et  al56
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(secondary  to  increased  bony and  m uscle  m ass  in  th is  region)
(see  Chapter  1).67,73 In  the  cervical region, the  flexibility of the
spine  contributes  to  an  increased  incidence  of flexion  compo-
nents  in  injuries;  wedge  compression  fractures  account  for  a
greater percentage of the overall fracture rate in  th is region .

Burst  fractures  are  often  stable, part icularly in  the  m iddle  to
lower  lum bar  spine. In  cases  w ithout  neurologic  impairm ent,
nonoperative m anagem ent  often  su ces.74,75 Of note in  th is re-
gard  is  that  exposing  cervical  burst  fractures  to  extension  or
fur ther compression worsens spinal canal comprom ise.76

Lateral Wedge Com pression Fractures
Few  vertebral  body  fractures  are  pure—that  is, m ost  fractures
are  com binat ions  of fracture  types  resulting from  m ultiple  in-
jury  m echanism s. Thus  far, the  discussion  of the  two  fracture
types—wedge  compression  and  burst  fractures—has  centered
on  sagit tal  plane  deform ations.  Coronal  plane  deform ations,
however, often  occur  sim ultaneously  (see  � Fig. 6.26). Antero-
posterior  radiographs  often  dem onstrate  asym m etric  loss  of
height  of the vertebral body betw een  the right  and  left  sides. In
such  cases,  a  lateral  wedge  compression  fracture  component

coexists  w ith  the  sagit tal  plane  fracture  component
(� Fig. 6.27). However, lateral wedge compression  fractures also
occur  as  isolated  injuries.  These  injuries  are  caused  by  axial
loads  placed  eccentrically  w ith  respect  to  the  IAR (sim ilar  to,
but  di erent  in  location  from , the  axial  loads  associated  w ith
ventral wedge compression  fractures; see � Fig. 6.26).

The  m echanism  of injury in  lateral wedge  compression  frac-
tures m ay be  secondary to the  “buckling” of the  spine  that  fol-
low s the application  of an  axial load. This buckling results in  an
“e ective” lateral bending m om ent  (� Fig. 6.28). An  axial load
com bined  w ith  a  lateral  bending  m om ent  m ay  result  in  the
sam e vertebral body deform ity seen  in  the axial buckling injury.
This buckling m ay also occur  in  the sagittal plane, w ith  a  resul-
tant  compression  fracture.  Spinal  alignm ent,  therefore,  is  a
strong determ inan t of the m echanics of spinal colum n injury.77

Flexion–Dist ract ion (Chance) Fractures
Axial loading is the m ost com m on prim ary m echanism  of spinal
colum n  injury.  Rarely,  a  distract ion  component  plays  a  role,
particularly in  the subaxial spine. This is because few  traum atic
injuries  involve  distraction  of  the  spine.  One  type  of  traum a

Table 6.4  AO Classification. Type C Injuries: Groups, Subgroups, and Specifications

Type  C. Anterior  and  posterior  element  injury with  rotat ion

C1 Type  A injuries with  rotat ion  (compression  injuries with  rotat ion)

C1.1  Rotational wedge  fracture

C1.2  Rotational split  fracture

1.  Rotational sagit tal split  fracture
2.  Rotational coronal split  fracture
3.  Rotational pincer split  fracture
4.  Vertebral body separation

C2 Type  B injuries with  rotat ion

C2.1—B.1 injuries with  rotation (flexion-distraction injuries with  rotation)

1.  Rotational flexional subluxation
2.  Rotational flexional subluxation with  unilateral articular process fracture
3.  Unilateral dislocation
4.  Rotational anterior dislocation  without/with  fracture  of articular processes
5.  Rotational flexional subluxation without/with  unilateral articular process fracture + type  A fracture
6.  Unilateral dislocation + type  A fracture
7.  Rotational anterior dislocation  without/with  fracture  of articular processes + type  A fracture

C2.2—B.2 injuries with  rotation (flexion-distraction injuries with  rotation)

1.  Rotational transverse  bicolumn fracture
2.  Unilateral flexion-spondylolysis with  disruption of the  disc
3.  Unilateral flexion-spondylolysis + type  A fracture

C2.3—B.3 injuries with  rotation (hypertension-shear injuries with  rotation)

1.  Rotational hypertension-subluxation without/with  fracture  of posterior vertebral elements
2.  Unilateral hyperextension-spondylolysis
3.  Posterior dislocation with  rotation

C3 Rotat ional-shear injuries

C3.1  Slice  fracture

C3.2  Oblique  fracture

Source: Aebi et  al56
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that  does  involve  distraction  occurs  w hen  a  lap  belt  is  worn
w ithout  a shoulder harness by a m otorist  involved  in  a deceler-
ation  accident.  Distraction  and  flexion  of  the  lum bar  spine
result  (� Fig.  6.29).57,78–81 These  e ects  are  secondary  to  the
restrict ion  of pelvic and  lum bosacral m ovem ent  w ith  accom pa-
nying  unrestricted  dist ract ion  and  forward  flexion  of  the  re-
m ainder  of  the  spine  (flexion  bending  m om ent).  This  injury
was  first  described  by  Chance.78 A Chance  fracture  m ay  be
broken  dow n  in to  two  basic  types:  (1)  a  diastasis  (fracture
cleavage)  through  the  pedicles, and  (2)  a  fracture  through  the
vertebral  endplate  (� Fig. 6.23). Variations  m ay occur. Regard-
less  of the  type  of Chance  fracture, the  m echanism  of injury is
the  sam e. Note  that  the  m echanism  of injury  is  sim ilar  to  that
of the  ventral coronally oriented  dorsal C2  body fracture  w ith
flexion–distraction  (type  II C2  body fracture  w ith  flexion–dis-
traction). This is depicted as injury m echanism  H in � Fig. 6.5a.

Dorsal Elem ent  Fractures
So  far, th is  chapter  has  focused  on  the  e ects  of  purely  axial
loads (force  vector  passing through  the  IAR) and  loads that  are
predom inantly  axial  but  have  slight  eccentric  components
(force  vector  passing  close  to, but  not  through, the  IAR). The
m ajority  of  the  failure-producing  axial  load  force  vectors  are

oriented  in  a plane that  is ventral or  ventrolateral to the  IAR. If,
indeed,  they  are  located  dorsal  to  the  IAR (i.e.,  if  there  is  an
extension  component),  an  excessive  compressive  force  is  ap -
plied  to the dorsal elem ents at  the a ected  spinal level;  th is in -
creases the chance of dorsal elem ent failure (� Fig. 6.30).

Dorsal elem ent  fractures are  fairly com m on, especially in  the
cervical  spine,  w here  the  spine  naturally  assum es  a  lordot ic
posture  and  the  vertebral segm ents  are  relat ively sm all. These
fractures m ay result  in  significant  instability, thus necessitating
surgery.82 The  lum bar  spine,  w hich  also  assum es  a  lordotic
posture, has  a  lower  incidence  of dorsal elem ent  fractures  be-
cause  of  the  m ore  m assive  nature  of  the  vertebrae  and  the
som ew hat  sagittal orien tation  of the facet  joints. In  the cervical
region, spinal extension  thrusts the  opposing facet  surfaces to-
gether,  thus  subject ing  the  facets  and  pars  in terart icularis  to
significant  stress  (� Fig. 6.30a). Rotation  causes  them  to  slide
past each other (� Fig. 6.30b).

Because  of the  relative  lack of flexibility and  the  vert ical ori-
entation  of the  lum bar  facets, their  fracture, particularly as  an
isolated  ent ity, is  relat ively  uncom m on. A hyperextension  in-
jury results in  the facet  joints sliding past  each  other because of

Fig. 6.22  Thoracic and  lumbar fracture  assessment. (A) The  extent  of
comminution fracture. (Data obtained  from  McCormack et  al.119) (B)
The  extent  of dispersion  of the  fragments. (Data obtained  from
McCormack et  al.119) (C) The  extent  of angular deformation. (D) The
extent  of translation (in  any plane). (A–C) These  factors are  used  to
determine  axial load-bearing  capacity and  (C, D) the  ability to  resist
angular and  translational deformation.

Fig. 6.23  A depiction  of the  injury force  vector causing  a  ventral
wedge  compression fracture. F, applied-force  vector; D, length  of
moment  arm  (from  IAR to  plane  of F); M, bending  moment. IAR,
instantaneous axis of rotation.
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their  vert ical orien tation  (� Fig. 6.30 c). Fractures of the lam ina
and pars in terart icularis m ay result .57 At  the sam e t im e, the rel-
ative  restrict ion  of rotation  of the  lum bar  spine  m inim izes  the
chance that  rotat ion  w ill cause injury to the facet joint(s).

Rotatory  components  m ay  also  induce  dorsal  elem ent  inju-
ries by forcing opposing inferior  and  superior  art iculating facet
joints against each  other w ith  such  force that  failure occurs (see
� Fig. 6.30  c). Often , the  forces  applied  are  of such  m agnitude
that  vertebral  body  fracture  or  disc  in terspace  disruption  oc-
curs, as  well. Dorsal  elem ent  lum bar  spine  fractures  are  m ost
com m only associated  w ith  other  injuries  to  the  spinal colum n
complex;  for  example, compression  fractures, rotational  inju-
ries,  and  translat ional  injuries  m ay  be  associated  w ith  dorsal
elem ent  lum bar spine fractures. A violent  rotat ional component
in  the injury m ay result  in  disrupt ion  of the dorsal elem ents, as
well as  disruption  of the  in tegrity of the  ventral axial load–re-
sist ing substructure.62

Fractures of the spinous process and  lam ina, as well as in ter-
spinous  ligam ent  and  ligam entum  flavum  soft  t issue  injuries,
m ay  occasionally  result  from  extrem e  flexion  (� Fig.  6.31a).
Extrem e  extension  can  result  in  spinous  process,  or  m ore

com m only facet, fractures (see  � Fig. 6.30a). Sim ilarly, extrem e
lateral bending m ay cause t ransverse  process fracture(s) or  soft
t issue injury on  the convex side of the bend (� Fig. 6.31b). A se-
vere w hiplash-like injury m ay result  in  ligam entum  flavum  and
interspinous  ligam ent  disruption  that  can  be  identified  by MR
im aging w ithin  the first  week of injury (� Fig. 6.31c). The m ech-
anism  of w hiplash  has  been  studied  w ith  h igh-speed  cinem a-
tography  in  the  laboratory. A characteristic pattern  of cervical
m otion  was  observed  (s-shaped  curvature  of the  neck).83 The
clin ical  application  of  such  inform ation  is  yet  to  be  accom -
plished.  Whiplash  injuries  rem ain  a  poorly  understood  and
controversial m alady.84–89

Fracture Dislocat ions and Traum at ic
Spondyloptosis
Fracture  dislocations result  from  excessive  shear  and  rotational
force vectors applied to the spine. Rarely, spondyloptosis can  re-
sult . Although  usually associated  w ith  a  complete  myelopathy,
such  injuries can  be  associated  w ith  the  preservation  of neuro-
logic  function.90 The  preservation  of  neurologic  funct ion  is
likely a  m anifestat ion  of lateral translation  and  accom panying
spinal canal–w idening injuries.

Fig. 6.24  A kyphotic posture  (as is present  in  the  thoracic spine)
increases the  length  of the  natural moment  arm  (D) and  thus the
magnitude  of the  bending  moment  resulting  from  an eccentrically
placed  (with  respect  to  the  instantaneous axis of rotation) axial load
(arrows).

Fig. 6.25  The  mechanism  of injury of a  burst  fracture: true  axial
loading  without  a  bending  moment  (D= 0).
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Ligam entous Injuries
In  the  lum bar  spine, ligam entous  injuries  are  com m on  but  are
usually  associated  w ith  other  bony  injuries.  In  the  cervical
spine, isolated  ligam entous  injuries  are  com m on. These  cases
m ay be  the  clin ical component  of the  w hiplash  syndrom e.91–97

Ligam ent  injuries are  evidenced  by the  high  incidence  of posi-
tive  MR im ages in  the  face  of negative  radiographs or  CT scans
after  cervical spine  injury.30,39,98 This also  applies to  the  thora-
colum bar  spine.99 T2-weighted  MR im ages  (w ith  fat  suppres-
sion) are  the  m ost  useful in  th is regard  (see  � Fig. 6.31c).98 MR
im aging has been  show n  to be of utilit y for  the identification  of
anterior and posterior longitudinal ligam ent , facet capsule, liga-
m entum  flavum , and  in terspinous ligam ent  injuries.100–102 The
use of MR im aging for cervical spine traum a clearance, however,
rem ains cont roversial. CT as a  clearance  tool has strong propo-
nents, as  well.103 Obviously, MR im aging  is  also  useful for  the
evaluation  of the spinal cord  and  even  bone,43 as well as vascu-
lar  injuries.104 The  per turbations  of daily  living  expose  people
to  significant  cervical  spine  ligam ent  stresses  that  are  greater
than  m ost  w hiplash  injuries.105 Therefore, care  m ust  be  taken

w hen  the clin ical sign ificance of neck pain  follow ing a w hiplash
injury  is  considered, particularly  w hen  neck  pain  is  the  result
of an  acciden t  in  w h ich  there  w as no dam age  to the  car. Early
act ivity  and  early  resum ption  of  w ork  appear  to  provide
the  optim al  clin ical  resu lt  in  the  m ajorit y  of  pat ien ts.106,107

Overall, the  diagnosis of w h ip lash  is  the  one  m ost  likely to  be
m ade  too  frequen t ly.108 The  h igher  incidence  of isolated  liga-
m entous  in juries  in  the  cervical  spine  is  caused, in  par t ,  by
its  substan t ial  flexibility  (see  � Fig. 6.31). Th is  flexibilit y  al-
low s  greater  strain  to  be  placed  on  the  ligam ents.  The
m ore  m assive  and  less  flexible  lum bar  spine  does  not  rely  so

Fig. 6.28  (A) A depiction  of spine  “buckling” secondary to axial load
application as a cause of a wedge compression fracture. (B) This is also
depicted  in  a  coronal computed  tomographic reconstruction.

Fig. 6.26  (A) Loads eccentrically applied  to a straight  spine  cause
bending of the spine and possibly failure. (B) The bending occurs in the
direction of the eccentrically applied load (large arrow) with respect  to
the  instantaneous axis of rotation (IAR; dot). If failure  of the  vertebral
body occurs, it  will be  oriented  in  the  same  direction.  F, eccentrically
applied  load; D, length  of moment  arm  (from  IAR to plane  of F); M,
bending  moment.

Fig. 6.27  The mechanism of injury of a combination ventral and lateral
wedge  compression fracture. The  arrow depicts an  eccentrically
applied  load.
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heavily  on  ligam en tous  suppor t ;  in  fact ,  th e  poster ior  liga-
m en ts, par t icu lar ly  th e  in tersp in ous  an d  suprasp in ous  liga-
m en ts  (especially  in  th e  low  lum bar  region ),  are  w eak  or
essen t ially  n on existen t .  Th erefore , isolated  ligam en tous  in -
ju r ies  are  less  frequen t  in  th is  region .

Cervical  injury  m echanism s  have  been  characterized.92 This
helps define the ligam entous injury associated w ith  w hiplash.

Facet  Dislocat ion
Facet  dislocations  occur  frequently  in  the  cervical  region  and
less frequently in  the upper thoracic region. They are rare in  the
lum bar  region . Their  m ore  com m on  occurrence  in  the  cervical
and  thoracic  spine  is  caused  by  the  relatively coronal orienta-
tion  of the  facet  join ts in  these  regions. An  exaggerated  flexion
can  exceed  the  norm al  lim its  of m obilit y  of  the  facet  join ts.
Th is  causes the  join ts  them selves to  becom e  dysfunct ional by
fracture,  perch ing,  or  locking  (� Fig.  6.32).  Obviously,  these
deform ations a ect  stabilit y.

The  associated  force  vectors  contribute  to  the  complexity  of
the  resultan t  injury pattern . A t rue  flexion  m om ent  m ost  com -
m only results  in  bilateral facet  dislocation. With  such  force  ap-
plication, the facets are distracted (the IAR being located ventral
to the fact  join ts), w ith  accom panying translation. Bilateral facet
dislocations  are  m ost  com m only  associated  w ith  anterior  and
posterior  longitudinal ligam ent  injury, w hereas such  extensive
soft  t issues  injury  is  not  routinely  seen  w ith  unilateral  facet
dislocations.100,109 The  ipsilateral  facet  capsule, annulus  fibro-
sus,  and  ligam entum  flavum  appear  to  be  the  physical  soft
t issue  restraints  that  m ust  be  disrupted  in  order  to  produce  a
unilateral facet dislocation.109 A flexion  m om ent com bined w ith
a  rotat ional  component  results  in  unilateral  facet  dislocation
(unilateral  locked  facet;  � Fig. 6.33). The  applied  axial  torque

Fig. 6.29  There  are  two fundamental types of Chance  (flexion–
distraction) fracture. (A) Diastasis fracture  through the  pedicles and
vertebral body. (B) Fracture through the vertebral endplate or disc. (C)
The  mechanism  of injury is depicted.

Fig. 6.30  The mechanism of injury of dorsal element  fractures. (A) Cervical spine extension forcibly approximates the facet  joints and/or the laminae.
(B) Cervical rotation causes the  coronally oriented  facet  joints to  slide  past  each other. The  former may produce  fracture; the  lat ter may produce
isolated  ligamentous disruption or dislocation. (C) In  the  lumbar region, the  facet  joints are  able  to  slide  past  each other during  extension, thus
minimizing the chance for facet  fracture by this mechanism. Lumbar rotation, however, results in one facet abutting against  the other (C, upper inset).
This results in facet  fracture if the force is substantial (C, lower inset). Conversely, extension or flexion causes the sagit tally oriented facet joints to slide
past  each other.
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(torque  applied  about  the  longitudinal  axis  of  the  spine),  in
com bination  w ith  dist ract ion  of the  facet  join t, results  in  the
aforem entioned  injuries  to  the  facet  capsule, annulus  fibrosus,
and  ligam entum  flavum .110 Of note  from  a  clin ical perspective,
the  locked  facet  (w ithout  fracture)  is  inherently  stable. When
reduced , how ever, the  m otion  segm ent  becom es  over t ly  un-
stable  because  of  d isruption  of  the  facet  capsule  and  other
suppor t ing  soft  t issues.110 Hyperextension , if com bined  w ith
an  axial  load ,  m ay  result  in  facet  fracture  (see  � Fig.  6.30).
The  t reatm ent  of  facet  d islocat ions  and  fractures  rem ains
som ew hat  con t roversial.111,112

6.4  Loss of St ructural Integrit y of
the Sacrum  and Surrounding Bony
Elem ents
Sacral  fractures  are  uncom m on  as  isolated  en t it ies.  They  are
usually associated  w ith  disruption  of the  pelvic ring in  at  least
one  additional  location.113 Two  basic  types  of sacral  fractures
occur:  vert ical and  horizontal. They involve  three  zones of the
sacrum  and  so have been  classified  accordingly (� Fig. 6.34a).36

Zone  1  injuries  involve  fractures  (usually vert ical) through  the
ala  and  do  not  involve  the  neuroforam ina. They usually  result
from  lateral compression  forces and are relatively stable if there
is  no  significant  t ranslational  component. Zone  2  injuries  are
generally  vertical  and  involve  the  ventral  neuroforam ina
(� Fig. 6.34b). Sacral insu ciency fractures associated  w ith  os-
teoporosis  or  tum or  are  usually  of  the  zone  1  or  2  type
(� Fig. 6.34c).114 Zone  3  injuries  are  ver tical and/or  horizontal
and involve the sacral spinal canal; thus, neurologic injury (par-
ticularly  bladder  dysfunct ion)  often  accom panies  these  frac-
tures  (� Fig. 6.34d).115 Painful  caudal  sacral  fractures  w ithout
neurologic deficit  can  be m anaged  by low  sacral and  coccyx re-
sect ion .116 Sacral  anatomy  has  been  n icely  reviewed  by  Esses
and colleagues.117

Fig. 6.31  (A) Extreme flexion may cause spinous process fracture (long
arrow) or ligamentous disruption  (short  arrow). (B) Extreme  lateral
bending  may cause  a  transverse  process fracture  (long arrow) or
ligamentous disruption (short arrow). (C) Magnetic resonance imaging,
if obtained  within  the  first  week after injury, can be  useful to  detect
interspinous ligament  and  ligamentum  flavum  soft  tissue  disruption
following a  whiplash-like  injury.

Fig. 6.32  Cervical spine  facet  injuries: (A) perched  and  (B) locked.

Fig. 6.33  (A) Flexion  plus rotation (curved arrows) causes unilateral
cervical facet  joint  dislocation. (B) Pure  flexion  (curved arrows) causes
bilateral cervical facet  joint  dislocation.
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7  Spine Deform at ions
Spinal  deform ities  can  be  the  result  of  unstable  m otion  seg-
m ents  or, conversely, can  cause  them . The  classification  of spi-
nal  deform it ies  can  be  confusing. For  example, the  use  of the
long axis of the spine as a reference has t raditionally caused the
term  rota t ion  to  be  used  only for  rotation  about  th is  axis—that
is, rotatory deform ations of the  spine  are  tradit ionally thought
of as  those  deform ations  that  involve  rotation, or  tw isting, of
one  or  m ore  of the  vertebrae  about  the  long axis  of the  spine.
Although  th is  use  of  the  term  rota t ion  is,  for  the  m ost  part ,
m aintained  in  th is chapter, the term  is also used  in  its m ore all-
encompassing sense (i.e., m eaning rotation  about  any axis). The
latter  use  comprehends flexion, extension, and  lateral bending.
Translat ion  and  rotation  can  occur,  respect ively,  along  and
about each  of the three axes of the Cartesian  coordinate system .
Therefore, six  fundam ental m ovem ents  can  occur. The  six  fun-
dam ental types of spinal deform ation  are  the follow ing:  (1) ro-
tation  about  the  long  axis  of the  spine, (2)  rotation  about  the
coronal axis of the  spine, (3) rotation  about  the  sagittal axis  of
the  spine, (4)  translation  along  the  long  axis  of the  spine, (5)
translat ion  along the  coronal axis of the  spine, and  (6) t ransla-
tion  along  the  sagittal  axis  of the  spine. Each  of these  m ove-
m ents  or  deform ations  can  occur  in  either  of  two  direct ions
(� Fig. 7.1). Each  deform ity  type  m ay  involve  only  one  spinal
segm ent  or  m ultiple  segm ents.  Spinal  deform it ies  are  m ost
often  com binat ions of two or m ore of these types. They m ay re-
sult  from  either acutely or chronically applied loads.

7.1  Rotat ion Deform at ions
Rotation  deform ations are manifestations of the application  of an
asymm etric load  or  a  rotatory load  (torque) to  a  spinal segment
(� Fig. 7.2). Rotation  deformations about  an  axially oriented  axis
(coronal or  sagittal)  can  occur  at  the  level of the  vertebral body

(via  asymmetric loss of vertebral height, as in  posttraumatic ky-
phosis;  � Fig.  7.2b)  or  at  the  level  of  the  disc  interspace  (via
asymmetric disc interspace height  loss, as in  degenerative scolio-
sis;  see  � Fig. 7.2).1–4 Segm ental spinal rotatory deform ation  can
also occur about  the long axis of the spine (� Fig. 7.3).

The often-unrecognized coupling phenom enon, w hereby one
spinal m ovem ent  or  deform ation  along  or  about  an  axis  (e.g.,
lateral bending)  obligates  another  along or  about  another  axis
(e.g.,  rotatory  deform ation  about  the  long  axis  of  the  spine),
com m only  results  in  subtle  or  not-so-subtle  rotatory  deform -
ities about  the long axis of the spine. The concept of spinal cou-
pling  is  reem phasized  here  to  underscore  its  im portance  in
complex spinal surgery. As discussed in  Chapter 2, the phenom -
enon  of coupling  is  significant  clinically. It  plays  roles  both  in
the  prevent ion  of spinal deform ation  (by contributing to m ove-
m ent  restrict ion) and  in  the  exaggeration  of the  complexity of
the deform ation  itself (w hen a deform ity indeed occurs).

7.1.1  Rotat ion Deform at ion about  the
Long Axis of the Spine
The  application  of  a  rotatory  or  torsional  load  to  the  spine
(either  acutely,  caused  by  traum a,  or  chronically,  caused  by
gradual deform ity  progression  [com m only complicated  by  the
coupling  phenom enon])  can  cause  the  spinal  segm ents  above
the unstable segm ent  to rotate in  a direction  opposite to the  di-
rect ion  of rotation  of the segm ents below  the unstable segm ent.
This  usually  occurs  about  the  long  axis  of  the  spine  (see
� Fig. 7.3).  In  traum atic  perm anent  deform ation,  ligam entous
and bony elem ents (e.g., facet joints) are often  disrupted. Classic
examples  of  such  acute  injuries  are  the  unilateral  cervical
locked  facet  (rotat ion  com bined  w ith  flexion)  and  postt rau-
m atic  fracture–dislocation  w ith  an  accom panying  rotatory

Fig. 7.1  The  six fundamental segmental movements, or types of deformation, of the  spine  along  (straight  arrows) or about  (curved arrows) the
instantaneous axis of rotation are  the  following: (1) rotation or translation about  the  long axis of the  spine  (A); (2) rotation or translation about  the
coronal axis of the spine (B); (3) rotation or translation about  the sagit tal axis of the spine (C); (4) translation along the long axis of the spine (A); (5)
translation along  the  coronal axis of the  spine  (B); and  (6) translation  along  the  sagit tal axis of the  spine  (C).
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component  (see  Chapter  6). These  two  injuries  exem plify  the
fact  that  rotatory deform ation  about  the  long axis  of the  spine
is seldom  an  isolated entity.

7.1.2  Rotatory Deform at ion about  the
Coronal and Sagit tal Axes of the Spine
The application  of eccentrically placed loads to a spinal segm ent
creates  a  bending m om ent. The  applied  bending m om ent  m ay
result  in  failure  of the  spinal segm ent  w ith  accom panying de-
form ation  along  one  or  both  of the  axially  oriented  axes  (see
� Fig. 7.2). This deform ation  results in  rotat ion  of the segm ents
above  and  below  the  involved  segm ent(s). Relatively speaking,
the  segm ents  above  and  below  rotate  toward  each  other. This
rotat ion  can  take  the  form  of kyphosis  (flexion  rotation  defor-

m ation),  lordosis  (extension  rotation  deform ation),  scoliosis
(lateral  bending  rotation  deform ation),  or  a  com bination  of
these. A classic rotation  deform ation  about  the sagittal or  coro-
nal axis, resulting from  asym m etric load  application, is  caused
by a wedge  compression  fracture  (see  � Fig. 7.2  and  � Fig. 7.4).
A ventral wedge  compression  fracture  results in  a  flexion  rota-
tion  deform ation  about an  axially oriented axis.

It  is  m ainly  th is  type  of deform ation  that  leads  to  aberran t
force  application  to  the  spine,  by  creating  a  m om ent  arm
through  w hich  externally applied  forces can  have pathologic ef-
fects. In  th is way, a deform ation  can  cause or create  an  unstable
m otion  segm ent  (deform ation  progression)  by  leading  to  the
application  of excessive  stresses  to  the  a ected  segm ent(s)  via
the concocted m om ent arm  (see Chapters 3, 4, and 6).

Fig. 7.2  (A) A depiction of the forces and (B) the resultant  rotation deformation about  a coronally oriented axis of the spine, resulting in a wedgelike
deformation. (C) Rotation deformations about  an  axially (coronally or sagit tally) oriented  axis can occur at  the  level of the  disc interspace, as well.
Curved  arrows depict  bending  moments. Straight  arrows depict  applied  forces.

Fig. 7.3  (A) A twisting of the spine about its long axis (B) can result in a
rotatory deformation about  the  axis. Curved  arrow depicts applied
bending  moment.

Fig. 7.4  Rotation deformation can occur about  the  coronal axis of the
spine (ventral wedge compression fracture  [see  � Fig. 7.2]) and about
the  sagit tal axis (lateral wedge  compression fracture, as shown here).
Curved arrow depicts bending moment. Straight  arrows depict  applied
forces.
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The  quantitat ive  assessm ent  of angular  deform ation  in  the
coronal or  axial planes can  be  accom plished  by using the  Cobb
angle  (see  Chapter  3).  This  techn ique  assesses  a  curve  from
the  neutral  ver tebrae  above  to  the  neutral  vertebrae  below
the  deform ity.  Th is  schem e  is  not  w ithout  draw backs.  The
Cobb  angle  is  m ore  appropriately  used  to  quantitate  m ult ile-
vel  curves, as  opposed  to  a  short-segm ent  curve  (� Fig. 7.5).
Regardless, the  Cobb  angle  can  be  decept ive, even  w hen  used
in  m ultilevel  curves. Its  ut ilit y  in  the  cervical  spine  has  also
been  quest ioned.5

A variety  of strategies  can  be  used  to  assess  and  object ively
quantitate  deform it ies  related  to  post traum atic  fracture
(� Fig. 7.6).6 The technique associated w ith  the greatest  in terob-
server  reliability em ploys the  m easurem ents from  the  superior
endplate  of the  vertebral body above  and  the  inferior  endplate
of the ver tebral body below  the fractured body (� Fig. 7.6a).

7.2  Translat ional Deform at ions
Translat ional deform ation  of the  spine  occurs along an  axis de-
fined  by  the  direct ion  of  the  deform ation-creating  force  vec-
tor.1,3,4 This m ay result  in  shearing, compression , or  dist ract ion
of the  spinal elem ents. Translat ional  deform ation  di ers  from
rotat ional deform ation, w hich  is created  by a  bending m om ent
caused  by  the  application  of  a  force  vector  at  som e  distance
from  the axis of deform ation.

Translat ional deform ation  can  occur  in  any plane  and  can  be
acute  or  chronic. Classic examples  of th is  type  of deform ation
are  burst  fractures (the  deform ing force  vector  is applied  along
the  longitudinal  axis  of  the  spine), fracture–dislocations, and

the  various  spondylolistheses  (the  deform ing  force  vector  is
applied  along  one  of  the  axially  orien ted  axes  of  the  spine;
� Fig. 7.7).  Note  that  the  relatively  vert ical  orientation  of the
lum bosacral in tervertebral joint  in  m ost  people converts axially
applied  loads to t ranslat ion  deform ity–enhancing force  vectors
(see  Chapters 1  and  6 and  later  discussion  in  th is chapter). This
translat ional stress is encouraged by the upright  posture.7

7.2.1  Translat ional Deform at ion along
the Long Axis of the Spine
Distract ion  deform ation  of the spine is uncom m on, part icularly
in  a  chronic form . This is so because  assumption  of the  upright
posture  induces  axial  (compression)  loading. Flexion–distrac-
tion  injuries  (see  Chapter  6)  result  in  distraction  of the  spine,
usually w ith  an  accom panying flexion  component  (� Fig. 7.8).1–

4 Extension  or  lateral bending m echanism s  m ay becom e  clin i-
cally  m anifest,  as  well.  Because  axial  loads  are  borne  by  the
spine  during  the  act ivities  of daily  living, compression  of the
spine  is  com m on. Distraction  of the  spine  during the  activities
of daily living, part icularly on  a  chronic or  ongoing basis, is un-
com m on. Exposure  of the  spine  to  dist ract ion  forces can  occur
iatrogenically—for  example, via  the  application  of spinal  trac-
tion, the  use  of inversion  boots  (hanging by one’s  feet), or  the
application  of  excessive  distraction  forces  in troduced  by  the
overdistraction  of  spinal  implants.  The  am ount  of dist ract ion
necessary to achieve a clin ical e ect  can  be calculated  on  a the-
oretical basis.8

The  application  of true  axial loads  to  the  spine  along an  ax-
ially orien ted  axis can  result  in  the  failure  of a  component  of a

Fig. 7.5  Deformity begets deformity by increasing  the  length  of the  moment  arm  (d). (A) Determination of the  Cobb angle  (α) in  a spine  with  a
moderate scoliotic deformity is depicted. The Cobb angle is measured from neutral vertebra to neutral vertebra. (B) The neutral vertebrae are located
between  curves that  are  concave  toward  opposite  directions, as depicted  in  Cobb angle  β. The  radii of curvature  of two spinal deformities may be
widely disparate despite their having the same Cobb angle. (C) A lesser radius of curvature is observed at  the injured segment in a situation in which an
acute segmental angulation occurs, as in Cobb angle Δ, compared with (B) less acute multisegmental angulations. Note that  each spine has the same
Cobb angle  (α = β =Δ).
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spinal  segm ent  (bone  or  soft  t issue), w ith  a  resultant  loss  of
height  of that  component.1,3,4 For  th is to occur, the force  vector
of the applied  load  m ust  be in  line w ith  the instantaneous arm s
of rotat ion  (IAR; along the neutral axis of the spine), thus apply-

ing  an  isolated  axial  load  w ith  no  applied  bending  m om ent.
Translat ional deform ation  along  the  long axis  of the  spine  oc-
curs via the  application  of two coincident  forces along the  neu-
tral axis of the spine (� Fig. 7.7a).

Fig. 7.6  A variety of strategies can  be  employed  to  assess and  objectively quantitate  deformities related  to post traumatic fracture. The  strategy
depicted  in  (A) was shown to be  associated  with  the  greatest  interobserver reliability. (Data obtained  from  Kuklo et  al.6) (A) It  employs angle
measurements from  the superior endplate  of the vertebral body above and the inferior endplate  of the vertebral body below the fractured body. (B)
Other, less reliable  strategies include  the  assessment  of angle  measurements from  the  superior endplate  of the  vertebral body above to the  inferior
endplate  of the  fractured  vertebral body, (C) the  dorsal fractured  body and  the  next  most  caudal vertebral body, (D) the  inferior endplate  of the
vertebral body above and the superior endplate  of the vertebral body below, and (E) the superior endplate and the inferior endplate  of the fractured
vertebral body.
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7.2.2  Translat ional Deform at ion along
the Coronal and Sagit tal Axes of the
Spine
Translat ion  and  shearing of the spinal elem ents along the coro-
nal or sagittal axis of the spine result  in  w hat  have been  term ed
spina l disloca t ions or  listhesis (� Fig. 7.7b). They result  from  the
application  of parallel, but  not  aligned, force vectors in  opposite
direct ions. These forces are parallel but  noncoincident.

7.3  Com binat ion Deform at ions
Most  spinal  deform it ies  are  m anifestat ions  of  m ore  than  one
type  of deform ation —for  example, a  compression  deform ation
(translational deform ation  along the  axis of the  spine). This re-

sults  in  a  wedge  compression  fracture  (see  � Fig. 7.4;  see  also
Chapter  6). Type  I C2  body  fractures  (flexion–distraction)  and
Chance  fractures  (flexion–dist raction)  are  other  examples  of
com bination  deform ations) (see � Fig. 7.8).

7.4  Deform at ion Progression
For deform ation  progression  to occur, at  least  one  unstable  spi-
nal  segm ent  m ust  be  present.  This  instability  m ay  be  either
acute or chronic (see Chapter 3). Instability as an  isolated entity,
however, is not  su cient  to  create  a  deform ation  or  to  cause  it
to  progress. Deform ation  creation  or  progression  requires  the
application  of pathologic (excessive) stresses  to  the  spine  and/
or  the  application  of nonpathologic stresses  to  an  already-de-
form ed  spine  (deform ity  begets  deform ity).  The  form er  can
create  a  deform ity  by  bending, tw isting, and  so  on . The  latter
can  exaggerate  an  already  existing  spinal  deform ation  caused
by  the  act ion  of  w hat  would  norm ally  be  nonpathologic
stresses on  the  pathologic m om ent  arm  of the  already-present
deform ation .

Spine deform ation  is associated  w ith  changes in  nutr ient  and
m etabolite levels in  a ected  discs. This can  result  in  prem ature
cell death  and  have  a  deleterious  a ect  on  disc funct ion—thus
contribut ing to the progressive nature of the deform ation.9 Sag-
ittal im balance and  spine deform ity are significant  contribut ing
factors  to  excessive  disc  loading,  w hich  in  turn  leads  to  the
aforem entioned  m etabolic  derangem ents,  then  excessive  de-
generat ion  and  instabilit y, and  so on.10 This describes the  cycli-
cal  processes  underlying  progressive  spine  deform ation .  Ky-
photic  spine  deform ation  can  also  lead  to  excessive  strain  on
the fact  joints and result  in  accelerated degenerative changes.11

Awareness of the  complexit ies of deform ation  form ation  and
progression  is crit ical to the  design  of an  approxim ate  m anage-
m ent  schem e. For  example, asym m etric spinal loading m ay be
characterized  by  shear  forces  exacerbating  scoliosis.12 Know l-
edge  of the  approxim ate  locations  of the  IAR and  the  neutral
axis is  very useful in  the  consideration  of operative  indications
and construct design.13

Fig. 7.7  A burst  fracture  results from  translation of the  upper and
lower endplates of a vertebral body toward each other along the  long
axis of the  spine. (Arrows, A) This results from  two parallel and
coincident  opposed  force  vectors. (Arrows, B) Axially oriented  transla-
tional deformation, resulting  in  a  fracture–dislocation, occurs via two
parallel but  noncoincident  opposed  force  vectors.

Fig. 7.8  (A) Flexion–distraction of the  spine  can result  in  a  type  I C2 body fracture  in the  cervical region or (B) a  Chance  fracture  in  the  thoracic or
lumbar region. (C) Excessive  spinal traction  can  also  result  in  the  distraction  of spinal elements.
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Deform ation  and  deform ation  progression  can  present  prob-
lem s  to  the  spine  surgeon. The  presence  of spine  deform ation
can  lead  to  fur ther  progression  despite  spinal  fusion . Know l-
edge  of the  location  of the  neutral axis, Cobb  angle, and  radius
of curvature  plays  a  vital  role  in  the  decision-m aking  process
(see � Fig. 7.5 and � Fig. 7.9).

Ventral fusions placed  to  prevent  kyphotic deform ation  pro-
gression  are  best  placed  well  ventral  to  the  neutral  axis. This
m andates  the  use  of a  longer  strut  (see  � Fig. 7.9).  Sim ilarly,
dorsal fusions are  best  placed  well dorsal to the  neutral axis to
prevent kyphotic deform ation .7 The fa rther from the neutra l a xis
a  graft  is placed, the more e ective it  becomes in  prevent ing ky-
photic  deformation  progression. On  the  other  hand, in  a  spine
with  minimal deformation, a xia l loads a re best  borne by a  graft
placed close to the neut ra l a xis and in  line with  the IARs a t  each
segmenta l level. This is addressed in  grea ter  deta il in  Chapters 12
and  23. It  is  em phasized  that  it  is  perhaps  better  to  correct
the  deform it y  than  to  p lace  a  st ru t  far ther  ven trally,  as
depicted  in  � Fig.  7.9.  Never theless,  if  the  deform ity  is  not

reducible  (for  w hatever  reason ) and  the  ap ical segm ent  is un-
stable,  the  prin cip les  descr ibed  regard ing  st ru t  p lacem ent
should  be  considered .

Finally, excessive  angular  deform ity or  posture  can  result  in
translational  deform ity, as  well. Such  a  situation  m ay  exist  at
the lum bosacral junct ion  in  the  presence  of an  excessive lordo-
sis  (exaggerated  lum bar  angle). In  th is  circum stance, subluxa-
tion  (� Fig. 7.10a)  and/or  degenerative  changes  (� Fig. 7.10b)
m ay occur. The  shear  strain  associated  w ith  pathologic lum bar
angles  and  other  pelvic  param eters  is  a  strong  predictor  of
progressive  listhesis  at  the  L5–S1  junct ion.14 Conversely,  loss
of lordosis  can  lead  to  a  flat  back  and  the  flat  back  syndrom e
(sym ptom atic  flat  back)  (� Fig. 7.11). Patients  so  a ected  are
out  of  balance  in  the  sagittal  plane. In  order  to  com pensate,
they usually bend  at  the  knees in  order  to  “right” the  forward-
bending spine. They experience  m echanical-like  back pain  and
ventral  th igh  pain . The  latter  results  from  quadriceps  m uscle
overact ivity  and  fatigue. The  etiology  of a  flat  back  is  usually
iatrogenic.

Fig. 7.9  (A) A fixed  (old) spinal deformity caused  by two contiguous vertebral body fractures. The  neutral axis is depicted  by the  black line  and  the
load-bearing axis by the gray line. Note that  compensatory spinal curves have  developed. (B) This deformity may be inappropriately managed by the
placement  of a ventral short-segment  weight-bearing strut  near the  neutral axis (black line, A) rather than ventral to  the  neutral axis near the  load-
bearing axis (gray line, A). This is problematic because the strut  does not  span the entire length of the injured and deformed portion of the spine, nor
does it  bridge  the  deformity from  neutral vertebra to neutral vertebra. (C) A longer strut  may be  required. The  location of the  neutral axis usually
influences this decision-making process. However, in this case, the  neutral axis diverges from  the load-bearing axis. The  ventral weight-bearing strut
should not  be placed behind the load-bearing axis, as is the case in (B) and (C). Rather, it  should be placed well ventral to the  neutral axis and in line
with  the  load-bearing  axis. (D) This may require  an even longer construct  that  extends well beyond the  fractured  levels. With  such a  deformity, an
interbody graft  that  is positioned well ventral to the  neutral axis and in line  with the load-bearing axis, and that  extends to the  neutral vertebra (the
vertebra between the kyphotic and lordotic curves) above and below the deformity, neutralizes its negative effect. Deformity progression will thus be
unlikely.

Spine Deformations

92



7.5  Stable  Deform at ions
A stable  deform ation  can  be defined, in  the str ictest  sense, only
by  clin ical  and  radiographic  serial  observation  of  the  pat ien t
over an  extended  period. The essential findings are  the absence
of  radiographic  evidence  of deform ation  progression  and  the
accom panying  absence  of  progressive  neurologic  deficit  or
pain  related  to  instabilit y.  Bone  scann ing  or  m agnetic  reso-
nance  im aging  m ay  be  helpfu l  in  d i cu lt  cases  in  w hich
long-term  follow -up  is  not  available  or  is  not  a  reasonable
clin ical alternat ive.

7.6  Spinal Balance
Spinal  balance  is  an  im portan t  considerat ion  w ith  all  deform -
ities. If the head  cannot be naturally m aintained  above the hips,
excessive  strain  is  placed  on  the  spine, thus  predisposing  the
spine  to  fur ther  deform ation. In  addition , excessive  strain  m ay
be applied to the spine, leading to a pain  syndrom e. Such  a situ-
ation  exists w ith  the flat  back syndrom e, w hich  is characterized
by  a  m echanical-like  pain  that  extends  in to  the  but tocks  and
dorsal  th igh  region.  A patient  so  a ected  cannot  stand  erect
w ithout bending his or her knees and hips (see � Fig. 7.10).

7.7  Treatm ent  Opt ions
Sagittal and  coronal plane deform ations require appropriate di-
agnostic strategies,15–17 and  m eticulous atten tion  m ust  be  paid

Fig. 7.10  (A) An excessive  lumbar lordosis, with  a vertically oriented  L5–S1 disc interspace, places significant  translational loads at  the  lumbosacral
junction. (B) This may result  in  spondylolisthesis if the  L5–S1 facet  joint  is incompetent, or in  accelerated  degenerative  changes if it  is competent.

Fig. 7.11  (A) The flat  back syndrome is anatomically characterized by a
loss of lumbar lordosis, as viewed  in  this radiograph  of a  patient  with
lateral scoliosis. Compensation usually occurs at  more  rostral levels
(partially achieving  balance). (B) However, a  person  so  affected  must
flex at  the  hips and  knees to achieve  full balance.
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to t reatm ent  strategies18–20 (see Chapter 36). The im portance of
considering  spinal  balance  in  nearly  all  spine  reconstructive
procedures cannot be overem phasized.21

References
[1]  Benzel EC. Biom echanics  of lum bar  and  lum bosacral spine  fracture. In :  Rea

GL, Miller  CA, eds. Spine  Traum a:  Current  Evaluation  and  Managem ent. Park
Ridge, IL: Am erican  Association  of Neurological Surgeons; 1993:165–195

[2]  Chance GQ. Note  on  a  type  of flexion  fracture  of the  spine. Br  J Radiol 1948;
21: 452–453

[3]  Holdsworth  FW.  Fractu res,  dislocations,  and  fracture-dislocations  of  the
spine. J Bone Joint  Surg Am  1970; 52: 1534–1551

[4]  White  AA, Panjabi MM. Clin ical Biom echanics of the  Spine. 2nd  ed. Philadel-
phia, PA: J. B. Lippincott; 1990:30–342

[5]  Silber  JS, Lipetz JS, Hayes VM, Lonner  BS. Measurem ent  variability  in  the  as-
sessm ent of sagittal alignm ent of the cervical spine: a comparison  of the gore
and cobb m ethods. J Spinal Disord Tech 2004; 17: 301–305

[6]  Kuklo TR, Polly DW, Owens BD, Zeidm an  SM, Chang AS, Klem m e WR. Meas-
urem ent  of  thoracic  and  lum bar  fracture  kyphosis:  evaluation  of  in traob-
server, in terobserver, and  technique  variability. Spine  2001;  26:  61–65, dis-
cussion 66

[7]  Farfan  HF. The biom echanical advantage of lordosis and hip  extension  for  up-
right  activity. Man  as compared w ith  other an thropoids. Spine 1978; 3:  336–
342

[8]  Miller  LS, Cotler  HB, De Lucia FA, Cotler  JM, Hum e EL. Biom echanical analysis
of cervical distract ion. Spine 1987; 12: 831–837

[9]  Bibby SRS, Fairbank JCT, Urban  MR, Urban  JPG. Cell viability in  scoliotic discs
in  relation  to disc deform ity and  nutrient  levels. Spine  2002; 27:  2220–2228,
discussion  2227–2228

[10]  Keller  TS, Colloca  CJ, Harrison  DE, Harr ison  DD, Janik  TJ. Influence  of spine
m orphology  on  in tervertebral  disc  loads  and  stresses  in  asym ptom atic
adults: im plications for the ideal spine. Spine J 2005; 5: 297–309

[11]  Oda I, Cunningham  BW, Buckley RA et  al. Does spinal kyphotic deform ity in-
fluence  the  biom echanical characterist ics  of the  adjacent  m otion  segm ents?
An in vivo anim al m odel. Spine 1999; 24: 2139–2146

[12]  Stokes IAF. Analysis of sym m etry of vertebral body loading consequent  to lat-
eral spinal curvature. Spine 1997; 22: 2495–2503

[13]  White AA, Panjabi MM, Thom as CL. The clin ical biom echanics of kyphotic de-
form ities. Clin  Orthop Relat  Res 1977; 128: 8–17

[14]  Rajnics  P, Tem plier  A, Skalli  W, Lavaste  F, Illés  T. The  association  of sagittal
spinal  and  pelvic  param eters  in  asym ptom atic  persons  and  patien ts  w ith
isthm ic spondylolisthesis. J Spinal Disord Tech  2002; 15: 24–30

[15]  Chernukha KV, Da ner RH, Reigel DH. Lum bar lordosis m easurem ent. A new
m ethod versus Cobb technique. Spine 1998; 23: 74–79, discussion  79–80

[16]  Kolessar  DJ, Stollsteim er  GT, Betz RR. The value  of the  m easurem ent  from  T5
to  T12  as  a  screening  tool  in  detecting  abnorm al  kyphosis. J Spinal  Disord
1996; 9: 220–222

[17]  Korovessis  PG, Stam atakis  MV, Baikousis  AG. Reciprocal angulation  of verte-
bral bodies in  the  sagittal plane  in  an  asym ptom atic Greek population. Spine
1998; 23: 700–704, discussion 704–705

[18]  Farcy J-PC, Schwab  FJ. Managem ent  of flatback and  related  kyphotic decom-
pensation syndrom es. Spine 1997; 22: 2452–2457

[19]  Kelkar  P, O’Callaghan  B, Lovblad  K-O. Asym ptom atic grotesque deform ities of
the cervical spine. An occupational hazard in  railway porters. Spine 1998; 23:
737–740

[20]  Ludwig  SC, Albert  TJ, Balderston  RA, Vaccaro  AR. Thoracic  kyphosis. Sem in
Spine Surg 1997; 9: 112–129

[21]  Jackson  RP, Peterson  MD, McManus  AC, Hales  C. Com pensatory  spinopelvic
balance  over  the  h ip  axis  and  better  reliability  in  m easuring lordosis  to  the
pelvic radius on standing lateral radiographs of adult  volunteers and patients.
Spine 1998; 23: 1750–1767

Spine Deformations

94



8  Neural Elem ent  Injury
8.1  Mechanism s of Neural
Elem ent  Injury
External influences can  cause a cell to becom e dysfunct ional, or
to  die, by one  or  a  com binat ion  of three  m echanism s:  (1)  cell
disruption, (2) cell distort ion, and  (3) m etabolic derangem ents.
Disruption  of the  cell usually results in  its death . Cell distort ion
and  m etabolic  derangem ents  can  cause  temporary  dysfunc-
tion  or  death  of  the  cell.  Cell  disruption  can  result  from  the
in it ial  (prim ary)  injury  or  can  be  secondary  to  the  exaggera-
tion  of  cell  distort ion  that  can  result  from  delayed  cen tral
nervous  system  tissue  sh ifts, such  as  those  related  to  edem a
or  hem atom a form ation  (ongoing prim ary injury). Cell disrup -
tion  (death )  can  also  be  caused  by  m etabolic  derangem ents,
such  as  extracellular  osm otic sh ifts;  self-dest ructive  processes
that  can  follow  the  prim ary  injury;  and  apoptosis.1 This  is
term ed  secondary  injury.  Thus,  cell  distort ion  and  m etabolic
derangem ents  can  lead  to  cell  disruption .2,3 Although  cell
death  results  in  spinal  cord  atrophy,  care  m ust  be  taken  to
consider  the  size  of the  uninjured  norm al spinal cord  at  base-
line  as a  comparison .4

The  surgical decom pression  of a  m ass  lesion  (bone, disc, tu-
m or, hem atom a, etc.)  can  relieve  distort ion  of the  cell and  can
also  relieve  m etabolic  derangem ents.  Augm entation  of  t issue
perfusion  pressure, alone, can  result  in  an  im proved  m etabolic
m ilieu.

The spine surgeon can  do nothing to a ect  the prim ary insult
(injury), other than  to part icipate in  consum er safety and injury
prevention  program s.  Conversely,  the  secondary  injury  res-
ponse  to  neural  injury  can  be  in terrupted, at  least  in  part , by
pharm acologic  in terventions.5 It  is  not  the  purpose  of  th is
chapter  to delve in to the neurochem istry and  neuropharm acol-
ogy of neural injury. Su ce it  to say that  the possibility of m ini-
m izing  neural  injury  by  pharm acologic  m eans  should  not  be
underestim ated. Such, however, is not  the  focus of th is chapter
or th is book.

As m entioned  previously, an  ongoing prim ary injury w ith  an
obligatory  ongoing  secondary  injury  response  m ay  frequently
follow  a  neural insult . This  ongoing prim ary injury m ay be  the
result  of  such  factors  as  persistent  extrinsic  impingem ent  on
neural elem ents and  ischem ia. Com plex biocellular  and  biom e-
chanical events  m ay contribute  to  neurologic im pairm ent.2,3,6–

10 These  m ay  be  closely  in terrelated.  Therefore,  the  biom e-
chanics of the spine  and  spine  pathology, as well as the biom e-
chanics  of neural decompression, fusion, and  instrum entation,
play a  role  in  the  prevention  of an  ongoing prim ary injury. The
tim ing of surgery m ay or m ay not  play a role in  the propagation
of the ongoing prim ary injury process.11,12

Four fundam ental m echanism s of injury are related to persis-
tent  neural  elem ent  distort ion :  (1)  extrinsic  neural  elem ent
compression, (2) sim ple  distract ion, (3) tethering of the  neural
elem ents  over  extrinsic  m asses  in  the  sagittal  plane  (“sagittal
bow string”  e ect),  and  (4)  tethering  of  the  neural  elem ents
over extrinsic m asses in  the coronal plane  (“coronal bow string”
e ect) (� Fig. 8.1). Each  m ust  be  considered  and  accounted  for
before  surgical in tervent ion , both  so  that  the  neural elem ents

are adequately decom pressed by the operative in tervention  and
so  that  operative  in tervent ion  itself does  not  cause  neural ele-
m ent distort ion.

8.1.1  Extrinsic Neural Elem ent
Com pression
Spinal cord  compression  is  the  m ost  com m on  cause  of neuro-
logic  dysfunction  associated  w ith  degenerative  disease  and
traum a. In  the case of degenerative spine diseases, compression
often  results  from  an  annular  constriction  of  the  neural  ele-
m ents. This  constr ict ion  is  a  result  of a  com bination  of factors,
such  as  a  ventral osteophyte, dorsolateral facet, and  hypert ro-
phic  dorsal  ligam ent  flavum . Com pression  is  often  related  to
im pingem ent onto the neural elem ents by an  extrinsic m ass lo-
cated only on one side of the neural elem ents, usually ventral.

The  spinal  cord  consists  predom inantly  of  long  tracts  w ith
relatively  lit tle  gray  m atter. In  th is  respect , it  di ers  substan-
tially from  brain  t issue. Because  of di erences in  blood  supply,
sensitivity  to  injury,  myelination,  and  the  surrounding  bony
and  soft  t issue  elem ents, brain  injuries and  spinal cord  injuries
are  very  di eren t  w ith  regard  both  to  theory and  to  m anage-
m ent. Nevertheless, neurons  in  general  can  w ithstand  signifi-
cant  external  pressure  and  rem ain  funct ional. With  compres-
sive  lesions, therefore, the  cause  of neurologic  dysfunct ion  is
often  not clear. This perhaps is no m ore evident  than  in  cases of
syringomyelia.13

As  m entioned  previously, distort ion  and  m etabolic derange-
m ents  are  not  well tolerated  by the  cell. Although  the  m echa-
n ism  of injury of a  compressive  lesion  m ay appear  to  be  pure
compression, distort ion  and ischem ia m ay play significant  roles.
Degenerat ive  spine  diseases,  such  as  cervical  spondylolysis,
m ay appear  to  be  causing only compression  of the  spinal cord
via  annular  constrict ion.14 In  reality, however, the  distort ion  of

Fig. 8.1  The  four mechanisms of neural element  distortion-related
injury: (A) neural element compression, (B) simple distraction resulting
in spinal cord stretching and narrowing, (C) tethering over an extrinsic
mass in  the  sagit tal plane  (“sagit tal bowstring” effect), and  (D)
tethering  of neural elements over an  extrinsic mass in  the  coronal
plane  (“coronal bowstring” effect). Solid  arrows depict  “distractive”
forces; hollow arrows depict  forces applied  directly to the  dural sac.
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neural  elem ents,  com bined  w ith  their  exposure  to  repetit ive
m ovem ent  and  distort ion  (traum a), can  result  in  injury dosage
accum ulat ion.15–21 This m ay, in  fact , result  in  object ive evidence
of clin ical neural injury.

A compressive  lesion  can  cause  asym m etric  deform ation  of
the spinal cord (� Fig. 8.2), resulting not on ly in  increased t issue
pressure  but  also  in  distort ion  (focal)  of  the  neurons.  This
causes neuronal dysfunct ion  over and above that  resulting from
compression  alone. Chronic compression  m ay respond clin ically
to  a  decompression  operat ion, as  does  acute  compression .22,23

This has significant  clinical im plicat ions. Although nonoperative
m anagem ent  for  chronic  compression  has  been  recom -
m ended,24 surgical decompression  is often  recom m ended  as an
alternative.  Finally,  decom pression ,  part icularly  early  decom -
pression ,  m ay  be  associated  w ith  neurologic  deteriorat ion.25

Therefore, the  t im ing of surgery and  surgical t reatm ent  in  gen-
eral are, at  best, controversial.22,25–27

Finally, ischem ia related to decreases in  t issue perfusion  pres-
sure can  also cause neural dysfunct ion. The clin ical relevance of
th is, however, is often  not  clear. The  role  of ischem ia  in  neuro-
logic dysfunct ion  related  to  neural distort ion  is  speculative, at
best.  Ischem ic  suscept ibility  m ost  certain  is  a ected  by  the
presence  of injury in  watershed  or  angiosom e territories. Such
m ay warrant  preoperative  spinal angiography in  selected  cases
w hen  in terruption  of the radiculom edullary ar tery of Adam kie-
w icz is anticipated to be a possible consequence of surgery.28

8.1.2  Sim ple Dist ract ion
Simply  dist ract ing  a  neural elem ent  m ay result  in  elect rophy-
siologic and m etabolic dysfunct ion  or cell death .29 Distract ion  is
associated  w ith  two  fundam ental  potent ially  harm ful  e ects:
(1) neuronal distort ion  and  (2) im pedim ent of the blood  supply
(� Fig. 8.3).  This  m ay  also  occur  secondary  to  adhesions  that
form  a  cicatrix  around  neural  elem ents,13 w hich, in  turn , can
sim ilarly  disturb  blood  supply.  Again ,  such  m echanism s  are
truly speculative.

Cusick and  colleagues and  Breig have studied  spinal cord  dis-
traction  in  detail.30–33 Distraction  alone  m ay require  the  appli-
cation  of a considerable force to cause neural dysfunct ion. How -
ever, a com bination  of injury m echanism s, such  as is often  seen
in  cases of traum a, m ay exaggerate the neural injury. For exam -
ple, w ith  distract ion  of the  spinal cord  over  an  im pinging m ass
(tethering), m uch  less force  is  required  to cause  a  given  neuro-
nal im pairm ent  than  w ith  sim ple distraction  alone (� Fig. 8.1c).

Flexion ,  extension,  and  distraction  a ect  the  cross-sectional
area of the spinal cord, as well.34,35

8.1.3  “Sagit tal Bowstring” E ect
An underestim ated  cause of neurologic dysfunct ion  is tethering
of the spinal cord  over extrinsic structures. In  the sagittal plane,
th is  involves  either  ventral  or  dorsal  structures.  The  cervical
spinal cord  elongates and  is displaced  significantly during flex-
ion.36,37 This m ay result  in  significant  distort ion. Most  often , ex-
tr insic m asses located  ventral to the  spinal cord  are  im plicated.
The  neurologic  deficit  in  a  patien t  w ith  a  focal  kyphosis  is
related, in  part ,  to  spinal  cord  tethering  in  the  sagittal  plane
(“sagittal  bow string”  e ect;  � Fig.  8.4a).38 This  explains  w hy
som e  pat ients  m ay  be  neurologically  worsened  after  dorsal

Fig. 8.2  Spinal cord  compression. Some  neural elements are  com-
pressed  (1), whereas others are  compressed  and  distorted  (2).

Fig. 8.3  Spinal cord  distraction can  distort  and  disrupt  both  neurons
and  the  blood  supply to the  spinal cord.

Fig. 8.4  (A) A kyphosis associated  with  cervical spondylolysis causes
neural injury, in  part, by tethering  the  spinal cord  over a ventral mass
via the  “sagit tal bowstring” effect. (B) Dorsal decompression (e.g., via
laminectomy) may worsen deformation
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decompression  procedures (� Fig. 8.4b). Morgan  and  colleagues
docum ented  th is  clin ically in  patients  w ith  post traum atic ven-
tral  m ass  lesions.39 The  neurologic  dysfunct ion  in  these  cases
m ay be  related  to vascular  comprom ise  in  the  spinal cord, as is
probably the  case  w ith  sim ple  distract ion . Care  m ust  be  taken
in  patients w ith  ventral compression  secondary to  spondyloly-
sis  and  other  pathologies  to  consider  the  relationship  of  the
ventral  compression.  Dorsal  operations  m ay  not  be  e ective
w hen  the sagittal bow string e ect  is present.40 Fusion  alone, in
fact, has been  suggested  as a factor  leading to im proved  neuro-
logic outcom es.41,42 This suggests  that  dynam ic factors  (i.e., re-
petit ive  traum a to the spinal cord) m ust  be  involved  in  the  cer-
vical myelopathy process. In  other  words, a stabilization–fusion

procedure  “stops  the  traum a.” This  is  illustrated  by  a  case  of
myelopathy in  a  pat ient  w ithout  compression  on  neutral m ag-
netic resonance  (MR) im aging but  w ith  compression  on  flexion
MR im aging. Follow ing surgery, the pat ient’s myelopathy began
to improve im m ediately (� Fig. 8.5a–d), despite the fact  that  h is
preoperative  neutral  MR im aging  dem onstrated  no  compres-
sion .  In  m any  respects,  surgery  funct ioned  by  “stopping  the
traum a.” In  th is  case, a  dorsal  decom pression  procedure  was
em ployed  to decompress ventrally. It  was clear on  preoperative
flexion–extension  radiographs  that  each  segm ent  m oved  (was
not  fused).  Hence,  a  dorsal  release–relaxation  procedure  via
m ultilevel facet  osteotomy was em ployed  to gain  the  extension
necessary to establish  an  acceptable  lordot ic posture. Although
this pat ient  im proved, such  repetit ive and  other chronic distor-
tion  processes can  result  in  irreversible injuries.43

The  neurologic  ine ect iveness  of  operat ive  procedures  in
w hich  dorsal dist ract ion  is  used  for  thoracic and  lum bar  spine
traum a  has  been  clearly  docum ented  by  Dickson  and  col-
leagues.44 They dem onstrated, in  pat ients w ho underwent  dor-
sal distract ion  fixation  (Harrington  distraction  rods) com bined
w ith  dorsal fusion  w ithout  decom pression, that  the  patients so
treated  enjoyed  no  greater  neurologic  recovery  than  those
treated  w ithout  surgery.  However,  other  reports  have  docu-
m ented  the  “anatom ical  e cacy” of dorsal  dist ract ion  proce-
dures45–50 and nonoperative m anagem ent.51

Retropulsed  bone  and  disc  fragm ents  can  be  reduced  if the
posterior  longitudinal  ligam ent  is  in tact  (� Fig. 8.6a).  The  at-
tempted  reduct ion  of ventral spinal m asses  by th is  dorsal dis-
traction  technique  is  term ed  ligamentotaxis  (annulota xis). The
rationale  for  th is  treatm ent  option  is  the  assumption  that, in
addition  to the presence of an  in tact  posterior longitudinal liga-
m ent, the  bone  and  disc fragm ents are  m obile  (i.e., they can  be
relocated) and  that  the  anterior  longitudinal ligam ent  does not
im pede  spinal distract ion  (� Fig. 8.6b). One  m ust  keep  the  fol-
low ing  in  m ind:  (1)  This  is  unlikely  because  m ost  injuries  are

Fig. 8.5  A 72-year-old man who underwent  a cervical laminectomy 10
years prior presented  with  progressive  myelopathy. (A) Neutral (slight
cervical kyphosis in  this case) magnetic resonance  (MR) imaging
demonstrated  an atrophic spinal cord. (B) Flexion  MR imaging
demonstrated  substantial compression via  “squeezing” of the  spinal
cord  between ventral and  dorsal structures (postlaminectomy mem-
brane?). He underwent  a redo cervical laminectomy and multiple-level
cervical facet  osteotomies to release and relax his spine so that  further
extension (lordosis) could be obtained. (C) This was followed by a C3–
T1 instrumented  fusion  in  lordosis. (D) Postoperative  MR imaging
demonstrates a  lordotic posture  and  no spinal cord  compression.
Postoperatively, his myelopathy began to improve  immediately. This
case  underscores the  often-present  dynamic nature  of spinal cord
compression via the  application of repetitive  traumatic insults to  the
spinal cord, with the  reversal of symptoms if the  “trauma is stopped.”

Fig. 8.6  (A) Spinal distraction can be used as a mechanism of reducing
(relocating) ventral retropulsed  bone  and/or disc fragments. This is
termed  ligamentotaxis (annulotaxis). (B) Both an  intact  posterior
longitudinal ligament  and  an  anterior longitudinal ligament  that  does
not  effectively impede distraction are required for this technique to be
anatomically effective.
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compression  injuries, w ith  relative  preservation  of the  an terior
longitudinal ligam ent;  (2) the  anterior  longitudinal ligam ent  is
m uch stronger than  the posterior longitudinal ligam ent  and the
posterior  longitudinal  ligam ent  is  often  disrupted  by  retro-
pulsed  bone  and  disc  fragm ents, thus  rendering  it  ine ect ive
regarding the ligam entotaxis m aneuver; and  finally, (3) the spi-
nal cord  m ay be  tethered  over  nonreduced  bone  and  disc frag-
m ents during the ligam entous m aneuver (see Chapter 1).

Others  have  show n  that  ventral  decom pression  operations
are e ect ive in  im proving neurologic funct ion .52–55 Both ventral
decompression  and  dorsal  dist ract ion  operat ions, w hen  com -
bined  w ith  instrum entation  and  fusion, e ect ively restore  spi-
nal stability and, in  m any cases, restore  norm al spinal canal di-
m ensions. What  then, is  the  cause  of the  discrepancy betw een
the  neurologic outcom es of the  two types of procedures?  First ,
m ost  obviously, the  norm al  spinal  canal  dim ensions  m ay  not
have been  completely restored. Even  sm all ventral m asses m ay
have  clin ical significance  in  the  face  of spinal cord  distraction.
Second,  the  act  of  reducing  retropulsed  bone  and  disc  frag-
m ents m ay, by its nature, cause significant  tethering during the
act  of reduction. It  seem s likely, therefore, that  the  reason  w hy
Dickson  and  colleagues recognized  no  neurologic advantage  in
their dorsal distract ion  procedures was the collect ive e ect  of a
num ber  of potent ial  sequelae  of the  biom echanics  of the  dis-
traction  process.

Of  course,  som e  patien ts  m ay  experience  neurologic  im -
provem ent  because  of  e ective  decom pression  of  the  spinal
cord  w ith  m inim al  distraction-related  distort ion  or  tethering.
In  others, neurologic im provem ent  m ay be  im peded  by tether-
ing of the  spinal cord  over  an  incompletely  reduced  m ass  (see
� Fig. 8.6). The  adverse  nature  of th is type  of outcom e m ay not
be  im m ediately  obvious  on  neurologic  exam ination .  It  m ay
m anifest, however, in  an  early  plateauing of neurologic  recov-
ery. Finally, the  patient’s  condition  m ay  be  worsened  by  th is
treatm ent  regim en.  The  cum ulative  im port  of  these  various
neurologic outcom es m ay indeed  be, as Dickson  and  colleagues

observed,  that  surgery  o ers  no  neurologic  advantage  over
nonoperative m anagem ent.44

During  the  operative  decision-m aking  process, the  surgeon
m ust  take  care  not  to  m isin terpret  axially  orien ted  im aging
studies, such  as computed  tom ography (CT). Axial im ages alone
can  be  very m isleading  w ith  regard  to  sagittal neural elem ent
and  extrinsic m ass relat ionships. This is particularly so if spinal
deform ation  in  the sagittal plane is present, and if th ick axial CT
cuts are used (� Fig. 8.7).

It  is  obvious  from  the  foregoing  that  anatom ical restoration
of the spinal canal dim ensions is not  the only im portant  consid-
eration  in  a  spinal decompression  and  stabilization  operation .
The surgeon m ust  also consider the m echanism  by w hich  resto-
ration  of the  spinal canal dim ensions is  to  be  achieved, as well
as  the  m echanism  for  achieving  a  nonpathologic  relationship
betw een  the  neural elem ents  and  the  spinal elem ents, so  that
the  neurologic outcom e  can  be  optim ized. In  genera l, the  ult i-
mate goa l in surgery for spina l decompression and stabiliza t ion is
to obta in  and mainta in  a  nonpathologic rela tionship between the
bone and soft  t issues of the spine and the neural elements. The re-
stora tion  of normal spina l a lignment  is not  absolutely necessary
in a ll ca ses.

8.1.4  “Coronal Bowstring” E ect
The  spinal cord  can  be  tethered  in  the  coronal plane  as well as
in  the  sagittal plane.38 Coronal plane  tethering  (“coronal bow -
string” e ect) is caused  by tethering of the spinal cord ventrally
by the  lateral extensions  of the  spinal cord  proper—that  is, by
nerve  roots  or  the  dentate  ligam ents  (� Fig.  8.8a).  If  coronal
bow string  is  present, a  lam inectomy m ay be  ine ective  in  re-
lieving  spinal  cord  distort ion  (� Fig.  8.8b).56 Thus,  a  ventral
decompression  procedure or  a lam inectomy, com bined  w ith  an
untethering  procedure,  is  required  to  relieve  the  spinal  cord
distort ion  adequately. This m ay be achieved  by anterior decom -
pression  of  the  spinal  cord  or  by  sectioning  of  the  dentate

Fig. 8.7  Misinterpretation of axially oriented  images can  lead  the
surgeon to  believe  that  no  significant  neural impairment  exists.
Without  a  sagit tal view of the  spine, assessment  of the  spinal canal
dimensions may be  inaccurate. In  this exaggerated  example, spinal
canal dimensions (circles) are  not  altered  from  location to  location  in
the  axial plane, whereas spinal canal deformation in  the  sagit tal plane
by kyphosis is significant.

Fig. 8.8  Coronal plane  tethering  (“coronal bowstring” effect). (A) The
nerve roots or, more commonly, the dentate ligaments may tether the
spinal cord  in the  coronal plane. (B) Laminectomy may not  relieve  the
distortion. (C) Sectioning  of the  offending  cause  of the  tethering
(dentate  ligaments) may relieve  this type  of distortion. Ventral
decompression is a  more  commonly considered  approach.
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ligam ent  (� Fig. 8.8c).45 Kahn  detailed  the  anatom ical and  bio-
m echanical factors  involved.15 In  theory, at  least, these  factors
m ay  have  clin ical  roles. This  is  corroborated  by  the  often-ob-
served  cervical  spondylolysis-related  flattening  of  the  spinal
cord that  m ay persist  follow ing lam inectomy.

8.1.5  Nerve Root  Distort ion
Distorted  nerve roots m ay respond  di erently to surgical in ter-
vention  than  does the  spinal cord. Evidence for  m otor  recovery
as a result  of lum bar disc herniation  surgery, over that expected
w ith  m edical  m anagem ent  alone,  is  lacking.  In  fact,  the  best
available  evidence  to  date  suggests  that  m otor  recovery  from
discogenic paresis follow ing surgical m anagem ent  is not  di er-
en t  from  that  follow ing m edical m anagem ent.57 Although  such
m ay  be  t rue,  it  nevertheless  rem ains  counterin tuit ive.  Pain
(sciatica), on  the  other  hand, is  relieved, at  least  in  the  short
term , w ith  surgical, versus m edical, m anagem ent.58 Such, how -
ever, m ay not  be sustained  at  long-term  follow -up. It  is em pha-
sized  that  stretch ing (tethering) of the lum bar  nerve  roots can-
not be overlooked as an  etiologic factor.59

Central  pain  (i.e.,  allodynia)  follow ing  nerve  root  injuries
presents  another  phenom enon  that, at  least  on  the  surface, is
di cult  to  understand  from  an  etiopathogenic  perspective. It
has been  speculated  that  central sensitization  through  the  act i-
vation  of im m une  m ediators, coupled  w ith  m acrophage  t ra c
across  the  blood–brain  barr ier, p lays  a  role  in  th is  process, as
w ell as  the  inducem en t  of radicular  pain  and  m otor  dysfunc-
t ion .60,61 Th is m ay, in  par t , explain  w hy m otor  dysfun ct ion  re-
sponds  sim ilarly  to  surgical  and  m edical  in terven t ion ,
although  others have  em phasized  the  im portance  of m echan -
ical deform ation .62

C5  palsy  follow ing cervical spine  decom pression  procedures
is an  uncom m on  and  poorly understood  phenom enon. The eti-
ology  appears  to  be  nerve  root  distort ion,  yet  postoperative
im aging  studies  do  not  corroborate  such . With  the  dorsal  or
ventral  m igration  of the  spinal cord  follow ing  decom pression,
in  com bination  w ith  a  naturally taut  C5  nerve  root, stretch ing
(tethering) would  appear  to  be  the  m ode  of distort ion  in  such
cases.63,64

8.1.6  Three Mechanism s of Iat rogenic
Neural Elem ent  Injury
Inappropriate  Width of Decom pression
The  w idth  of decompression  is  crit ically  important. For  exam -
ple, a  lam inectomy that  is  not  w ide  enough  to decompress the
spinal canal adequately m ay result  in  persistent  neurologic dys-
function . Conversely, a  lam inectomy that  is  too  w ide  or  that  is
perform ed in  conjunct ion w ith  a w ide foram inotomy m ay result
in  spinal  instability.  A lam inectomy, therefore, should  be  ex-
tended  laterally to the  m ost  lateral aspect  of the  dural sac. This
alm ost  always  results  in  adequate  preservation  of the  stability
contribut ions of the facet join t.65

Inappropriate  Length of Decom pression
Sim ilarly, a lam inectomy can  be too long or  too short. If it  is too
long, the  developm ent  of spinal instabilit y or  deform ation  m ay

be observed. For example, th is phenom enon  m ay occur in  situa-
tions  in  w hich  thoracic lam inae  are  rem oved  during a  cervical
lam inectomy. The  incidence  of postoperat ive  kyphotic deform -
ities m ay be  unacceptable  in  th is pat ient  populat ion . Therefore,
unless  absolutely  necessary, a  lam inectomy should  not  be  ex-
tended  caudally  to  include  the  rem oval  of  T1  w ithout  som e
compensatory m aneuver, such as fusion.38

On  the  other  hand, a  lam inectomy  that  is  not  extended  far
enough  in  direct ions  rostral  and  caudal  to  an  extrinsic  m ass
that  is  located  vent ral to the  spinal cord  m ay result  in  worsen-
ing of the  preoperative  neurologic deficit. Dorsal kinking (dis-
tort ion) of the  spinal cord  m ay ensue. This  kinking m ay result
from  unopposed  dorsally  directed  forces  (ventral  m ass), com -
bined  w ith  acute-angle  deform ation  of the  spinal  cord  at  the
m argins of the short  lam inectomy (� Fig. 8.9).38 Of note, the pia
m ater  plays a  role  in  the  prevention  of such  “kinking”-type  in-
juries.  It  firm ly  covers  the  spinal  cord  and  has  a  h igh  elastic
m odulus. It  therefore  constrains  the  spinal cord  surface  under
such  deform ing  stresses.66 Spinal cord  herniation  represents  a
spontaneous cause of such  spinal cord  distort ion  and  kinking.67

The  reduct ion  of distort ion  and  kinking m ust  be  em phasized  if
one  expects  to  achieve  a  satisfactory  neurologic outcom e.67–71

Sim ilar  kinking can  be  seen  w ith  other  etiologies, such  as post-
traum atic syringomyelia, as well.72

Extensive  lam inectom ies m ay be  appropriately accom panied
by fusion. This  is  especially im portan t  in  the  presence  of a  ky-
photic posture of the  spine (as in  the  cervicothoracic region). A
lam inectomy  m ay  be  safely  extended  in to  such  a  region  if  a
fusion  (usually  w ith  accom panying  instrum entation)  is  also

Fig. 8.9  Kinking  of the  spinal cord  may occur after laminectomy if an
inadequate  length  of the  spinal canal is decompressed. (A) Preopera-
tive and (B) postoperative diagrams. Arrows depict  site of compression
and  kinking  of spinal cord.
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perform ed. Such  fusions should  extend  “beyond” the  apex of a
curve  if the  apex is  located  near  the  in tended  term inus  of the
fusion .

Unrecognized Aberrant  Anatom y
The  failure  to  recogn ize  aberran t  anatom y,  such  as  a  con-
joined  nerve  root  (� Fig. 8.10), m ay cause  excessive  tether ing
of the  nerve  root  at  the  t im e of a  surgical decom pression  pro-
cedure. Therefore, a  m et iculous  evaluat ion  and  a  heigh tened
awareness  and  an  index  of suspicion  for  poten t ial  anom alies
are  im perative.

8.2  Spinal Cord Injury Syndrom es
The aforem entioned spinal cord distort ions m ay result  in  a vari-
ety of spinal cord  injury syndrom es. Their  anatom ical and  bio-
m echanical  bases  are  predictable;  the  consideration  of  these
m ay aid the spine surgeon clin ically.

8.2.1  Com plete Myelopathy
The m ere defin ition  of complete myelopa thy is evidently contro-
versial. Although  this  definition  appears  sim ple  on  the  surface,
several factors have confused the issue. The definition  of a com -
plete myelopathy, in  the purest sense, m andates that  there is no
evidence of long-tract  neural transm ission  occurring across the
injury site. Although  th is is a  sim ple concept, its substance m ay
be di cult  to docum ent  clinically. Som e authors have observed
a  high  incidence  of  sign ificant  neurologic  recovery  follow ing

the incurrence of a complete myelopathy; others have observed
none  at  all.  Those  w ho  have  observed  such  a  recovery  have
often  att ributed  it  to  a  variety of in terventions.2,65,73,74 On  the
other hand, the recovery m ay have been  sim ply a m anifestation
of  the  natural  h istory  of  the  injury  recovery  process.  More
likely, it  m ay have  been  related  to  an  inadequate  in itial neuro-
logic  exam ination  as  a  consequence  of the  patient’s  in toxica-
tion, m ultisystem  traum a, or inability to com m unicate (e.g., en-
dotracheal  in tubat ion).  During  these  exam inat ions,  retained
spinal cord  funct ion  m ay not  be identified  because of the afore-
m entioned  constraints.  Such  should  be  carefully  considered
during the  early assessm ent  and  m anagem ent  of patien ts w ith
spinal  cord  injury—for  the  purposes  of both  clin ical  m anage-
m ent and prognostication.

Theoretically, at  least, the  anatom ical correlate  of a  complete
myelopathy  is  spinal  cord  transection.  Most  authors  concede
that  spinal  cord  t ransect ion  is  a  neurologically  irreversible
process. Therefore, in  the case of complete myelopathy, the only
factor  that  elim inates  the  neurologic  exam ination  as  the  ulti-
m ate prognosticator is inadequacy of the exam ination  itself.

Careful, often  serial, exam inations of the  patien t  are  m anda-
tory.  Each  exam ination  should  include  a  m eticulous  sensory
exam inat ion , w ith  par t icu lar  at ten tion  to saddle  (lower  sacral)
sensation .  The  exam ination  m ust  also  take  in to  account  the
patien t’s  ability  to  cooperate  w ith  the  exam inat ion  process.
Inebriat ion ,  in toxication ,  shock,  stress,  and  head  injury,  to
nam e  a  few  exam ples, all  m ay  im pair  the  patien t’s  ability  to
cooperate.  Because  sensory  function  is  assessed  subject ively,
the  im portance  of  m eticulous  serial  exam inations  cannot  be
overstated.

The issue  of the  defin ition  of complete  myelopathy is fur ther
confused  by som e authors’ inclusion  of patients w ith  som e sen-
sory  preservation. These  patients  have  som e  sensory  sparing
(m otor-  complete  myelopathy). They have  no  preserved  m otor
function, but  sensory fibers are  obviously in tact . The  preserva-
tion  of any funct ion  below  the level of injury has been  show n to
confer  a  chance  for  neurologic  recovery  not  observed  in  pa-
tients  w ithout  th is  funct ion.52,53 For  th is  reason  alone,  the
grouping  together  of patien ts  w ith  complete  and  m otor-com -
plete myelopathies is inappropriate. Careful serial exam inations
m ay be necessary to categorize these patients.

In  th is  regard, the  absence  of pinprick response  (spinothala-
m ic tract  function) in  a derm atom e portends an  extrem ely poor
chance for m otor recovery.75

Although pat ients m ay recover from  transient deficits rapidly,
m ost  feel  that  repetit ive  insults  m ay  be  harm ful. This  contro-
versy has fueled significant debate.76

8.2.2  Anterior Spinal Cord Syndrom e
A ventral injury to  the  spinal cord  can  result  in  dysfunct ion  of
the  ventral spinal cord  tracts. This involves m ain ly dysfunct ion
of the  spinothalam ic (pain  and  temperature) and  cort icospinal
(m otor)  t racts, w ith  preservation  of the  dorsal  colum ns  (joint
position  sense and gross touch; � Fig. 8.11). The preservation  of
at  least  som e  sensation  changes  the  overall  prognosis  sign ifi-
cantly.52,53 The  extent  of dorsal  colum n  funct ion  m ay  be  im -
pressive in  the face of complete or nearly complete loss of m otor
function  and of pain  and temperature sensation .

Fig. 8.10  Aberrant  lumbar nerve  root  anatomy. A left  L5 and  S1
conjoined  nerve  root  is depicted  (as viewed  from  behind).
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8.2.3  Brown-Séquard Syndrom e
Hem isection  of the spinal cord can  result  in  the loss of ipsilater-
al m otor  funct ion  and  contralateral pain  and  tem perature func-
tion;  th is  is  know n  as  the  Brow n-Séquard  syndrom e  (see
� Fig. 8.11). Blunt  injuries can  cause th is syndrom e, usually in  a
m odified  form . Penetrating  im palem ent  injuries, however, are
m ost  often  im plicated.26 Objects of impalem ent , usually knives,
are  usually  forced  in to  a  lateral  and  dorsal  entry  point  in  the
spinal canal. This phenom enon  is  created  by the  spinous proc-
ess–related  prevention  of  m idline  encroachm ent ,  the  trough
created  by  the  m idline  spinous  process, and  the  laterally  situ-
ated lateral m ass complex (� Fig. 8.12).

In  the  face  of  th is  clin ical  syndrom e,  the  clin ician  m ust
carefully assess the  im aging studies for  evidence  of a  laterally
im pinging m ass. In  th is  case, an teroposterior  (e.g., an teropos-
terior  m yelography)  and  axial  im aging  techn iques  (CT)
m ay  provide  vital  in form ation  that  sagit tal  im ages  can  m iss
(� Fig. 8.13b, c).

8.2.4  Central Spinal Cord Injury
Syndrom e
Annular constrict ion  of the spinal cord  can  lead, in  certain  situ-
ations, to  injury  to  the  central  port ion  of the  spinal cord. The
m echanism  of  th is  injury  is  not  ent irely  clear,  but  a  stenot ic
spinal canal, com bined  w ith  a  superim posed  deform ing insult ,

Fig. 8.11  Anterior spinal cord  injury syndromes (shaded areas). The
shaded areas depict  the  injured  portion of the  spinal cord. C, cervical;
L, lumbar; S, sacral; T, thoracic.

Fig. 8.12  Impalement  of the  spinal canal by a  knife  usually involves a
dorsal-to-ventral trajectory of the  knife. The  midline  spinous process
and  laterally situated  lateral mass “direct” the  horizontally oriented
(with respect  to the  interlaminar space) knife  blade  into a trough that
is paramedian or lateral in location (with respect  to the spinal canal), as
depicted. This may result  in  a  hemisection of the  spinal cord and  the
Brown-Séquard  syndrome.

Fig. 8.13  Brown-Séquard  syndrome. (A) The
shaded  areas depict  the  injured  portion of the
spinal cord. The  crossed  ascending  pain  and
temperature  fibers (spinothalamic tract; solid
arrow) and  the  uncrossed  descending  motor
fibers (corticospinal tract; hollow arrow) are
disrupted. (B, C) A laterally impinging  mass may
be missed by sagit tal imaging through the dotted
line. Therefore, coronal images (myelography or
magnetic resonance  (MR) imaging  [B]) or axial
images (computed  tomography or MR imaging
[C]) may be  critically important.
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appears to be  a  com m on  recurring elem ent  in  th is clin ical syn-
drom e. The superim posed deform ing insult  m ay be the result of
excessive  flexion,  extension,  or  translation  or  of  ventral  im -
pingem ent. Whatever  the  nature  of the  deform ing  insult , the
central portion  of the  spinal cord  is  purportedly  injured, m ost
likely by ischem ia, contusion, or hem atom a form ation .15,17–21

Levi et  al have eloquently described  an  alternative etiopatho-
logic m echanism  for  the  central cord  syndrom e. They proposed
that  the  syndrom e,  consisting  of  relatively  greater  hand  and
arm  weakness compared  w ith  leg weakness, can  occur  after  an
injury to the cort icospinal t ract . They have provided  convincing
evidence  that  there  is  no  som atotopic organization  w ithin  the
cort icospinal t ract  in  the  m edulla  or  cervical spinal cord  of pri-
m ates, and  that  the  cort icospinal t ract  is  crit ical for  hand, not
leg, funct ion  and  for  locom otion. Thus, injury to the  cort icospi-
nal tract  results  in  upper, as  opposed  to  lower, extrem ity  dys-
function.77 Hence, the term  cent ra l cord syndrome m ay prove to
be archaic as additional evidence m ounts.

The parenchym al dist ribut ion  of the anterior spinal artery in-
deed  correlates w ith  the  central region  of the  spinal cord. This
predom inantly  explains  the  “vascular  theory” associated  w ith
cen tral sp inal cord  injury. The  com posit ion  of the  ar tery  (i.e.,
the  presence  of a  m uscular  in t im a)76 suggests  that  it  par t ici-
pates  in  spinal cord  autoregulat ion . In  suppor t  of th is  theory
is  the  correlat ion  between  blood  flow  and  evoked  poten t ial
function .78

Because  of the  som atotopic distr ibution  of the  long tracts  of
the spinal cord (� Fig. 8.14a), a cent ral injury to the cervical spi-
nal cord  results in  a characteristic clin ical picture: a loss of m o-
tor and  sensory function  in  the  upper  extrem it ies that  is out  of
proport ion  to  the  loss  in  the  lower  extrem ities  (� Fig. 8.14b).
This clin ical “picture” m ay also be caused by ventral nerve roots
in  the lateral recesses.79

Recovery  of funct ion  follow ing  acute  traum atic  central cord
syndrom e  is, in  general, less  than  m ight  be  expected—part icu-
larly w hen  compared  w ith  recovery of funct ion  follow ing ante-
rior  spinal cord  syndrom e  injuries. This  is  probably  related  to
the  extent  of  irreversible  structural  injury  to  the  spinal  cord
and  preexisting spinal cord  stenosis associated  w ith  chronic and
repetitive  spinal  cord  traum a.80 Factors  associated  w ith  the

postoperative  recovery  of  patients  w ith  chronic  myelopathies
include  initial  functional  level,  extent  of  spinal  canal  compro-
m ise, and  the  presence  and  length  of parenchym al spinal  cord
dam age  on  MR im aging. Advanced  age  is  a  predictor  of  poor
outcom es.81–89 Neurogenic  bladder  is  m ost  often  a  late  finding
in  patients w ith  cervical myelopathy and  long-term  dysfunct ion.
Interestingly,  such  sym ptom s  often  regress  follow ing  surgical
decompression.90 Su ce  it  to  say that  the  extent  and  tim ing of
recovery of function  are  variable.91 The  assessm ent  of such  can
be aided  by a variety of strategies.40,81,92 Finally, respiratory dys-
function  m ay also  be  im paired  in  patients  w ith  both  acute  and
chronic myelopathy. This is often  subclinical but  evident  on  pul-
m onary function  test ing.93,94

8.2.5  Penetrat ing Injuries
Although  not  w ithin  the  scope  of th is  book, penetrating spine
injuries  are  of  relevance  to  spine  surgeons.  Low -velocity
injuries,  such  as  im palem ent  injuries,  are  often  the  result  of
stabbings.26 High-velocity  injuries,  such  as  gunshot  wounds,
can  result  in  significant  spine and  spinal cord  disrupt ion. A nice
review  of the relevant  ballistics (“the science of the  m otion  of a
project ile  through  a  gun  barrel,  subsequently  through  a  m e-
dium  such  as  air, and  eventually  in to  or  through  a  target”)  is
presented by Jandial et  al.95

8.2.6  Ischem ia
Although  other  en t it ies m ay result  in  spinal cord  ischem ia  (see
� Fig. 8.3), compression  is  the  m ost  com m on  m echanism , and
the  m ost  frequently studied.96 The  other  ent it ies  include  arte-
riovenous  m alform ation, ar teriovenous  fistula, spinal  cord  oc-
clusive disease, and surgery.

8.3  Clinical Correlat ions
Neural  elem ent  injury  can  be  iatrogenic.97,98 Inadequate  im -
m obilization  and  early  reduct ion/surgery  in  young  patients
w ith  facet  dislocations  and  hypotension  are  associated  w ith

Fig. 8.14  Central spinal cord injury syndrome. (A)
The  shaded  areas depict  the  injured  portion of
the spinal cord. C, cervical; L, lumbar; S, sacral; T,
thoracic. (B) The  somatotopic distribution  of the
long  tracts of the  spinal cord  predisposes the
patient  subjected  to such  an  injury to a  unique
clinical syndrome. This is manifested  by the  loss
of crossing  pain  and  temperature  fibers (spino-
thalamic fibers; solid arrow), resulting  in  “shawl
distribution” sensory loss, and by a loss of medial
descending  motor fibers (corticospinal tract;
hollow arrow), resulting  in loss of motor function
of the  hands and  arms (served  by the  most
medially located fibers in the  corticospinal tract).
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deterioration.98 Neural  elem ent  situation-specific  ent it ies  in -
clude  com bined  ventral  and  dorsal  surgery  for  traum a  and
chronic  compression,22,23 disc  herniation  regression ,79 and  so
on. Recovery is  unlikely if pinprick  response  (indicating spino-
thalam ic tract  dysfunct ion) is  absent. Lower  m otor  neuron  in-
jury  usually  results  in  m uscle  atrophy. The  di erentiation  be-
tween  upper  and  lower  m otor  neuron  injury should  be  sought
from  a diagnostic perspective.99,100

In  high-grade spinal cord  injuries, a locom otor com m and sys-
tem  that  exists in  lower  m am m als, but  was previously thought
not  to exist  in  hum ans, does indeed  appear  to exist . Spinal cord
electrical m odulation m ay help unveil its presence.101

Finally, true, clin ically relevant  advances in  spinal cord  injury
m anagem ent  have been  few  and  far  betw een  in  recent  decades.
A recent  supplem ental  issue  of  the  Journa l  of  Neurosurgery
Spine  (2012;17:1–246)  has  addressed,102 in  a  comprehensive
m anner, such  advances and  their  curren t  and  future  e ects  on
the m anagem ent of spinal cord injury.
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9  Correlat ion of the Anatom ical and Clinical Dom ains
Surgery for  spinal pathology can  be  grouped  in to  three  funda-
m ental and  relatively distinct  categories:  (1) surgery for  neural
elem ent compression  or distort ion; (2) surgery for spine stabili-
zation  via fusion, w ith  or  w ithout  instrum entation; and (3) sur-
gery in  w hich  the in tent  is the preservation  of m otion  or estab-
lishm ent  of nonpathologic  m otion . Each  of these  categories  is
associated  w ith  unique  anatom ical and  clin ical considerations.
There  often  exists  a  clear  correlation  betw een  the  anatom ical
(i.e., im aging) findings and  the  clin ical presentation  and  exam i-
nation  findings. Such, however, is  not  absolute, so  that  all  too
often, the  scenario  at  hand  presents the  surgeon  w ith  a  dilem -
m a regarding m anagem ent. In  the paragraphs below, each  cate-
gory  is  analyzed  regarding  the  correlation  (or  lack  thereof)  of
the anatom ical and clin ical findings. The dilem m a created w hen
such  correlation  is not clearly established is portrayed.

9.1  Surgery for Neural Elem ent
Com pression or Distort ion
Neural elem ent  compression  and  distort ion  often  provide  a  ra-
tional indication  for  surgery. A neurologic deficit  or, m ore  im -
peratively, the progression  of a neurologic deficit  in  the face of a
correlative  im aging  finding, such  as  neural  elem ent  compres-
sion  or  distort ion, is  suggestive  of a  strong  indication  for  sur-
gery. Hern iated  in terver tebral  discs, spinal  stenosis, foram inal
stenosis, compression  by extrinsic m asses (e.g., tum or, hem ato-
m a, infect ion), compression  by  in trinsic  m asses  (e.g., in t ram e-
dullary  tum ors), and  m ass  e ect  or  neural  elem ent  distort ion
caused  by  traum a  are  all  structural  etiologies  for  neural  ele-
m ent  compression  or  distort ion.  The  m echanism s  by  w hich
such  derangem ents  cause  neural dysfunct ion  are  addressed  in
Chapter  8(Chapter  8).  The  decision-m aking  process  is  sim ple
w hen  the  anatom ical  and  the  clin ical  dom ains  can  be  corre-
lated. When  such  is  not  the  case, the  decision-m aking process
becom es m uch m ore complicated and precarious.

From  the  perspective  of neural elem ent  compression  or  dis-
tort ion , the  absence  of a  correlat ion  betw een  the  anatom ical
and  clinical findings  can  present  two  dist inct  decision-m aking
dilem m as:  (1)  norm al  or  unim pressive  anatom ical/im aging
findings  in  the  presence  of  significant  or  im pressive  clin ical
findings; and  (2) significant  anatom ical/im aging findings in  the
presence of m inim al or un im pressive clin ical findings. Both sce-
narios pose challenges, and each is discussed separately.

9.1.1  Norm al Anatomy and Significant
Clinical Findings
Although the scenario in  w hich  the anatomy is norm al or unim -
pressive  in  the  face  of significant  clin ical  findings  is  relatively
uncom m on, it  is  com m on  enough  that  the  surgeon  should  be
prepared  for  such  challenging  encounters.  A case  in  point  is
exem plified  by an  unim pressive  im aging  finding in  the  region
of the  suspected  pathology (left  L4–5 region;  � Fig. 9.1). In  th is
case, the patient  presented  w ith  left  lum bar radiculopathy w ith
no neurologic deficit, but  w ith  significant  tension  findings (pos-
it ive  straight  leg  raising  test  at  45  degrees)  and  incapacitating

pain . Magnet ic resonance (MR) im aging dem onstrated  no overt
pathology  on  the  left  side. There  was  no  correlation  betw een
the  im aging  studies  and  the  patien t’s  sym ptom s  and  physical
findings. A hern iated  disc was present , but  it  was contralateral
to the clin ical findings (see � Fig. 9.1). Such  was confirm ed  by a
repeated  study. Hence, no correlation  (no concordance) existed
betw een  the  anatomy  and  the  clin ical  findings. The  surgeon’s
urge  to  operate, and  the  patient’s  desire  to  undergo  surgery,
m ay be  significant. The  rationale  for  such  surgery, however, is
lacking—part icularly in  view  of the fact  that  there exists no evi-
dence that  ipsilateral surgery im proves contralateral sym ptom s.
Furtherm ore, nonoperative  m anagem ent  is, in  general, associ-
ated  w ith  good  outcom es in  such  clin ical situations. In  fact , the
long-term  results  of  surgery  and  those  of  nonoperative  m a-
nagem ent  are equivalen t  (see Chapter 37). Hence, th is decision-
m aking  process  is  relat ively  sim ple,  w ith  the  patient  aggres-
sively counseled regarding the use of nonoperative strategies.

9.1.2  Significant  Anatomy and
Unim pressive Clinical Findings
A m ore di cult  and challenging scenario is that associated w ith
significant  anatom ical/im aging  findings  but  unim pressive  or
absent  clinical findings. Such  m ay be  encountered  w hen  im ag-
ing studies are  obtained  for  “other  reasons” and  an  “incidental
im aging finding” is identified. Such  a situation  is typified  by the
case presented in � Fig. 9.2. This 55-year-old pat ient  underwent
MR im aging of the  cervical spine follow ing the  identification  of
significant stenosis w ith  signal change on  localization  MR im ag-
ing obtained  for  back pain . The  patient  had  no neurologic defi-
cit, no Lherm itte sign, and  no pathologic long-tract  findings. He
did  have in term ittent  neck pain  that  was relieved  by m ild  anal-
gesics. He  was told  that  surgery was im perative  and  should  be
perform ed  soon  (urgently) because  even  m ild  t raum a could  re-
sult  in  paralysis. What  to do?  Does inform ation  exist  that  helps
w ith  the decision-m aking process?

Fig. 9.1  A patient  with  a  large  L4–5 disc herniation on magnetic
resonance  imaging, but  with  contralateral, not  ipsilateral, symptoms.
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Well,  the  answer  to  the  latter  quest ion  is  yes. Perhaps  the
m ost  im portant  factor  here  is  the  fact  that  the  pat ien t  was es-
sentially  asym ptom at ic, so  that  surgery, if indicated, would  be
indicated for prophylactic reasons only. If surgery were not  per-
form ed  in itially and  the  pat ien t  subsequently becam e  sym pto-
m atic  (i.e., myelopath ic), surgery could  then  be  perform ed  for
clin ical reasons. Surgical risk data m ight  help w ith  the decision-
m aking process for  the  asym ptom atic pat ient  at  hand. Surgical
risk data for  such  pathology suggest  that  catastrophe  (paralysis
or death) results in  approxim ately 1 per  200 to 1  per  400 oper-
ations. This  im plies  that  surgery  is  associated  w ith  a  surpris-
ingly  high  risk  for  an  unacceptable  outcom e—as  high  as  0.5%.
Obviously, other, less substantial complications occur at  a m uch
higher rate.

What, though, is  the  risk  for  paralysis  if a  nonoperative  ap-
proach is used? This is som ew hat  predicated on  the natural h is-
tory of the  pathology. Because we do not  know  if the o ending
m ass is new  or has been  present  for  years, or  even  decades, de-
term ination  of the natural h istory becom es even  m ore di cult .
It  is safe to assum e, though, that  in  th is case, the compression  is
relatively  chronic  because  an  acute  compression  of the  spinal
cord  of such  m agnitude  would  m ost  likely result  in  substan tial
neurologic deficit . Therefore, if the  compression  is  chronic and
has been  present  for  som e t im e, perhaps even  decades, the  pa-
tient  has w ithstood a “test  of tim e.”

Now, we  m ust  ascertain  the  risk for  spinal cord  injury in  the
general populat ion . Let  us  assum e  that  for  a  50-year-old  m an,
the  chance  of spinal cord  injury  in  h is  lifetim e  is  about  1  per
100,000. The  stenosis  depicted  in  � Fig. 9.2  increases  h is  risk,
w ithout question. Does it  increase the risk 10-fold? If so, h is risk
for  spinal cord  injury in  h is  lifetim e  is  1  per  10,000. Or, does it
increase the risk 100-fold? In  such a case, h is risk for spinal cord
injury in  his lifetim e  is 1  per  1,000. Both  risks are  substantially

less  than  the  risk  for  catastrophe  associated  w ith  surgery  (1/
200  to  1/400). Only if the  risk  for  spinal cord  injury in  h is  life-
tim e  is  increased  1,000-fold  by  the  presence  of  th is  im aging
finding is  the  risk  for  catastrophic injury w ith  surgery (1/200)
less,  from  a  statist ical  perspect ive,  than  that  associated  w ith
the  natural h istory (1/100). Obviously, we  do not  know  the  in-
crease  in  risk associated  w ith  th is stenosis, but  the  risk is likely
not  1,000  tim es  greater. Furtherm ore, m any  other  factors  are
at  play here, so that  the  decision-m aking process is not  as sim -
ple  as portrayed. Regardless, the  em ploym ent  of such  data  and
logic can  assist  the  surgeon  in  m aking decisions in  tough  cases
such  as th is one. It  is em phasized  that  the  patien t  has the  final
say.  Only  the  patien t  can  truly  assim ilate  the  hard  data  pre-
sented  by the  surgeon  and  relate  them  to  h is  or  her  ow n  fears
and  expectations.

9.2  Surgery for Spine Stabilizat ion
via Fusion, w ith or w ithout
Inst rum entat ion
Surgery for spine stabilization  is a com m only perform ed  proce-
dure  or  the  component  of a  complex procedure. Spine  instabil-
ity can  be  acute  (overt  or  lim ited  instability) or  chronic (glacial
instability  or  dysfunct ional  segm ental  m otion). These  catego-
ries  of instability  were  presented  and  discussed  in  Chapter  3.
Overt  instability  is  a  com m on  indication  for  spine  stabilization
surgery. It  is often  present  follow ing traum a or  w hen  spine  in-
tegrity  is  comprom ised  by  tum or  or  in fect ion.  In  such  cases,
there  is  usually an  excellent  correlat ion  betw een  the  anatomy
and  the  clin ical indications  for  surgery. In  fact, the  anatom ical
findings, as  dem onstrated  on  im aging studies, are  usually em -
ployed as prim ary indicators for surgery. “Shades of gray,” how -
ever, can  en ter  the  picture. Whereas the  presence  of overt  spi-
nal instability m ay provide  a  solid  indication  for  surgery, lesser
injuries  or  exten ts  of acute  instabilit y (lim ited  instability) m ay
not. Regardless, the anatomy often  drives the indicat ion  for sur-
gery. Obviously, the presence of neural elem ent  compression  or
comprom ise m ay provide further im petus for surgery. � Fig. 9.3
depicts  a  case  of overt  spinal instabilit y  that  required  surgical
stabilization.  In  th is  case,  lit t le  question  exists  regarding  the
need  to  provide  structural  support  via  the  augm entation  of
spine stability.

The correlation  of anatomy w ith  the  clin ical findings in  cases
of chronic instability is  radically di erent  from  that  in  cases of
acute  instability. Chronic instability is, by defin ition, m ore  neb-
ulous than  acute instability. As discussed  in  Chapter  3, it  is sub-
divided  in to two categories: glacial instability and  dysfunct ion-
al segm ental m otion . Glacial instability describes a  form  of in-
stability that  involves a  gradual deform ation  or  slippage  of one
spine component  over another, such  as m ay occur in  the case of
an  isthm ic spondylolisthesis  at  L5–S1, w ith  progression  of the
slip  over  t im e (� Fig. 9.4). Dysfunct ional segm ental m otion  m ay
be present  w hen  significant  in terver tebral disc space degenera-
tion  has occurred, resulting in  a  loosening or  destabilizat ion  of
the  spine  (� Fig. 9.5). Such  instability  is  associated  w ith  a  sh ift
to  the  righ t  of  the  stress–strain  curve  and  a  w idening  of  the
neutral zone (� Fig. 9.6). This can , in  turn , result  in  deep and ag-
onizing  m echanical  back  pain  that  is  worsened  w ith  spinal

Fig. 9.2  A patient  with  impressive  magnetic resonance  imaging
findings. Significant  cervical stenosis with  commensurate  spinal cord
signal changes are  noted.
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loading  and  relieved  with  unloading.  These  concepts  are  dis-
cussed  elsewhere  in  this  book,  particularly  with  reference  to
m otion  preservation  technologies  in  Chapter  32. Unfortunately,
the  extent  of degeneration,  as  interpreted  on  im aging  studies,
does not  necessarily reflect  the  extent  of instability (i.e., w iden-
ing of the  neutral zone) or  the  extent  (quantitative) or  character
(qualitative) of the  pain. The im aging findings do not  necessarily
correlate  w ith  m echanical  instability  (as  reflected  by  widening
of the  neutral zone). Also, w idening of the  neutral zone m ay not
reflect  or correlate w ith  back pain. This dilemm a is compounded
by the fact  that  the  stress–strain  curve  cannot  be  established  for
any  given  m otion  segm ent  in  vivo.  Such  studies  can  be  per-
form ed  only in  the laboratory on  explanted  specim ens.

With  all  the  aforem entioned  considered,  the  correlation  of
anatomical  and  im aging  findings  w ith  the  clinical  picture  in
cases  of chronic  spinal  instability  is  woefully  deficient.  This  is
confirmed  by  the  high  rate  of  failure  in  the  m anagem ent  of
chronic pain  w ith  spinal fusion  and  instrum entation  procedures.

9.3  The Preservat ion or
Establishm ent  of Nonpathologic
Mot ion
Surgical  strategies  designed  to  preserve  m otion  are  becom ing
increasingly popular. As well, they are com ing under an increas-

Fig. 9.3  A trauma victim  with  complete  paraplegia  and  a  grossly
unstable  spine, as depicted  in  this three-dimensional computed
tomographic reconstruction.

Fig. 9.4  A sagit tal computed  tomographic reconstruction of a patient
with  an  isthmic spondylolisthesis. This case  is illustrative  of glacial
instability.

Fig. 9.5  (A) Flexion and  (B) extension radiographs of a patient  with
degenerative  spondylolisthesis and  dysfunctional segmental motion.
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ing am ount  of scrut iny. A variety of m otion  preservation  strat-
egies are  discussed  later  in  th is book, specifically in  Chapter  32.
Their m echanics are also discussed. Su ce it  to say for now  that
the  current  generat ion  artificial discs and  other  m otion  preser-
vation  technologies fall short  on  m ultip le  accounts of restoring
norm al anatomy and  funct ion. Regardless, m otion  m ay be  pre-
served by the employm ent of such  technologies.

Here, we focus on  total disc arthroplasty. This technology in-
volves  replacem ent  of the  in tervertebral disc w ith  an  artificial
joint. The  indications for  such  are  very di erent  in  the  cervical
and in  the lum bar region  of the spine. For cervical spine pathol-
ogies, the  art ificial disc is  used  as a  spacer  betw een  two verte-
brae, follow ing  a  discectomy  for  the  m anagem ent  of myelop-
athy, radiculopathy, and  occasionally neck pain . In  the  cervical
spine,  the  ar tificial  disc  is  not  used  as  a  prim ary  (or  index)
treatm ent , but as a secondary treatm ent . In  th is case, the secon-
dary treatm ent  is the  provision  of an  in tervertebral spacer. Fol-
low ing a  routine  an terior  cervical discectomy, a  fusion  (w ith  or
w ithout  plating)  is  often  perform ed.  The  fusion  involves  the
placem ent  of a strut, w hich  can  take the form  of a cage or bone
strut . The strut  sim ply functions as a spacer  that  m aintains disc
interspace height  and, in  the case of fusion, stabilizes the spine.

An art ificial disc accom plishes the sam e, but  it  also perm its m o-
tion. Hence, a cervical fusion  cage and  an  artificial disc are both
spacers. In  m any regards, they funct ion very sim ilarly.

In  the  lum bar  spine, an  artificial  disc  is  often  em ployed  for
the m anagem ent  of chronic back pain , as is the  case w ith  a spi-
nal fusion. Such  an  indication  di ers from  the  cervical applica-
tion  in  that  the  disc  is  em ployed  w ith  the  in tent  of providing
the index portion  of the procedure—that  is, the m anagem ent  of
back pain—in the lum bar spine.

So, for  artificial disc applications  in  the  cervical spine, there
exists no anatom ical or clin ical correlation  other than  the corre-
lation  of radicular  pain , m otor  deficit, or  myelopathy w ith  the
im aging findings. In  the lum bar spine, the anatom ical and  clin i-
cal findings that  are  regarded  as indications for  surgery are  not
too  dissim ilar  from  those  associated  w ith  fusion  surgery  for
chronic back pain .

Fig. 9.6  The  stress–strain curve. The  dashed  curve  is the  curve
associated with a dysfunctional motion segment. Note the widening of
the neutral zone, with a shift  to the right  of the elastic (BC) and plastic
(CD) zones.

Fig. 9.7  Mild  to  moderate  degenerative  changes at  the  L4–5 level on
magnetic resonance  imaging. This imaging  finding  may be  consistent
with  an  indication  for total disc arthroplasty in  the  appropriately
symptomatic patient.

Fig. 9.8  (A) Radiograph  and  (B) magnetic reso-
nance  image  of a  patient  with  substantial
degenerative  changes and  spondylolisthesis at
the  L4–5 level. This case  would  not  be amenable
to total disc arthroplasty. An instrumented fusion
following  deformity correction might  be  much
more  appropriate  as a  surgical treatment  strat-
egy.
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One m ight  ask the quest ion, Can  one di eren tiate the  clin ical
indications for  a  spinal stabilization  procedure  (i.e., fusion  plus
instrum entation)  from  the  clin ical  indications  for  an  artificial
disc procedure?  The  bottom  line  answer  is  no!  Although  m any
would  argue  th is  statem ent, there  exist  no  substantive  data  to
support  such  a notion . In  fact , the indications for  either  surgery
are relatively precarious.

If surgery for  m echanical back pain  is to be  perform ed  and  if
one  assum es  that  both  stabilization  procedures  and  artificial
disc surgery are  e cacious, then  ar tificial disc surgery is likely
m ore e cacious earlier in  the degenerat ion  cascade (� Fig. 9.7),
w hereas  fusion  surgery  is  m ore  e cacious  w hen  fur ther  de-
generat ion  ensues  and  greater  spinal  instability  is  present
(� Fig. 9.8). However, th is  is  m erely  speculation  at  th is  point.

Regardless  of  the  relative  indications  for  each  procedure, the
anatom ical/im aging  correlation  w ith  the  clinical findings, as  it
pertains  to  operative  indications, is  very poor  for  the  m anage-
m ent  of  m echanical  back  pain  t reated  by  either  stabilization
surgery or artificial disc surgery.

9.4  Sum m ary
Spine  surgery  is  fraught  w ith  challenges  to  clin ical judgm ent.
The  relative  lack  of adequate  anatom ical/im aging  correlat ions
w ith  the  clin ical  findings  is  disheartening. Such  obligates  the
liberal application  of sound  clin ical judgm ent  and  conservatism
w hen decisions are m ade.
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10  Surgical Approaches to the  Subaxial Spine
The  surgical  approaches  to  spinal  decompression, fusion, and
instrum entation  vary  w idely. This  chapter  focuses  on  surgical
approaches  to  the  subaxial  spine,  for  the  explicit  purpose  of
neural  elem ent  decom pression  and  the  placem ent  of  instru-
m entation. The “angle of view ” is em phasized and illustrated. In
nearly all cases, the tradit ional approaches used  for decom pres-
sion  or  fusion  are  used  for  instrum entation. However, di eren-
ces and  additional concerns exist. Minim ally invasive  (m inim al
exposure) approaches are  discussed  later  in  th is book (Chapter
33) and therefore are not  discussed here.

10.1  The Ventral and Lateral
Approaches to the Cervical and
Upper Thoracic Spine
The  tradit ional ventral approach  to  the  cervical spine  provides
a  w ide  exposure  of the  ventral  cervical  vertebral  bodies.1 For
the  purpose  of instrum entation  placem ent, th is  approach  pro-
vides an  appropriate exposure of the spine.

Com m only, a  nearly  horizontal  incision  placed  along  a  skin
crease is used. If a lengthy exposure of the ventral cervical spine

is  desired, a  diagonal  incision  along  the  ventral  border  of the
sternocleidom astoid  m uscle  is  used.  Blunt  and  careful  sharp
dissection  is accom plished  along the  m edial border  of the  ster-
nocleidom astoid  m uscle, betw een  the  trachea  and  esophagus
m edially, and  the  carotid  artery, jugular  vein , and  vagus nerve
laterally.  Stretch  and  compression  of  the  recurrent  laryngeal
nerve  can  be  m inim ized  by careful sharp  dissect ion  and  by the
use  of low  endotracheal tube  cu pressures.2 Subperiosteal dis-
sect ion, beginning at  the  m idline  and  extending laterally to  the
most  lateral extent  of the vertebral body, is perform ed  bilaterally
and  past  the  rostral and  caudal extent  of the  planned  vertebral
exposure  as  defined  by radiographic localization  (� Fig. 10.1a).1,

3,4 Great care is taken  to minim ize sympathetic trunk injury. This
structure is m ore  medial and  so more vulnerable  in  the low  cer-
vical  spine.5 Two  points  are  crucial:  (1)  the  attainm ent  of  a
more-than-adequate  exposure, both  laterally and  rostrally–cau-
dally and  (2) the  m aintenance  of this exposure with  appropriate
self-retaining  retraction. The  former  is  achieved  via  meticulous
sharp  and  blunt  dissection  with  minim al soft  tissue  stretching.
The  latter  can  be  achieved  w ith  either  of two  types of retractor
system :  (1)  a  patient-m ounted  system  or  (2)  a  table-m ounted
system . The  form er  causes  an  asymm etric  and  often  excessive

Fig. 10.1  The  (A) ventral and  ventrolateral and  (B) lateral approaches to the  subaxial cervical spine, seen in  axial views. Note  the  subperiosteal
dissection, placement  of retractors, and  exposures thus gained. Dots depict  sympathetic chain  and  ganglia. (C) The  median sternotomy approach
gains access to mediastinal structures and the upper thoracic spine. (D) The innominate  vein can be ligated, but  the aorta still limits caudal exposure
significantly. Therefore, resection  of the  manubrium  and  medial clavicle  provides essentially the  same  exposure  as does the  median sternotomy
approach.
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application  of pressure  to  the  soft  tissues. The  latter  may elim i-
nate this complication  while providing greater exposure. As with
all  instrum entation  techniques,  a  thorough  knowledge  of  the
anatom ical  and  biomechanical  nuances  of  im plant–bone  inter-
face  sites is  im perative. In  this  regard, m inim ization  of the  inci-
dence  of recurrent  laryngeal  nerve  injury  is  crit ical.  A knowl-
edge  of  anatomy  is  key.  The  incidence  of  recurrent  laryngeal
nerve  injury  is  higher  in  more  extensive  and  redo  cases. There
appears to be no di erence in  its incidence related  to the side  of
exposure,  as  was  once  thought.6 Careful  sharp  dissection  can
also  minim ize  the  incidence  of dysphagia, which  increases  w ith
revision  surgery and  w ith  levels operated  upon.7 The  etiology of
postoperative  dysphagia  is  m ultifactorial and  related  to  the  dis-
ruption  of swallow ing function  during several phases. An  under-
standing  of  such  increases  success  w ith  treatment  and,  obvi-
ously, prevention.8

Ventral cervical spine exposure via the ventral approach  does
not  result  in  significant  deinnervation  of m uscles. Although  the
longus colli m uscles are injured, they are  injured  sym m etrically
along the  m idline  raphe. Furtherm ore, their  im portance  in  the
prevention  of spinal deform ity is  not  know n, but  m ost  likely is
m inim al.

Lateral  exposure  of the  cervical  spine  can  be  gained  via  an
approach  described  by  Verbiest .9 Usually, passing  through  the
sam e  t issue  planes as  depicted  in  � Fig. 10.1a, th is  approach  is
used  to gain  access to the m ost  lateral aspect  of the spine, over-
lying the vertebral arteries. Retract ion  of the sym pathetic chain
m edially, w ith  the longus colli m uscle, often  preserves the func-
tion  of th is structure (� Fig. 10.1b).10

Ventral exposures of the high  cervical spine to treat  a variety
of pathologies can  be undertaken. The approach varies, depend-
ing on  the pathology being addressed. Such  can, in  fact , be used
for  decompression  of the  atlantoaxial ver tebral  artery11 or  for
an  extrem e lateral approach  for resection  of ventral pathologies
such as those related to or involving the dens.12

Ventral exposure  of the  upper  thoracic spine  can  be  attained
via  a  sternum -splitt ing  (m edian  sternotomy)  approach
(� Fig. 10.1c).13 However, w ith  its extensive and invasive nature,
th is  approach  m ay not  be  necessary  in  m any cases. The  expo-
sure is lim ited  by vascular structures. A m ore lim ited (less inva-
sive)  m anubriectomy (and  m edial clavicle  resection)  approach

gains essentially the sam e access to the spine (� Fig. 10.1d).10,14

Teng et  al described  a low  suprasternal approach , w ith  or  w ith-
out  m anubriotomy and  sternotomy, to  such  lesions. They  also
described  the  indication  for  such  extended  approaches.  They
em phasize the im portance of m agnetic resonance (MR) im aging
at  the  cervicothoracic  junct ion  to  assess  the  geom etry  of ac-
cess and  exposure before  surgery.15 A ven trolateral t rans–first
rib  approach  m ay also  be  considered.16 The  paucit y of clin ical
experience  w ith  the  lat ter,  how ever,  is  a  lim it ing  factor  re-
garding its use.

10.2  The Ventrolateral
Transthoracic and Ext rapleural
Thoracotom y Approaches
The ventrolateral approach  to the thoracic spine can  be used for
ventrolateral exposure from  about  T5 to T10. In tercostal m uscle
incision , w ith  or  w ithout  rib  resection, provides  access  to  the
thoracic cavity. Careful lung retract ion  provides a  w ide  view  of
a  lengthy  portion  of the  spine. Postoperatively, the  rem aining
ribs  m ay  be  bound  together  by  strong  circum ferential sutures
to augm ent  chest  wall stability (perhaps at  the  cost  of an  exag-
gerated  tendency toward  spinal deform ation  and  potent ial risk
for  in tercostal  nerve  injury, w ith  an  accom panying  in tercostal
neuralgia).

Exposure  from  the  left  is  im peded  by the  aorta, and  exposure
from  the  right  is  impeded  by  the  vena  cava.  These  structures
pose  risks  related  to  vascular  injury  and  operative  exposure
(� Fig.  10.2a).  The  ventrolateral  approach,  in  addition,  entails
problems with  visualization  of the  entirety of a  ventrally placed
implant. Furthermore, the dural sac is not  decompressed  until all
ventral  structures  have  been  removed. This  may create  a  slight
hazard with  respect  to dural sac decompression  operations.3

The transthoracic exposure, by definition, is asym m etric. The
in tercostal  m uscle  incision  m inim ally  disrupts  stability.  Rib
resection,  w ith  the  postoperat ive  binding  together  of  the  re-
m aining  ribs, predisposes  the  patient  to  a  spinal  deform ation
about  the  coronal  plane  (scoliosis). In  som e  cases, it  m ay  be
appropriate  to  consider  the  use  of in traoperative  stabilization
techniques to augm ent stability.

Fig. 10.2  The  ventrolateral transthoracic ap-
proach to the spine, seen in an axial view. (A) The
exposure  gained  is lateral to  that  gained  in  the
cervical region with  the  ventral approach. Note
the exposure between the parietal pleura and the
visceral pleura. (B) A depiction of the extrapleural
thoracotomy approach. Note  the  approach be-
tween  the  parietal pleura and  the  endothoracic
fascia.
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The  extrapleural  thoracotomy  approach  is  depicted  in
� Fig.  10.2b.17 This  approach  has  a  theoretical  advantage  re-
garding pulm onary complications and provides nearly the sam e
exposure as the thoracotomy approach. The extrapleural thora-
cotomy provides  a  significant  advantage  at  the  thoracolum bar
junct ion. Use  of the  extrapleural thoracotomy in  th is region  al-
low s  the  diaphragm  to  be  displaced  forward,  as  opposed  to
being incised, w hich  is  required  in  the  t ransdiaphragm atic ap -
proach to the sam e region (see the follow ing).

10.3  The Transdiaphragm at ic
Approach to the Thoracolum bar
Spine
The transdiaphragm atic approach  to the  spine  allow s a ventro-
lateral exposure  of the  thoracolum bar  junct ion. Other  than  the
extrapleural  thoracotomy  and  the  lateral  extracavitary  ap-
proach , the  transdiaphragm atic approach  is  the  only approach
that  provides  a  ventral  exposure  of  th is  region  of  the  spine
(� Fig. 10.3).3

Rib  resection  m ay  be  required  for  th is  approach. The  lower
ribs, however, have a m inim al e ect  on  stability.

10.4  The Ventrolateral
Ext raperitoneal Approach to the
Upper and Midlum bar Spine
The ventrolateral extraperitoneal approach  to the upper lum bar
spine  is  essentially  the  sam e  approach  used  to  gain  access  to
the  sym pathetic chain  for  sym pathectomy in  the  lum bar  para-
vertebral  region.3,4,18 This  exposure  provides  access  to  the
ventrolateral spinal canal from  L2 to below  the pelvic brim . The
dissection  proceeds in  an  anatom ical m anner  by split t ing inci-
sions  through  the  external  oblique  and  t ransversus  m uscles,

along the m uscle fibers of each  m uscle layer, in to the retroperi-
toneal space  and  then  to  the  spine. If h igh  lum bar  exposure  is
necessary, the  diaphragm atic crus  m ay  be  separated  from  the
anterior  longitudinal  ligam ent  of  the  vertebral  colum n.  The
sym pathetic chain  can  be  visualized  in  the  groove between  the
psoas m uscle and the ver tebral body.

A m ajor  advantage of this approach  is the straightforward  na-
ture  of the  exposure, w hich  is fam iliar  to m ost  spine  and  vascu-
lar  surgeons. However, it  provides a disappointingly narrow  lon-
gitudinal exposure. This exposure is lim ited  rostrally by the crus
of the diaphragm  and caudally by the pelvic brim . This approach
also  m akes  it  di cult  to  expose  the  neuroforam ina  w ithout
psoas m uscle  retract ion—w hich  is di cult  to begin  w ith—or  re-
sect ion.  Exiting  lum bar  nerve  roots,  w hich  pass  through  the
psoas m uscle, m ay be  injured  during this  approach. A thorough
knowledge of the regional anatomy and  care to protect  the  neu-
ral elem ents  are  im perative. The  advantages  and  disadvantages
of this approach  are  sim ilar  to those  of the ventral transthoracic
approach  (� Fig. 10.4). In  recent  years, less  invasive  and  m ini-
open  approaches have been  em ployed  with  success. The  preser-
vation  of the m usculature is key to decreasing m orbidity.19

This  exposure  asym m etrically  deinnervates  and  injures
m uscle, albeit  m inim ally. A unilateral injury to the  psoas m uscle
from  lateral  subperiosteal  exposure  along  the  vertebral  body
can  cause  hip  flexor  weakness. It  m ay also  a ect  spinal stability
directly through  the  disruption  of m uscle  spinal support  (asym -
m etrically), and  indirectly through  induced  hip  flexor  weakness.

10.5  The Pelvic Brim
Extraperitoneal Approach
The  approach  to  the  in trapelvic  portion  of  the  lum bosacral
spine  is  challenging.  An  incision  that  is  begun  lateral  to  and
slightly  above  the  an terior–superior  iliac  spine  can  be  carr ied
m edially and  caudally, parallel and  rostral to the  iliac crest  and
inguinal  ligam ent. This  provides  access  to  the  m uscular  plane
below  this level. An  incision  along the  external oblique  m uscle
fibers and  across the  in ternal oblique  and  t ransversus abdom i-

Fig. 10.3  The  transdiaphragmatic approach to the  thoracolumbar
spine, seen  in  an axial view. Note  the  significant  soft  tissue  violation
required  for this approach.

Fig. 10.4  The  ventrolateral extraperitoneal approach  to the  lumbar
spine, seen  in  an  axial view.
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nis m uscle  fibers in  turn  provides access to the  extraperitoneal
pelvic structures. Extraperitoneal structures are swept from  the
pelvic floor dorsal to the peritoneum  and renal fascia.

The advantages of th is approach  include relatively good expo-
sure  of the  intrapelvic lum bar  plexus from  a ventral and  lateral
orientation. On  the  other  hand, it  provides a  lim ited  overall ex-
posure, and  the in trapelvic sciatic nerve and  lower sacral plexus
are  di cult, if not  im possible, to  visualize  adequately  through
this approach. Although  spinal instrum entation  can  be  inserted
through  th is  exposure, the  depth  of exposure  of the  juxtaposi-
tion  of vascular  structures  and  the  precarious  nature  of the  in-
strum entation  purchase  sites  essentially  dictate  that  other  ap-
proaches be used  for  spinal instrum entation  (� Fig. 10.5).20

The  e ects  of th is  approach  on  stability are  sim ilar  to  those
of the  vent rolateral  extraperitoneal  approach  (see  preceding).
Laparoscopic approaches have becom e popular.21 Theoret ically,
they involve less surgical traum a.

10.6  The  Transperitoneal Approach
Much  of the  exposure  achieved  by  the  preceding  two  techni-
ques  m ay  be  achieved  by  the  t ransperitoneal  approach
(� Fig. 10.6).3 After the perform ance of a standard m idline lapa-
rotomy incision  and  entry in to  the  peritoneal cavity, the  sm all
in testine is packed in to the upper abdom en and retracted to the
right. The sigm oid colon  is ret racted laterally, and a longitudinal
incision  is m ade in  the dorsal peritoneum , in  the m idline, to ex-
pose  the  desired  aspect  of the  retroperitoneal space. Occasion-
ally,  the  left  nerve  roots  cannot  be  readily  visualized  in  th is
m anner. If necessary, the  colon  m ay be  retracted  m edially and
m obilized  from  left  to  righ t. Care  should  be  taken  to  avoid  in-
jury to the ureters. The sacral prom ontory is a consisten t , easily
identifiable landm ark that  should  be used  to identify the L5–S1
interspace.

An  excellent  exposure  of  the  retroperitoneal  space  is
achieved  through  the  transperitoneal approach . The  lower  ret-

roperitoneal  structures  are  m ore  easily  visualized  than  the
m ore  proxim al structures  (m ore  easily, especially on  the  righ t ,
because  of the  location  of the  sigm oid  colon  on  the  left). The
disadvantages include the requirem ent  of a laparotomy and  the
potential for  neural and  vascular  injury. The approach  is poten-
tially  very  useful  w hen  a  w ide  exposure  is  needed, as  for  tu-
m ors of neural origin  in  “redo” surgical procedures.

Vertical m idline  or horizontal abdom inal incisions m inim ally
a ect  stability. In  the  im m ediate  postoperat ive  period, the  loss
of abdom inal strength  can  adversely  a ect  spinal flexion;  th is
phenom enon, however, is short-lived.

10.7  The Lateral Ext racavitary
Approach to the  Thoracic and
Lum bar Spine
The lateral extracavitary approach  to the spine, as originally de-
scribed  by Capener  and  popularized  by Larson  and  colleagues,
is now  com m only used for surgical decompression  of the thora-
cic and lum bar spine.22–24 All regions of the thoracic and lum bar
spine  can  be  approached  w ith  th is operation, although  surgical
exposure  of the  low  lum bar  region  via  the  lateral extracavitary
approach  requires significant  resection  of the dorsal ilium .

The  advantages  of  th is  approach  include  the  lack  of  in tra-
thoracic or  in trapelvic dissection  and  the  ability  to  extend  the
dissection  farther  laterally than  would  be  possible  w ith  a  w ide
foram inotomy approach . Furtherm ore, the  lateral extracavitary
approach  provides the  exposure for  a  ventral dural sac decom -
pression, the  placem ent  of dorsal  spinal  instrum entation , and
subsequent  fusion  (in terbody and  dorsal, in  that  order) through
the  sam e  incision  (� Fig. 10.7). The  disadvantages  include  the
di culties  of dissect ing across  t issue  planes  and  the  resultant
soft  t issue t raum a incurred.

The  lateral extracavitary approach  to  the  spine  involves  sig-
nificant  asym m etric m uscle  dissect ion, deinnervation, and  po-
tential soft  t issue  injury. This can  adversely a ect  stability. The

Fig. 10.5  The  pelvic brim  extraperitoneal approach to the  low lumbar
spine, seen  in  an  axial view. Note  that  the  vertebral body exposure  is
less than that  achieved with more rostral approaches; this is due to the
confining  iliac vessels.

Fig. 10.6  The  transperitoneal approach to the  low lumbar and
lumbosacral spine, seen in  an  axial view.
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postoperat ive  unilateral loss  of paraspinous, quadratus  lum bo-
rum ,  psoas,  latissim us  dorsi,  t rapezius,  and/or  in tercostal
m uscle  funct ion  m ay  place  untoward  asym m etric  stresses  on
the  spine. This should  be  taken  in to  account  during the  opera-
tive  decision-m aking  process.  The  lateral  extracavitary
approach  can  be  perform ed  via  the  three-quarter  prone  posi-
tioning of the patient.25 This facilitates visualization  of the path-
ology by both  the surgeon and the assistan t .

The  lateral  extracavitary  approach  elim inates  the  need  for
diaphragm  incision, as is required for the thoracoabdom inal ap-
proach. It  also has an  advantage over  the extrapleural thoracot-
omy approach  in  that  it  provides exposure for  the placem ent  of
dorsal  instrum entation  through  the  sam e  skin  incision  m ade
for the ventral decompression.

10.8  The Lateral Transcavitary
Approach to the Thoracic Spine
The  lateral  transcavitary  approach  provides  t rue  lateral  expo-
sure  of the  spine w ithout  the  di culty of anatom ical visualiza-
tion  associated w ith  the lateral extracavitary approach . Its angle
of visualization  is som ew hat  betw een that of the exposures giv-
en  by  the  t ransthoracic  and  lateral  extracavitary  approaches.
The advantages of being able to observe the pathologic anatomy
through  the  undisturbed  parietal  pleura  of  the  lung, and  the
sligh tly m ore ventral exposure than  that  provided by the lateral
extracavitary  approach, m ay  often  outweigh  the  disadvantage
of pleural invasion  (� Fig. 10.8).

The  e ects  of the  lateral t ranscavitary  approach  on  stability
are  the  sam e  as  those  of the  lateral extracavitary  approach  to
the  thoracic and  lum bar  spine  (see  the  preceding). The  e ects
on  pulm onary function  are sim ilar  to those of the t ransthoracic
approach.

10.9  The Dorsal Approaches to the
Spine
Dorsal  approaches  to  the  spine  generally  are  direct;  thus,
m idline  incisions  are  usually  used. In  the  thoracic and  lum bar
regions  (part icularly the  low  thoracic region), alternative  inci-
sions  m ay  be  used.  In  the  th in ,  poorly  nourished,  and/or

insensate  patien t , a  param edian  incision  m ay help  avoid  prob-
lem s  of wound  healing by m inim izing externally applied  inci-
sional pressure. Follow ing the  skin  incision , in term uscular  dis-
sect ion  is  undertaken  w ith  subperiosteal d issection . The  latter
is  perform ed  in  the  tradit ional  m anner  after  the  surgeon  has
gained  access  to  the  m idline  along  a  subcutaneous  plane. In
the  cervical  region , the  ligam entum  nuchae  provides  a  corri-
dor  to  the  spinous  processes.  Kadri  and  Al-Mefty  outlined
three  steps  to  ensure  that  the  m idline  plane  is  respected:  (1)
dissection  of the  nuchal ligam ent  w ith  the  fat ty areolar  t issue
of the  lam ellar  port ion , (2) isolat ion  and  incision  of the  funic-
ular  port ion  from  inside  to  outside, and  (3) retrograde  dissec-
tion  of  the  cerviconuchal  m uscles  at tached  to  the  occipital
bone  in  a  subperiosteal plane.26

A variety of techniques for  preparation  of the  site  for  instru-
m entation  insertion  are  then  em ployed, depending on  the  im -
plant  selected (� Fig. 10.9). An extrem e lateral (dorsolateral) ex-
posure  m ay also  be  gained.27,28 Lam inoplasty  m ay  provide  an
advantage  in  som e  situations.21,29–33 Its  ability  to  preserve  lor-
dosis is debatable.32 Finally, w hen  m ultiple-level pathologies (e.
g., m ultiple thoracic disc herniations) exist , a dorsal approach  is
often  required. In  such  circum stance, a m ultiple-level t ransfacet
approach  m ay be warranted.34

Dorsal spinal exposures are often, but  not  always, sym m etric.
The  farther  the  dissect ion  proceeds  laterally,  the  greater  the

Fig. 10.7  The lateral extracavitary approach to the thoracic and lumbar
spine, seen  in  an axial view.

Fig. 10.8  The lateral transcavitary approach to the thoracic spine, seen
in  an axial view.

Fig. 10.9  The  dorsal approach to the  subaxial spine, seen in  an  axial
view.
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chance  of paraspinous  m uscle  deinnervation. In  addition, the
subperiosteal dissect ion  causes m uscle  injury and  dysfunct ion.
In  the lum bar region , th is is of relat ively lit t le  sign ificance, m ost
likely  because  of  the  persisting  lordosis.  In  the  cervical  and
upper  thoracic spine, however, paraspinous m uscle dysfunct ion
can  contribute to flexion  deform ation, especially in  the cervical
region  in  patients w ith  an  “e ect ive” kyphosis (see  Chapter  7).
Paraspinous m uscle deinnervation  and  injury m ay play a signif-
icant  contributing role  in  th is process. Lateral foram inal dissec-
tion  is  often  required  in  the  thoracic and  particularly the  lum -
bar  spine. A knowledge of foram inal anatomy is of relevance  in
th is regard.35

Total sacrectom ies, in  part , require  a  dorsal approach.36 De-
compression, instrum entation, and  fusion  can  be perform ed via
th is  approach.  Posit ion ing  for  sacrectomy  can  be  challenging
and  fraught  w ith  potent ial  complications. Great  care  m ust  be
taken  to  avoid  position ing decubiti and  compressive  neuropa-
th ies. Such, in  large  part , are  related  to the long durat ion  of the
procedures. Preem ptive protocols are prudent  in  such cases.37

10.10  Select ing the  Most
Appropriate  Surgical Approach
The  choice  of the  m ost  appropriate  surgical  approach  for  any
given  surgical  endeavor  depends  largely  on  the  view  of  the
spine that  is needed. This also dictates the angle of exposure, as

Fig. 10.10  The  ventral and  lateral operative  exposures of the  spinal
canal seen  in  axial views. (A) Ventral cervical. (B) Lateral cervical. (C)
Ventrolateral extraperitoneal lumbar spine, extraperitoneal low lumbar
spine, pelvic brim  extraperitoneal low lumbar spine, and  trans-
peritoneal low lumbar spine. (D) Lateral extracavitary and  lateral
transcavitary thoracic and  lumbar spine. Hatching  indicates areas of
bone  removal to  gain  access to  the  dural sac or vertebral artery.

Fig. 10.11  The  potential ventral dural sac decompression  achieved  with  a  reversed-angle  curet  through the  dorsal surgical exposures, seen in  axial
views. (A) Laminectomy. (B) Transpedicle  approach. (C) Costotransversectomy approach. (D) Lateral extracavitary approach (for comparison). Note
that  the  main difference  between the  costotransversectomy approach and the  lateral extracavitary approach is the  direction of the  resection of the
erector spinae  muscle  (medial for the  lateral extracavitary, lateral for the  costotransversectomy). Also note  that  an  approximately 20- to  40-degree
“angle  of view” advantage  for ventral dural sac decompression is realized  with  the  lateral extracavitary approach versus the  costotransversectomy
approach. Resection  of the  erector spinae  muscle  eliminates much of this difference.
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well as the  adequacy of dural sac decompression  (� Fig. 10.10  ,
� Fig. 10.11 , � Fig. 10.12).38 As an  example, the exposure for re-
sect ion  of a  thoracic disc or  other  ventral pathology is dictated
by  the  relationship  of the  hern iated  component  to  the  dorsal
sac  (see  � Fig. 10.12). Therefore, ventral  approaches  are  often
required  for  hard  ventral  pathologies  (ossifications).39 Finally,
laparoscopic and  other  m inim ally invasive  surgical approaches
have  provided  significant  select ive  ut ility.40 They are  discussed
later in  the book (see Chapter 33).

10.11  Approaches to Int radural
Pathologies
Intadural  pathologies  often  require  unique  and  individualized
approaches. The  vast  m ajority  can  be  approached  via  a  dorsal
exposure. Even  ventral pathologies can  be approached, w ith  pa-
tience  on  the  par t  of the  surgeon, from  dorsolateral exposures.
The m ajority of in tradural pathologies are benign  tum ors (m en-
ingiom as  and  nerve  sheath  tum ors).  Such  pathologies  often
present  a  n ice  plane  betw een  the  spinal  cord  and  the  tum or,
thus facilitating exposure  and  resection . In  rare  circum stances,
true vent ral tum ors require a ventral apprppoach.41 Two funda-
m ental problem s are associated w ith  such  an  approach  are (1) a
lim ited  exposure  through  the  vertebral bodies and  other  struc-
tures and (2) problem s associated w ith  dural closure and subse-
quent  cerebrospinal  fluid  leakage. The  advantages  and  disad-
vantages m ust  be weighed  in  advance of surgery w hen  surgical
strategies are planned.
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11  Destabilizing E ects of Spine Surgery
Spine  surgery, by its  nature, destabilizes the  spine, w hether  by
iatrogenic  destruction  of  spinal  ligam ents,  m uscle  injury,
m uscle  deinnervation, or  the  reduct ion  of in tr insic bony in teg-
rity. The  destabilizing e ects  of spinal surgery m ust  always be
considered, and  fur ther  consideration  should  be  given  to  the
m eans by w hich stability m ay be restored or augm ented.

Ventral  and  dorsal  spinal  surgical  procedures  a ect  spinal
stability  in  di erent  ways.  This  is  dictated  predom inantly  by
the nature of the spinal structures violated by surgical exposure
during  the  surgical  procedure.  Pathologic  (in tr insic)  or  iatro-
genic (surgical) reduct ion  of spinal stability, if biom echanically
significant, m ust  be  compensated  for  by one  or  a  com bination
of three therapeutic m aneuvers: (1) postural, nonoperative m a-
nagem ent  (including  external  spinal  splin ting)  that  provides
tim e  for  bony and  ligam entous  healing to  o set  the  acute  dis-
rupt ion  of spinal in tegrity;  (2) ventral spinal bony strut  (fusion
m ass) or instrum entation  placem ent; and (3) dorsal instrum en-
tation  placem ent, w ith  or  w ithout  fusion. The  role  that  any of
these  therapeutic m aneuvers  plays  depends  on  the  bias  of the
surgeon  and  on  the  clin ical  situation. The  e ect  of  iatrogenic
spinal destabilization  is specifically addressed in  th is chapter.

11.1  Vent ral Spine Decom pression
11.1.1  Ligam entous Disrupt ion
A significant  portion  of the  contribut ion  to  ligam entous stabil-
ity  by  ventral  ligam entous  structures  is  via  the  anterior  and
posterior  longitudinal ligam ents and  the  annulus fibrosus. Dis-
rupt ion  of the an terior or  posterior longitudinal ligam ent or  the
annulus fibrosus, either  by the  o ending pathologic process or
by the  surgical approach , can  substantially reduce  the  in trinsic
stability of the spine.

Magnetic  resonance  (MR)  im aging  techniques  have  provided
a  diagnostic tool for  assessm ent  of the  integrity of ligam entous
structures  (see  Chapter  3).1 This  assessm ent, however, is  static;
it  inform s the  clinician  only of the  extent  of the  anatom ical con-
tinuity of the  ligam ent  and  the  presence  of acute  soft  tissue  in-
jury, revealing  nothing  about  the  ligam ent’s  strength. Dynam ic
radiographs (flexion  and  extension  views of the spine) can  dem -
onstrate  a  lack of integrity if excessive  m ovem ent  occurs. How -
ever, if subluxation  or  excessive  m ovem ent  does not  occur  dur-
ing dynamic radiographic studies, the  presence  of spinal  stabil-
ity  is  not  established.  Spinal  guarding  and  splinting,  or  inad-
equate  im aging  techniques  or  suboptim al  patient  cooperation ,
can  lead  to erroneous interpretations in  this regard  (see Chapter
3). These  factors notwithstanding, the  ligam entous contribution
to stability can  usually be reasonably assessed  preoperatively.

The  extent  of  the  disruption  of  vent ral  ligam entous  struc-
tures by an operative exposure is di cult  to assess. Several facts
about  the  anatomy and  strength  characteristics  of the  anterior
and  posterior  longitudinal  ligam ents  should  su ce  for  m ost
clin ical decision-m aking scenarios, part icularly w hen  com bined
w ith  the inform ation  gained from  intraoperative observations.

The  an terior  longitudinal ligam ent  is  a  strong ligam ent. It  is
also relatively w ide  (see  Chapter  1). If it  is not  disrupted  before
surgery, the  surgical exposure  (even  a  w ide  ventral  exposure)

does not  usually disrupt  the  entire ligam ent. Therefore, in  m ost
cases, the  contribut ion  of the  an terior  longitudinal ligam ent  to
postoperat ive  spinal  stability  is  significant. Thus, the  tension-
band  nature  of the  an terior  longitudinal ligam ent  in  extension
is  partly  preserved,  w hich  lim its  extension . Therefore, it  is  a
lim iting factor in  ligam entotaxis (see Chapter 8).

The  posterior  longitudinal  ligam ent,  on  the  other  hand,  is
weaker  than  the anterior  longitudinal ligam ent  in  all regions of
the spine. Furtherm ore, it  is waisted  (narrower) in  the m id-ver-
tebral-body region  at  each  segm ental level. The posterior longi-
tudinal ligam ent  in  the  m id-vertebral-body region  is  narrower
at  each  spinal level than  the dural sac. Therefore, at  any level of
the spine, a ver tebrectomy that  adequately decom poses the du-
ral sac is alm ost certain  to disrupt  the posterior longitudinal lig-
am ent  totally at  any level of the  spine. Thus, the  tension-band
nature  of the  posterior  longitudinal ligam ent  is  disrupted, and
its  contribut ion  to  the  lim itation  of flexion  (and  dist ract ion) is
im paired. This also lim its the  e cacy of the ligam entotaxis and
of ligam entotaxis procedures.

A surgeon  m ay acquire  a  “feeling” for  the  extent  of ligam en-
tous stability at  the t im e of surgery, follow ing dural sac decom -
pression  (vertebrectomy).  The  application  of  traction,  spinal
distraction  w ith  instrum ents such  as  vertebral body spreaders,
or  other  in traoperative  spinal  m anipulat ions  can  provide  the
surgeon w ith  vital inform ation  regarding spinal laxity. This m ay
help  to  determ ine  w hether  a  spinal im plant  is  necessary as  an
adjunct  to  in terbody  fusion.  For  example, excessive  laxity, as
determ ined  by in traoperative  distraction  m aneuvers, m ay sug-
gest  that an  in terbody bone graft  alone w ill not su ce.

For  an  in terbody strut  graft  to  be  im m ediately e ect ive  as  a
stabilization  device, it  m ust  be  securely positioned  in  the  m or-
tises of the vertebral bodies (i.e., the vertebral bodies above and
below  the  strut). This  allow s a  sem irigid  fixation  of the  ver te-
bral bodies  abut ting  the  strut  (� Fig. 11.1a). If ligam entous  in-
tegrity  is  not  adequate,  as  dem onstrated  by  excessive  laxity
during in traoperative  stress m aneuvers, the  strut  graft  w ill not
be securely a xed in  the m ort ises of the ver tebral bodies above
and  below  the  strut  (� Fig. 11.1b). The  resistance  to dist ract ion
provided  by  in tact  ligam ents  allow s  the  ver tebral  bodies  to
“clam p dow n” on  the strut  graft . This “clamping dow n” e ect  is
an  in tegral part  of m ost  in terbody fusion  techniques. Spinal dis-
traction, followed  by  the  placem ent  of a  well-fashioned  strut
graft  in to well-fashioned m ortises and  then  by relaxation  of the
distraction , allow s the  “clam ping dow n” properties  of the  liga-
m ents  to  becom e  m anifest  and  leads  to  a  strong  construct
(� Fig. 11.1c–e). Thus, a spinal im plant, prolonged  bed  rest , or  a
bracing adjunct  to the  decompression–fusion  procedure is usu-
ally  necessary  w hen  th is  ligam entous  resistance  to  distraction
is  lost. Many spinal im plants  placed  in  a  distract ion  m ode, in -
cluding Harrington  distraction  rods  and  in terbody strut  grafts,
rely on  in tr insic spinal resistance  to  distraction  to  obtain  opti-
m al security of fixat ion.

Disc  in terspace  disruption  is  a  cause  of  spinal  instability,
although  rare.2 This  e ect  is  cum ulative.3,4 It  can  be  readily
assessed  by  MR im aging  (� Fig. 11.2). However, as  an  isolated
ent ity,  it  does  not  substantially  a ect  the  decision-m aking
process,  except  by  necessitating  a  period  of  external  spinal
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bracing.1 The  contribut ion  of  the  annulus  fibrosus  to  spinal
stability, although  significant , parallels  that  of the  im m ediately
adjacent  anterior  and  posterior  longitudinal ligam ents. Its con-
tr ibution  cannot  be  separated  from  that  of  these  ligam ents.
Therefore,  no  separate  biom echanical  consideration  is  war-
ran ted. It  is  worthy of em phasis, however, that  the  annulus fi-
brosus–anterior  longitudinal  ligam ent–posterior  longitudinal
ligam ent complex provides substantial stability to the spine.

Chen  et  al  provided  excellent  insight  in to  the  ligam entous
contribut ion  to cervical spine  stability, par ticularly as it  relates
to structures a ected  by anterior  cervical decompression  oper-
ations.5 They dem onstrated  the  substan tial contribution  of in -
tervertebral disc, unilateral uncovertebral joint, bilateral unco-
vertebral join t, and  posterior  longitudinal ligam ent  dysfunct ion
to  spinal instability. They  concluded  that  anterior  cervical de-
compression  significantly  decreases  stability. All  of the  afore-
m entioned  structures contribute  substantially to such  stability.
Flexion  and  extension  were, of note, substan tially  a ected  by
disruptions of the aforem entioned structures.5

11.1.2  Bony Disrupt ion
Like  instability  from  the  loss  of  ligam entous  in tegrity, dim in-
ished  in tegrity  of  the  vertebral  body—w hether  caused  by  the
spinal pathologic process6 or by surgical bone rem oval—reduces
spinal stability. MR im aging  is  useful in  determ ining  the  bony
contribut ion  to  stability. Plain  radiography  and  computed  to-
m ography  (CT)  are  better  in  th is  regard2;  however, the  use  of

sagittal CT reconstruct ions  or  sagittal MR im ages to  depict  the
sagittal plane anatomy cannot be overvalued.

The  extent  of  ventral  spinal  decompression  obviously  a ects
spine stability. A spine that  has undergone a  complete  vertebrec-
tomy  obviously  is  less  intrinsically  stable  than  one  that  has
undergone  an  incomplete  vertebral  body  resection. This  is  true
for  both  ventral  and  lateral  approaches  to  the  vertebrectomy.
Rarely, however, is  the  entire  vertebral body  resected. The  frac-
tion  of the  vertebral body, as  well as  the  anatomical position  (in
the anteroposterior plane) of the portion  of the vertebral body re-
sected, significantly a ects  spinal stability. For  example, a  stand-
ard  cervical corpectomy resects  the  vertebral body incompletely
over  the  entire  rostral–caudal  dimension  of  the  vertebral  body
(� Fig. 11.3a). Similarly, ventrolateral (� Fig. 11.3b) and  lateral ex-
tracavitary (� Fig. 11.3c) decompressions incompletely resect  the
vertebral  body  over  the  entire  rostral–caudal  dimension  of the
vertebral body (see  Chapter  10). The  fraction  of bone  remaining
in  the  ventral  portion  (vs  the  dorsal  portion)  of  the  vertebral
body partly determines the extent of ventral spinal stability.

The  location  of the  segm ent  resected  also  a ects  the  extent
of iatrogenic spinal destabilizat ion . To illustrate  th is point, con-
sider  the  ver tebral body to  be  a  cube  composed  of 27  sm aller
cubes of equal size (� Fig. 11.4). Also assum e that  posterior  col-
um n  stability is present. Surgical rem oval of the m iddle th ird  (i.
e.,  the  m iddle  layer  of  n ine  cubes)  of  the  vertebral  body,  as
viewed  in  the  sagittal  plane,  grossly  destabilizes  the  spine
(� Fig. 11.5a), w hereas surgical rem oval of the  m iddle  th ird, as
viewed  in  the  coronal–sagittal plane, does not  (� Fig. 11.5b). In
the form er case, the  an terior  and  m iddle  colum ns of Denis7 are
disrupted  in  the  entire  cross  sect ion  of the  vertebral body, re-
sulting  in  loss  of stability. In  the  latter  case, only one-th ird  of
the  in tegrity of the  anterior  and  m iddle  colum ns of Denis  has
been  disrupted.

Fig. 11.1  (A) A ventral vertebral body strut  graft  firmly positioned  in
relatively deep mortises. (B) Ligamentous laxity results in an inability of
the  abutting  vertebral bodies to  apply enough force  to the  strut  graft
to secure its position. (C, D) Distraction (horizontal arrows) followed by
bone  graft  placement  (vertical arrow) into  well-formed  mortises,
followed by (E) the relaxation of distraction provides the foundation for
a  well-conceived  interbody fusion if ligamentous resistance  to
distract ion is adequate.

Fig. 11.2  Magnetic resonance  imaging  of a  patient  with  a  post trau-
matic disc interspace  disruption. Note  both  prevertebral and  dorsal
(interspinous) soft  tissue  injury.
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Part ial ver tebrectom ies, as  viewed  in  the  sagittal plane, also
vary in  their  destabilizing e ect  by vir tue  of the  portion  of the
vertebral  body  rem oved. For  example, rem oval  of  the  ventral
sect ion  (the  ventral n ine  cubes) w ill m ost  likely have  a  signifi-
cant e ect on  stability, w hereas rem oval of both  the m iddle and
the dorsal sections of cubes m ay not  result  in  a sign ificantly un-
stable  situation  if the  follow ing components  rem ain  in tact:  (1)
the  vent ral sect ion  of cubes, (2)  the  anterior  longitudinal liga-
m ent, (3)  dorsal  colum n  ligam entous  in tegrity, and  (4)  dorsal
colum n  bony  integrity  (� Fig. 11.6). Minim izing  the  exten t  of
vertebral  body  resection  m inim izes  iatrogenic  destabilization
by  the  surgical  procedure. In  the  case  of t rue  ventral  surgical
approaches, a narrow  t rough  of ver tebral body resection  results
in  less  ver tebral body resection  and  a  lesser  w idth  of anterior
longitudinal ligam ent  disruption . On  the  other  hand, a  narrow
vertebral body resection  often  results in  inadequate spinal canal
exposure and  dural sac decompression  (� Fig. 11.7). In  a sim ilar
vein , a  natural tendency is for  surgeons to decom press the  spi-
nal canal m ore than  adequately on  the side opposite w here they
are  standing, and  to  decom press the  dural sac inadequately on
the  sam e side  w here  they are  standing (� Fig. 11.8). An  “Erlen-
m eyer flask–like” decompression  therefore warrants considera-
tion. This type of decompression  compensates for  several of the
problem s  outlined  here.  It  involves  a  narrow  decom pression
ventrally  and  a  w ider  decom pression  dorsally  (� Fig.  11.9a);
hence,  it  allow s  a  w ide  decompression  of  the  dural  sac  and
neuroforam ina. This is accom plished  by the  surgeon’s compen-
sation  for  the  know n  natural tendency to inadequately decom -
press  the  dural sac on  the  near  side  of the  pat ien t  by  decom -
pressing  the  dural  sac  from  both  sides  of  the  table.  This

provides  a  good  view  of each  side  of the  exposed  spinal canal
(w ide decom pression) w hile allow ing m inim al ventral ver tebral
body resection  to su ce  (m inim izing iatrogenic destabilization
of the spine; � Fig. 11.9b). The m inim ization  of ventral ver tebral
body resection  also provides greater lateral support for the strut
graft  (see Chapter 12 and � Fig. 11.9b).

Lateral approaches  to  ventral  dural sac decompression  (e.g.,
via  lateral extracavitary  decompression  of the  spine) m ay also
unnecessarily  destabilize  the  spine  if excessive  vertebral  body
resection  is  accom plished. As  m ent ioned  above, if the  ventral
aspect  of the  ver tebral body is  surgically  undisturbed  and  the
dorsal  elem ents  have  not  been  violated,  substantial  stability
m ay  be  present. Therefore, the  m inim ization  of bone  rem oval
should  aid  in  the  acquisit ion  of postoperat ive  stability. Preser-
vation  of the  in tegrity of the  ventral and  lateral aspects  of the
vertebral body is particularly im portant.

Depict ing the vertebral body by dividing it  in to th irds in  each
plane (for a total of 27 cubic segm ents) is also usefu l for concep-
tualizing the destabilizing nature of a surgical procedure via the
lateral extracavitary approach  (� Fig. 11.10a). Dural sac decom -
pression  should  involve the  m ost  dorsal plane, on ly on  the  side
of the  exposure  (� Fig. 11.10b). The  m iddle  and  ventral planes
m ay  be  considered  for  the  bone  graft .  If  ventral  iatrogenic

Fig. 11.4  A vertebral body seen, for theoretical purposes, as a  cube
composed  of 27 (3 × 3 × 3) smaller cubes of equal size. (A) Oblique
view. (B) Lateral view.

Fig. 11.5  Resections of portions of the “cubic” vertebral body depicted
in Fig. 9.4. (A) Resection (or disruption) of the middle axial (horizontal)
third  of the  vertebral body in  its sagit tal dimension, as might  occur
following trauma. (B) Resection of the middle sagit tal (vertical) third of
the vertebral body. Note that  the resection in (B) does not  significantly
destabilize  the  spine, even though the  bony resections are  of similar
magnitudes (i.e., similar volumes of bone  are  resected).

Fig. 11.3  Axial views of the  extents of bone
removal (shaded areas) in  (A) a  ventral cervical
decompression, (B) a  ventrolateral thoracic or
lumbar decompression, and  (C) a  lateral extrac-
avitary thoracic or lumbar decompression.
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destabilization  is  to  be  m inim ized, the  ventral plane  (the  ven-
tral n ine cubes) should not be surgically disrupted. Therefore, in
this  hypothet ical  case, the  ventral  plane  should  be  left  in tact
and  the  m iddle  plane  used  as a  site  for  in terbody fusion  place-
m ent  (� Fig. 11.10c). This m akes additional sense if the surgeon
also  considers that  the  m iddle  plane  is  m ost  likely in  line  w ith
the instan taneous axis of rotation  (IAR) and, therefore, is an  op -
tim al  position  for  axial  load  bearing  by  the  surgically  placed
strut graft  (see Chapter 2).

The e ect  of the uncovertebral joint  on  stability is sign ificant .
This  is  particularly  t rue  for  extension,  lateral  bending,  and
torsion.8

11.2  Dorsal Spinal Decom pression
Lam inectomy  also  reduces  the  in trinsic  stability  of  the  spine.
Morgan  and  colleagues docum ented  a h igh  incidence of postla-
m inectomy neurologic worsening follow ing spine t raum a.9 This
is related to one or a com bination  of three factors: (1) in traope-
rative  neurotraum a;  (2)  the  creation  of a  sharp  angulation  of
the dural sac at  the lim its of a decompression , w hich  m ay result
in  neural distor t ion  (see  Chapter  8);  and  (3)  destabilization  of

Fig. 11.6  Resections of portions of the  “cubic” vertebral body depicted  in  � Fig. 11.4. Partial vertebrectomy involving  removal of the  (A) ventral
portion in the coronal plane of the vertebral body affects stability more than resection of the (B) middle or (C) dorsal portion of the vertebral body in
the coronal plane. (D) In fact, resection of both the middle and dorsal thirds of the vertebral body (in the presence of an intact  posterior column and
an intact  ventral third  of the  vertebral body) may not  significantly disrupt  spinal integrity.

Fig. 11.7  A narrow cervical vertebrectomy (hatched  area). Note  that
the  width  of the  dural sac is greater than  the  width  of the  trough.

Fig. 11.8  The  end  result  of the  natural tendency of the  surgeon to
waiver from  the  midline, most  commonly erring  toward  decompres-
sion of the  side  opposite  the  side  of the  patient  (hatched area) where
the  surgeon is standing.
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the  spine, exaggerating a  preexist ing spinal deform ity. The  lat-
ter  entity  occurs  w ith  greater  frequency  as  the  w idth  of  the
lam inectomy  is  increased.10 A slight  increase  in  a  flexion  de-
form ity created  by the  destabilizing e ects of a lam inectomy in
the presence of a ventral m ass lesion results in  neural distort ion
both  via  flexion  and  via  distract ion  over  the  ventral  fulcrum
(� Fig. 11.11a, b). The  incidence  of flexion  deform ation  follow -
ing cervical lam inectomy is significant .11 The creation  of a sharp
angulation  of the dural sac at  the lim its of a lam inectomy is also
a m anifestation  of a poorly conceived  operat ion  (see Chapter 8).
Both  of the  latter  two factors, therefore, are  preventable. Lam i-
noplasty  m ay  allow  part ial  preservation  of the  dorsal  tension
band, thus  potent ially lim iting one  of the  negative  e ects  of a
lam inectomy (� Fig. 11.11c).12,13

Iatrogenic  spine  destabilizat ion  is  often  predictable. This  is
usually  related  to  increases  in  flexibilit iy.14 However, because
the extent  of the instability created is not  a lways obvious, espe-
cially during or shortly after surgery, it  is di cult  to be sure that
iatrogenic destabilization  has not  occurred. Unacceptable  iatro-
genic destabilization  can  be  prevented  by either  of two techni-
ques, or  by both:  (1)  lim ited  disrupt ion  of spinal in tegrity and
(2) the  addition  of a stability augm entation  procedure (e.g., the
placem ent of a spinal implant  or  the use of a lam inoplasty).12,15,

16 Recognition  of any need for the latter is im perative, but  is not
always obvious. Finally, lam inoplasty should perhaps be consid-
ered  because  of  its  theoretical  anatomy-sparing  e ect.17 This,
however, is not  w ithout complications.18,19

Three  factors  are  involved  in  iatrogenic  destabilization  by
m eans of the dorsal approach. The first  involves lack of recogni-
tion  of the  presence  of ventral spinal instability. The  configura-
tion  of the  spine  m ay play a  role  in  the  contribution  of ventral
instability to the extent of iatrogenic destabilization  by the pos-
terior  approach. Alm ost  regardless of the  m inim al extent  of ia-
trogenic  dorsal  destabilizat ion , the  presence  of ventral  spinal
instability  predicts  a  poor  outcom e  from  a  structural  point  of
view.

The second  factor  involves resection  of the  in terspinous liga-
m ents. Although  the in terspinous ligam ents are relatively weak,
they have a  biom echanical advantage by vir tue  of the long m o-
m ent  arm  (reaching  from  the  spinous  process  to  the  IAR;  see
Chapter 3).

The  surgeon  m ust  keep  in  m ind  that  the  in terspinous  liga-
m entous ligam ent  is usually absent  at  the  L5–S1 level and  defi-
cient  at  the L4–L5 level.

The  th ird  factor  is  surgical disruption  of the  facet  joint. Re-
gardless of the region  of the spine involved, excessive facet  join t

Fig. 11.9  (A) The  “Erlenmeyer flask” exposure  of
the  spinal canal in  an axial view. The  view of the
dural sac is enhanced if the  spine  is viewed from
both sides of the  patient  during  decompression.
The view thus achieved is depicted by the arrows.
The relatively narrow width of the ventral portion
of the  trough enhances stability by (1) minimiz-
ing  bone  removal and  (2) allowing  a snug  fit  for
the subsequent bone graft  (stippled area). (B) This
provides lateral stability for the strut  by means of
a  but tressing  effect.

Fig. 11.10  The hypothetical 27-cube vertebral body can be used to depict  the bony resect ion accomplished via a lateral extracavitary decompression
of the thoracic or lumbar dural sac. (A) A preoperative view of the spine. (B) The resection of bony components (cubes) in the most dorsal aspect of the
vertebral body allows substantial preservation of bony integrity. Further bony resection is then required for strut  graft  placement. (C) The final extent
of bone  removal, with  the  bone  graft  (stippled area) in  place.
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resection  can  result  in  instability. In  the  cervical spine, the  ex-
tent  of tolerable  resection  has  been  docum ented  to  be  about
one-third  to  one-half of the  facet  joint  (see  Chapter  3).10 In  the
lum bar region, facet disrupt ion  is associated w ith  a greater inci-
dence of glacial instabilit y. There is controversy about  the desir-
ability  of  in traoperative  m anagem ent  w ith  fusion,  w ith  or
w ithout  instrum entation, w hen  there  is  a  preexisting  transla-
tional  deform ity.20,21 It  should  be  kept  in  m ind, however, that
degenerative  lum bar  spondylolisthesis  rarely progresses past  a
30% translat ional  deform ation  of the  vertebral  body.22 There-
fore, the  value  of routine fusion  and  instrum entation  follow ing
spinal canal decom pression m ust be questioned.

Cervical lam inoplasty has been  suggested  as an  alternative to
standard  lam inectomy  for  cervical  spine  compressive  pathol-
ogy, particularly w hen  the destabilizing e ects of spine surgery
are  considered. Lam inoplasty  alone  m ay  destabilize  the  spine
less than  lam inectomy does, although  such  is not  unequivocally
proven.23–25 Of particular  note  in  th is regard  is the fact  that  the
variety of lam inoplasty techniques are  associated  w ith  varying
clin ical results, depending on technique, and that cervical m obi-
lity m ay contribute to the developm ent of delayed deterioration
of  cervical  myelopathy.26 The  preservation  of  deep  extensor
m uscle  attachm ents  to  spinous  processes  and  other  relevant
bony  structures  m ay  dim inish  destabilization.27 Minim izing
sim ilar  bony  and  soft  t issue  disruptions  m ay  positively  a ect
clin ical outcom e.28 In  th is regard, lam inectomy has been  show n
to have  a  greater  destabilizat ion  e ect  than  lam inotomy. Lam i-
nectomy, in  turn , results in  greater  disc in terspace stress in  the
ventral  annulus  than  does  lam inotomy.29 Taking  th is  concept
one  step  further, lum bar  operations  that  better  preserve  facet
joint  complex  in tegrity  induce  less  biom echanical  instability
and alter kinem atics less than  those that do not.30

Clinical  correlat ions  are  not  uniform ly  consisten t  regarding
the  destabilizat ion  e ects  of spine  surgery. Unilateral rem oval
of the pars in terart icularis has been  show n to be e ect ive in  re-
lieving lum bar  radicular  sym ptom s, w ithout  an  increase  in  the

incidence  of low  back pain .31 This suggests that  such  an  opera-
tion  is not destabilizing. In  fact, Tender et  al have dem onstrated,
in  a biom echanical study, that  un ilateral rem oval of the pars in-
terart icularis  does  not  increase  spinal m obility. Hence, unilat-
eral resection  of the pars in terart icularis does not  appear  to de-
stabilize the spine significantly.32

Lum bar facet  joint  in tegrity m ay be m inim ally disrupted dur-
ing lam inectomy if an  optim al t rajectory is used  (see  Chapter  5
and � Fig. 11.12a).33–37 This is not  necessarily so for lam inotomy
(� Fig. 11.12b). This  is  particularly  so  regarding  flexion  defor-
m ation  resistance.38 One  m ust  keep  in  m ind  that  the  lum bar
facet  joints  are  “cup” shaped  (� Fig. 11.12c). The  relative  hori-
zontal  nature  of these  join ts, com bined  w ith  their  cup  shape,
creates  an  advantage  for  the  surgeon  during decom pression, if
the facet anatomy is appropriately considered (� Fig. 11.12d).39–

46 This also applies to the thoracic spine.47

The com bination  of a ver tically orien ted facet joint  and an  ex-
aggerated  lordotic  posture  predisposes  the  lum bar  spine  to
translat ional deform ation . The  relatively ver tical orien tation  of
the  disc in terspace  in  the  low  lum bar  region  causes an  applied
axial load  to  result  in  the  application  of a  shearing force  to the
spine. Vert ically  oriented  facet  joints  are  poorly  positioned  to
inhibit  th is  translational deform ation , w hereas  horizontal (co-
ronal) join ts are favorably positioned  to inhibit  th is translat ion-
al deform ation  (� Fig. 11.13). Pat ients  injured  by such  applied
forces m ay benefit  from  fusion  and  instrum entation  if lam inec-
tomy is perform ed, part icularly if fur ther  facet  join t  disrupt ion
is surgically created.

Junct ional decompression  operations are  associated  w ith  the
potential  for  iatrogenic  instability. This  is  especially  so  at  the
cervicothoracic  junct ion ,  w hich  is  a  particularly  vulnerable
junct ion  because  of the  abrupt  change from  m obility (cervical)
to  im m obility  (thoracic). Steinm etz  et  al  concluded  that  lam i-
nectomy across the  cervicothoracic junct ion  should  be  supple-
m ented  w ith  instrum entation  and  fusion  and  that  ventral m ul-
tilevel corpectom ies across the  cervicothoracic junct ion  should

Fig. 11.11  Flexion–deformity exaggeration  following  a laminectomy. (A) Preoperative  sagit tal view. (B) Postoperative  sagit tal view. Note  the  neural
distortion by distraction (vertical arrows) and  tethering  over the  ventral compression (horizontal arrows). A laminoplasty as viewed  in  a  (C) lateral
radiograph provides for retention of the  integrity of the  dorsal tension band. Note  the  open-door nature  of the  laminoplasty, with the  “doors” held
open by miniplates
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be  supplem ented  w ith  dorsal instrum entation . They also  con-
cluded  that  supplem ental  instrum entation  should  be  consid-
ered  for  those  patients w ho have undergone prior  cervical sur-
gery, have  a  h istory of tobacco  use, or  are  undergoing surgery
for  deform ity  correct ion.48 Make  no  m istake, though, depres-
sion  and  anxiety  can  alter  clin ical outcom es—even  in  patients
w ith  clear  myelopathic  sym ptom s.49 Depression  and  anxiety
scores  are  strongly associated  w ith  decreased  m obility and  are
inconsisten tly  associated  w ith  arm  dysfunction.  It  was  con-
cluded  that  am bulatory  dysfunction  m ay  cause  or  exacerbate
the sym ptom s of depression  and  anxiety in  patients w ith  cervi-
cal spondylotic myelopathy.49

Radical  sacrectom y  is  destabilizing.  Even  th is  degree  of
instabilit y,  how ever,  can  be  m anaged  successfully  w ith
instrum en tat ion .50,51
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12  Spine Fusion
12.1  The Bone Graft
The  bone  graft  and  the  resulting  bony  fusion  are  the  compo-
nents  of a  successful spine  stabilization  operation  that  lead  to
the  ultim ate stabilit y of the spine. No m atter  how  secure  an  in-
ternal  fixation  device  m ay appear  to  be, it  w ill  eventually  fail
unless  bony  fusion  and  stabilit y  are  achieved.  There  exists  a
proverbial “race” betw een failure of the im plant and the acquis-
it ion  of bony fusion. After  a  fusion  procedure, the  im plant  and
its  in terface  w ith  bone  becom e  progressively  weaker  and  the
bony union  usually  becom es  stronger—unless, obviously, bone
fusion  ensues  (� Fig.  12.1).  Therefore,  m ost  in ternal  fixation
techniques should  be  applied  in  conjunct ion  w ith  a  bone  graft .
Of course, an  exception  exists  w hen  a  spinal  instrum entation
procedure  is  perform ed  w ithout  a  fusion  operation  in  cases  of
decompression  and/or stabilization  for spine cancer.

Ventral  in terbody  bone  grafts  provide  superb  ultim ate
strength  characteristics.1–3 They are  placed  in  the  weight-bear-
ing region  of the  spine  along the  instan taneous axis of rotation
(IAR). Weight  bearing itself prom otes  healing and  bony fusion ,
according to Wol ’s law.4 Care  m ust  be  taken, however, to pre-
vent  progressive deform ation  follow ing the placem ent of a ven-
tral in terbody fusion. Stau er and Kelly have reported a high in-
cidence of angular deform it ies follow ing ventral fusions for cer-
vical  spine  traum a  in  patients  t reated  w ithout  instrum enta-
tion.5 Dorsal stabilization  procedures m ay be  necessary (either
alone  or  in  com binat ion  w ith  ventral  decom pression  and  fu-
sion) to achieve acceptable stability and  neural elem ent decom -
pression  in  such  cases.  Ventral  plating  techniques,  likew ise,
m ay be used  for  th is purpose. Without  dorsal stability augm en-
tation, however, their  use  for  th is  purpose  m ust  be  considered
carefully because their ability to resist  flexion  is m uch  less than
their ability to resist  extension.

Dorsal bone  grafts  generally are  not, by them selves, weight-
bearing. Spine flexion  (w hich  causes flexion  ventral to the  IAR)
causes  distract ion  of the  segm ents  to  be  fused  (dorsal  to  the
IAR;  see  Chapter  1). Unless ventral axial load–resist ing support
is  provided  (i.e.,  by  a  ventral  in tervertebral  bone  strut  graft)
or  already  exists  (e.g.,  in  pat ients  w ith  cervical  locked  facets

w ithout  vertebral body fracture), dorsal bone  grafts  should  be
avoided  unless  an  accom panying  instrum entation  construct
provides  the  needed  stabilization  support. If the  bone  graft  is
applied  in  association  w ith  tension-band  fixation  in  a  flexion
construct  (such  as w ith  in terspinous w iring), ventral axial load–
bearing  support  m ust  be  provided  if  ventral  weight-bearing
ability is suspect.

Frequently, stabilizat ion  procedures  are  perform ed  after  de-
compressive  operations. The  reduct ion  of a  ventral  m ass  im -
pinging on  the spinal cord, therefore, frequently requires an  op-
erative approach  in  addition  to that  used  to place the dorsal in-
strum entation  device. Furtherm ore, so that  the  dural sac is de-
compressed  before  spine  m anipulation ,  the  ventral  (decom -
pression) aspect  of the operation  should  be perform ed first  (be-
fore placem ent  of the dorsal instrum entation  device).6 In  situa-
tions in  w hich  spinal distraction  is the desired  m ode of applica-
tion, the  in terbody  bone  graft  should  not  be  placed  until  the
dorsal  instrum entation  devices  have  been  applied  (for  fear  of
adversely  altering  spinal  biom echanics  by  loosening  the  al-
ready-placed  bone  graft).6 Theoretically, in  th is  case, the  m ost
appropriate  order  of procedures should  be  as follow s:  first , de-
compression  of the  neural  elem ents  and  loosening/relaxing of
the spine by discectomy and corpectomy (e.g., a relaxing proce-
dure);  second, placem ent  of  the  ventral  bone  graft .6 If  spinal
compression  is the desired m ode of application , it  m ay be desir-
able to place the in terbody bone graft  strut  first  (� Fig. 12.2).

Bone grafts di er  sign ifican tly regarding their  in tegrity.7 This
is  related  to  graft  source,  autograft  versus  allograft ,  allograft
preparat ion  techn iques, and  so  for th . The  greater  the  rat io  of
cort ical to  cancellous bone, the  greater  the  axial load–bearing
ability (and  the  less the  im plan t  fusion  poten t ial). The  greater
the  surface  area  of  con tact ,  the  greater  the  resistance  to
piston ing.

Allograft  processing, in  general, adversely a ects graft  integ-
rit y. Ethylene oxide  sterilization , however, does not  a ect  com -
pression  strength . Bone  that  is  frozen  then  thawed  is  superior
to freeze-dried bone for torsion and bending resistance. Of note,
slow  rehydration  w ith  saline  im proves the biom echanical char-
acteristics of freeze-dried bone.

12.2  Vent ral Spinal Fusion
Much  thought  should  be  given  to select ion  of the  specific loca-
tion  of ventral bone graft  placem ent, particularly in  the sagit tal
plane. The location  of the  in terbody bone  graft  significantly af-
fects the biom echanical e cacy of the construct. In  general, for
the  optim ization  of axial  load–resisting  ability  and  torso  sup -
port, the optim al location  for in terbody bone graft  placem ent  is
in  the  vicinity of the  IAR in  the  sagittal plane. This generally is
also the location  of the neutral axis (part icularly if dorsal spinal
elem ent  stability is deficient). The  neutral axis is that  region  of
the  spine  w here  flexion  and  extension  do not  significantly dis-
place  points  located  w ithin  the  lim its  of the  axis  (see  Chapter
7). Usually, it  is located  at  the junct ion  of the  anterior  and  m id-
dle  colum ns  of Denis.8 If dorsal spinal elem ent  stability  is  ad-
equate, a slightly m ore ventral location  for  in terbody bone graft
placem ent  m ay  be  optim al (see  Chapter  7  and  � Fig. 12.3). In

Fig. 12.1  After surgery, the  relationship  between the  acquisition  of
bone  fusion and  the  integrity of the  spinal implant  integrity changes
with  time.
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th is situation, axial loads can be m ore e ect ively dist ributed be-
tween  the  strut  graft  and  the  existing  dorsal  elem ent  struc-
tures.9,10 In  general, the  placem ent  of ventral  in terbody struts
in  the  anterior  colum n  region  facilitates  load  sharing  as  de-
scribed  and  prevents  kyphotic  deform ation. Furtherm ore, the
ventral cortex can  bear axial loads m ore e ect ively than  can  the
m iddle colum n.11

The  placem ent  of  a  ventral  in terbody  fusion  can  provide  a
substan tial  increase  in  axial  load–resisting  ability.2 The  bony
strut  itself and  the  sites  of attachm ent  to  the  vertebral bodies
(purchase  sites)  m ust  be  strong  to  o er  such  support.  The
needed  strength  m ay  be  lacking, for  example, w hen  th in  iliac
crest, r ib, or  m orcelized  bone is used  as the  graft  substrate. Yet,
stronger  fusion  m asses, such  as  the  fibula, m ay penetrate  (far-
ther  than  desired)  th rough  the  accepting purchase  sites  in  the
rostral  and  caudal  ver tebral  bodies, m uch  as  a  toothpick  m ay
penetrate a piece of expanded polystyrene foam . For this reason
alone, cages, ceram ics, and even  hydroxyapatite should be care-
fully considered, particularly for  an  osteoporotic spine. The  re-
sistance  of  an  in terbody  strut  to  vertebral  body  penetration
(subsidence)  is  proportional  to  the  cross-sectional  area  of the
strut–vertebral body in terfaces (� Fig. 12.4a) and  to the stresses

Fig. 12.2  In most  ventral interbody grafting situations, the appropriate  order of the  procedural components is as follows: (A, B) first, neural element
decompression and spinal alignment; (C) second, spinal stabilization; and (D) third, placement of the bone graft. An obvious exception is the situation
in which it  is mandatory to place the bone graft  before the instrumentation construct  is secured. This technique, in fact, may be used to advantage in
situations in which the dynamics of spinal reconstruction may be enhanced by the intraoperative application of bone healing–enhancing forces. In this
situation, the decompression may be accomplished first . (E) Then, the pathologic segments may be  distracted by the implant  (arrows) and the bone
graft  inserted. (F) Finally, the construct may be compressed onto the bone graft (arrows). This allows load sharing between the ventral interbody bony
structures and  the  dorsal instrumentation  construct.

Fig. 12.3  (A) The  neutral axis (shaded area) of the  spine  is the  region
where  normal weight  bearing  may be  expected  to  cause  minimal
distract ion or compression. Therefore, interbody bone  grafts should
optimally be placed within or slightly ventral to this region, particularly
if dorsal stability is not  adequate. (B) If dorsal stability is adequate, a
more  ventral location may be  optimal. This allows sharing  of the  axial
load  between the  ventral strut  and  the  intact  dorsal spinal elements.

Fig. 12.4  The  extent  of penetration of an  interbody strut  is inversely
proportional to  its cross-sectional area of contact  with  the  vertebral
body endplate. (A) Note  that  the  thinner (less substantial) strut  has
penetrated  (pistoned) farther than the  more  substantial strut. (B) A
mortise that  is poorly fit ted (matched) to the bone graft, increases the
chance  that  (C) a  space  will persist  between the  bone  graft  and  the
mortise  (shaded  area) or that  (D) pistoning  will occur.
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at  the  in terfaces  (� Fig. 12.4b–d). A bone  graft  that  is  of lesser
in tegrity than  the vertebral bodies m ay fail. Therefore, provided
that  there  are  no  extenuating  circum stances, the  consistency
and  in tegrity of the  bone  graft  should  be  sim ilar  to the bone  of
the  ver tebral bodies that  accept  it  (� Fig. 12.5). An  except ion  to
this  m ay  be  the  case  in  w hich  the  endplates  of  the  vertebral
bodies them selves m ay be used  for  axial load–resisting support
(� Fig. 12.6).

The  acute  stabilizing  e ect  of  an  in terbody  bone  graft  de-
pends partly, am ong m any other  factors, on  the  angle  that  the
disc in terspace  form s  w ith  the  horizontal  plane  w hen  the  pa-
tien t  is in  the upright  position . If the angle is zero (i.e., if the in-
terspace  is  parallel  to  the  floor  w hen  the  patien t  is  standing),
axial loads w ill not  produce  any shear  forces at  the  level of the
fusion  (stable  ver tebra). If, on  the  other  hand, the  disc  in ter-
space  and  fusion  site  are  m ore  ver tically  oriented  (as  in  the
lum bar  spine, particularly at  the  lum bosacral junct ion), a  shear
force  is added  to the  axial load  (� Fig. 12.7). The axial load  pro-
m otes  bone  healing;  the  shear  forces  disrupt  it . This  m ay  ex-
plain , in  part , the  not  uncom m on  fusion  failures observed  w ith
the  posterior  lum bar  in terbody fusion  (PLIF) technique w ithout
dorsal  stabilization  supplem entation,  part icularly  in  the  low
lum bar  and  lum bosacral region.12 Of note  is  that  ventral cervi-
cal discectom ies  w ith  and  w ithout  fusion  have  sim ilar  clin ical
results,13 thus dim inishing the significance and  relevance of fu-
sion  acquisit ion—at least  theoretically.

Interbody fusion  operations, including the PLIF and transfora-
m inal  lum bar  in terbody  fusion  (TLIF)  operations, can  use  the
phenom enon  of  parallelogram  distraction  to  advantage.  This
phenom enon  is based  on  the inherent  strength  of the fibroliga-
m entous complex surrounding the ver tebral body and  connect-
ing  one  vertebra  to  its  neighbor—that  is, the  annulus  fibrosus
and  the  ventral and  dorsal ligam ents. Spondylolisthesis, by  its
nature, results in  a  parallelogram -like  distort ion  of these struc-
tures and the adjacent  vertebral bodies (� Fig. 12.8a). This is ac-
companied  by  a  stretching  of  the  fibroligam entous  complex
surrounding the ver tebral body or, m ore likely, by an  associated
compensatory loss  of disc in terspace  height . By taking advant-
age  of the  in tegrity  of the  fibroligam entous  complex, the  sur-
geon  can  distract  the  spine, thereby reducing the  translational

deform ation  in  the  sagittal  plane. A bone  graft  or  other  in ter-
body strut/cage  alternatives  can  then  be  used  to  m aintain  th is
alignm ent  of the  vertebral  bodies, by  acting  as  a  spacer, until
bony union  takes place (� Fig. 12.8b).

Suboptim al  m ortise  craft ing  and  in terbody  strut/cage  “fit-
t ing” are  perhaps the  m ost  com m on  preventable  errors leading
to ventral in terbody bone graft  failure. The m ortise  m ust  be cut
deep  enough  and  the  bone  graft  m ust  fit  snugly in to  the  m or-

Fig. 12.5  The  importance  of matching  the  integrity of the  bone  graft
bed  (the  vertebral body) with  that  of the  bone  graft  in  ventral
interbody fusions cannot be overemphasized. (A, B) If a bone graft  that
is denser than the vertebral body is used, the tendency of the  graft  to
“knife” its way through the  vertebral body (piston) is significant. (C)
Conversely, if the  bone  graft  is less dense  and  weaker than  the
vertebral body, the bone graft  may fail. Therefore, a bone graft  whose
density, integrity, and  modulus of elasticity are  similar to those  of the
vertebral body is optimal. It  is neither the  weakest  nor the  strongest
link in  the  “stability linkage  system.”

Fig. 12.6  The  vertebral body itself may be  used  to  support  applied
axial loads when ventral interbody bone  grafts are  used. If the
medullary bone of the bone graft  is too weak to resist  the applied axial
loads, the  graft  itself may be  placed  on or near the  endplates of the
vertebral body, as depicted. The  endplate  provides a  resistance  to
spinal column collapse  that  the  soft  medullary bone  of the  vertebral
body cannot.

Fig. 12.7  (A) The  vertebral body and  the  disc interspace  most
commonly accept  axial loads (arrows) when the  torso  assumes the
upright position. (B) The low lumbar spine, particularly the lumbosacral
junction, is prone  to translational deformation  (small arrows) with  the
bearing  of axial loads (large arrows) because  of the  orientation  of the
disc interspaces in  this region, as depicted  here.This places a  shear
stress at  the  level of the  disc interspace. The vertical arrows represent
applied axial loads; the oblique arrows represent resultant shear forces.
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t ise  in  such  a  m anner  that  dislodgem ent  is  un likely  (see
� Fig. 12.6).

The  use  of  a  fibular  strut  graft  for  in terbody  graft ing  m ay
have  the  advantage  of  providing  su cient  length  for  long
fusions in  selected  cases. The surgeon  m ust  recognize, however,
that  the  fibula  has a  m uch  higher  ratio of cort ical to  m edullary
bone  than  does  the  vertebral  body;  thus, the  aforem entioned
telescoping complication  can  occur. This, in  turn , can  result  in
graft  collapse  or  cutout. Placem ent  of the  graft  near  the  end-
plate, for  additional axial load–bearing support, m ay help  pre-
vent  such  complications (see � Fig. 12.6). Note that  fusion  heal-
ing  in  th is  circum stance  m ay  be  less  vigorous  because  of the
sm aller  area  of  contact  betw een  the  graft  and  the  ver tebral
body. The  origin  of  the  graft  (e.g., allograft  vs  autograft)  also
plays  a  role  in  the  strategy  determ ination  process.14–19 Other
factors obviously play a role, as well.20–28 Many of them  pertain
to bony in tegrity.29

12.3  Dorsal Spinal Fusion
Dorsal spinal fusions  are  not  well situated  m echanically to  re-
sist  axial  loads—that  is, they  do  not  provide  substan tial  acute
axial  support  for  the  spine. In  addition,  because  they  do  not
bear  significant  axial  loads, they  m ay  be  expected  to  involute
w ith  the  passage  of t im e.30 Dorsal  spinal  fusions  can  provide
acute  support  of the  spine  only  if secured  in  som e  way to  the
spine, as in  dorsal w iring and fusion  procedures. These are m ost
often  used  in  the  cervical  region .31 Such  fusion  operat ions,
however, are  not  pract ical in  the  lum bar  region  because  of the
size  of the  spinal segm ents  and  the  obligatory  stresses  placed
on the spine in  that  region.

Forces  that  enhance  bone  healing participate  significantly in
the fusion  process. They explain  the  di erence betw een  the fu-
sion  rates of ventral in terbody fusions and  dorsal non–weight-

bearing  fusions  (fusion  being  significantly  m ore  rapid  in  the
form er  than  in  the  latter). This  is  so  because  of the  ability  of
bone  healing–enhancing forces (com pression) to  encourage  in-
terbody  fusion .4 Dorsal fusions  are  not  exposed  to  these  bone
healing–enhancing  compression  stresses,  and  autograft  con-
tainm ent  strategies  do  not  seem  to  help.32 Therefore, healing
and  fusion  rates are  som ew hat  dim inished. In  fact, dorsal bone
fusion  (w hich  is  non–weight-bearing  and  so  not  exposed  to
bone healing–enhancing stresses) volum e dim inishes w ith  t im e
(> 50% in  18  m onths). This also  is not  a ected  by spinal instru-
m entation  or  by pathology. Also  of note  is  that  the  greater  the
volum e  of in itial  bone  graft , the  larger  the  fusion  m ass  at  18
m onths postoperat ively.30 The  source  of the  bone  graft  also  af-
fects the success of fusion.33

If an  axial load is borne by a spine w ith  an  accom panying dor-
sal fusion, the  bone  fusion  m ass  itself does  not  bear  a  load. In
fact, the fusion  m ass is usually placed  under  som e tension  (dis-
traction) during axial load bearing.

Dorsal fusion  m asses  m ay be  di cult  to  assess  radiographi-
cally. Creative im aging strategies m ay be of som e assistance.15

12.4  Fusing the Im m ature Spine
Fusing the  im m ature  spine  has been  observed  to  be  associated
w ith  asym m etric spine grow th . The term  crankshaft  phenomen-
on  describes the  cont inued  progression  of scoliosis after  dorsal
fusion.  This  phenom enon  is  due  to  cont inued  ventral  spine
grow th . Som e believe  that  an  open  tr iradiate  cart ilage  predicts
the  occurrence  of  th is  phenom enon  postoperat ively.  It  ap -
pears, how ever, that  the  sim ultaneous observat ion  of an  open
tr irad iate  car t ilage  and  the  perform ance  of surgery  before  or
during  peak  heigh t  grow th  velocit y  is  a  st rong  predictor  of
th is  phenom enon . Later  surgery, in  fact , is  a  st rong  negat ive
predictor.34,35

12.5  Pseudarthrosis
Pseudarthrosis is often  di cult  to diagnose. A variety of techni-
ques  have  been  used  to  establish  the  presence  or  absence  of
pseudarthrosis.36–53 Perhaps computed  tomography is the m ost
accurate.54 Prudent  decision  m aking  and  clin ical  judgm ent,
however, m ust  be  liberally used  in  di cult  cases. The  outcom e
of fusion  is, likew ise, di cult  to  quantitate  and  assess. The  de-
velopm ent  of outcom e  assessm ent  tools  and  m odels  for  objec-
tive  assessm ent  would  seem  prudent.  Blount  et  al  developed
and  validated  such  a m odel.55 Finally, the treatm ent  of sym pto-
m atic pseudarthrosis presents unique  challenges, w hich  can  be
overcom e by applying the  m ost  appropriate  operation  for  each
given  clin ical circum stance.56

12.6  Bone Grafts and Bone
Subst itutes
The surgeon  has m ultiple  options regarding the  choice  of bone
fusion  substrate.57 Broad  categories include autograft , allograft ,
and bone substitutes. Autograft  is usually considered to be asso-

Fig. 12.8  If the  annulus fibrosus and  the  anterior and  posterior
longitudinal ligaments collectively provide  sufficient  integrity to the
spine, the  parallelogram  distraction phenomenon can be  used  to
advantage. (A) A translational deformity of the  spine, without  loss of
bony integrity, can be  corrected  by simple  distract ion  of the  spine.
Note  that  laxity of the  ligaments allows the  translational deformity to
occur. This laxity results partly from a loss of disc interspace height. (B)
Simply distracting  the  disc interspace  (large arrows) and  maintaining
the distraction with a bone  graft  spacer allows the ligaments to tether
the  spine so that  the translational deformity is reduced (small arrows).
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ciated  w ith  the  greatest  success rate, part icularly w hen  used  in
conjunct ion  w ith  appropriate  spine fixation  devices,58 although
the  use  of no  graft  m aterial w ith  a  cage  has  been  show n  to  be
associated  w ith  success, as  well.59 This  observation  m ost  cer-
tain ly  challenges  in tuit ion  regarding  the  acquisition  of fusion .
Com plicat ions at  the bone graft  harvest  site present  a deterrent
to  the  use  of  autograft .  Despite  com m on  belief,  a  relat ively
low  rate  of long-term  complications  associated  w ith  autograft
harvest  can  be  reasonably  expected.60 Modificat ions  of  the
standard  technique, the  use  of alternative sites for  harvest, and
an  awareness of un ique  anatom ical details m ay be  used  to  fur-
ther  dim inish  complications  at  the  graft  harvest  site.61–63

Nevertheless,  careful  scrut iny  of  the  clin ical  results  is  war-
ranted.64 The  m anagem ent  of donor  site  pain ,  w hen  present ,
can  be challenging. Creativity is often  required.65

Allograft  presents an  appealing alternative, particularly in  light
of the  elim ination  of the  need  for  bone  graft  harvest.66 Fusion
rates, however, are  diminished. Of note, it  appears that  there  ex-
ists  a  nearly  zero  overt  risk  associated  with  the  use  of allograft
bone in  spine surgery from  a disease transmission  perspective.67

Bone extenders, such  as beta-tricalcium  phosphate and  calci-
um  sulfate, have been  show n  to provide  som e  utilit y regarding
fusion  acquisit ion.68–70 One  m ust  nevertheless carefully consid-
er  the use of bone extenders and weigh  their  advantage against
a dim inished  fusion  rate compared  w ith  autograft . Obviously, if
autograft  harvest  does  not  provide  adequate  bone  volum e, al-
ternatives m ust  be considered.

Structural  bone  alternatives,  such  as  hydroxyapatite,  have
show n  ut ility as ver tebral spacers and  struts. However, hydrox-
yapat ite, in  part icular, is  associated  w ith  subopt im al  strength
characteristics.71 Such  m ust  be  taken  in to  considerat ion  before
clin ical use.

Bone  m orphogenetic  proteins  (BMPs)  should  be  considered
as  bone  graft  substitutes  or  even  as  bone  graft  extenders. The
literature presents an  abundance of in form ation  regarding BMP
for  fusion  enhancem ent.  Several  BMPs  have  been  developed
and  em ployed  in  the  laboratory  and  clin ical  arenas. Recom bi-
nant  BMP-2 has  show n  the  greatest  prom ise,72–74 w hereas
BMP-7 has not .75 Com plications associated w ith  carriers, dosing,
bony overgrow th, soft  t issue inflam m ation , and the risk for can-
cer  have  been  either  suggested  or  observed.76,77 Although  the
future  regarding  the  clin ical  application  of BMPs  still  appears
bright, their  routine  clin ical application  is currently being seri-
ously  questioned. Creativity  regarding  BMP delivery  m ay  lead
to  additional  applications  in  years  to  com e.78 Research  is  on-
going.79,80 Molecular  biological “delivery” alternatives m ay play
a clin ically relevant  role in  the future.81

12.7  Bone as a Spinal Inst rum ent
Can  bone alone funct ion  as a  spinal instrum ent?  When  can  the
bony fusion  do it  all, and  w hen  is supplem entation  of the bony
fusion  w ith  a  spinal  im plant  necessary?  These  questions
are  par t icu larly  w or thy  of  considerat ion  in  th is  era  of  cost
con tainm en t .

Bone  can  indeed  funct ion  as  a  spinal  instrum ent .  Cloward
has  clearly  docum ented  th is  throughout  h is  career.82 Bone

fusions  can  support  the  spine  and  sim ultaneously resist  defor-
m ation  (see  � Fig. 12.8). The  ability  to  do  so  in  the  im m ediate
postoperat ive  period  is  usually  unidirect ional—that  is,  bone
grafts by them selves apply predom inantly unidirect ional forces
to  the  spine.  These  forces  are  alm ost  always  dist ract ive  (or,
m ore appropriately, axial load–resisting) in  nature. This process,
by  w hich  an  in terbody bony strut  funct ions  as  the  sole  spinal
im plant, is obviously enhanced  by in tact  ligam entous in tegrity.
A bone  graft  placed  in  the  plane  betw een  two vertebral bodies
functions as  a  but tress that  supports  the  spine  in  axial loading
(see  � Fig.  12.3  and  � Fig.  12.6).  As  noted  previously,  th is
but tressing  is  m ost  e ect ive  w hen  the  bone  graft  is  placed. A
clin ical  example  of  a  situation  in  w hich  the  bone  graft  can
indeed  “do it  all” is the anterior  cervical discectomy w ith  in ter-
body fusion.

Fig. 12.9  If a  significant  surface  area of endplate  contact  cannot  be
achieved, then (A) the  placement  of a graft/strut/cage  more
peripherally provides better axial load–bearing ability and  subsidence
resistance  than (B) the  placement  of a  graft  placed  more  centrally.
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The  location  of  the  bone  graft  w ith  respect  to  the  IAR
(i.e., neutral  axis)  is  of great  importance. The  closer  the  bone
graft  is  to  the  IAR, the  greater  the  axial  load–resisting  ability
from  a  theoretical  perspective.  Bone  grafts  placed  in  the
interbody  region  resist  axial  loads  well,  w hereas  bone  grafts
placed  in  the  region  of the  dorsal  elem ents  resist  axial  loads
poorly.

A large  surface  area  of contact  of the  im plant  w ith  the  end-
plate  is  extraordinarily  im portan t. The  location  of the  im plant
w ith  respect  to  the  endplate  is  also  importan t. Lateral  or  pe-
ripheral  endplate  contact  w ith  the  strut/in terbody  im plant  is
associated  w ith  greater  axial  load  bearing  and  subsidence-re-
sist ing ability than  is contact  w ith  a  centrally placed  strut. This
is  sim ply  a  m anifestat ion  of the  boundary  e ect  (� Fig. 12.9).
This  likely explains  w hy TLIF has  been  show n  to  be  associated
w ith  fewer  com plicat ions  and  bet ter  fusion  rates  than  are
PLIF-  or  ALIF-type  approaches.  The  lat ter  tw o  techn iques

usually  involve  the  placem ent  of  m ore  cen tral  st ru ts  than
does the  TLIF techn ique  (see  Chapter  23).

Once a  dorsal bone graft  has solidly fused, however, it  resists
flexion  well (� Fig. 12.10). Its  superiority, in  th is  regard, over  a
ventral  in terbody  graft  should  be  taken  in to  consideration. In
fact, the farther  dorsal to the  IAR (or  neutral axis) an  in terbody
bone  graft  is placed, the  longer  the  lever  arm  through  w hich  it
functions (see Chapter 7 and � Fig. 12.10).

Unless  a  ventral in terbody bone  graft  and  its  acceptance  site
are  conform ed, w ith  the  in tent  of acquiring specific desired  ef-
fects, the  only stresses  resisted  by a  bone  graft  are  axial;  thus,
the  bone  graft  itself  funct ions  only  in  a  distraction ,  or  axial
load–resisting,  m ode  (� Fig.  12.11a).  The  creation  of  a  deep
m ort ise  in  the  vertebral body can  provide  a  translation-resist-
ing  construct  if  the  vertebral  body  and  the  bone  graft  have
adequate  in tegrity,  the  m ort ise  is  deep,  and  the  bone  graft
and  m ortise  are  fashioned  m eticulously  (� Fig.  12.11b).  This

Fig. 12.10  (A) Acutely, a dorsal bone graft  does not resist  axial loads well. (B) Flexion causes distract ion of all points dorsal to the instantaneous axis of
rotation. This causes a dorsal bone graft  to be exposed to bone healing–inhibiting (distract ing) forces (arrows). (C) On maturation of a dorsal fusion,
the  graft  itself can resist  significant  flexion deformation if adequate  axial load–resisting abilities are  present. This is accomplished by application of a
flexion-resisting moment  arm. The longer the moment  arm, the greater the ability to prevent  flexion deformation. Short  and long moment  arms are
represented  by d1 and  d2, respectively. IAR, instantaneous axis of rotation.

Fig. 12.11  An interbody bone  graft  and  its acceptance  sites should  be  fashioned with  the  intent  of acquiring  specific desired  effects. (A) If the  only
stresses resisted  by a bone graft  are  axial, the bone graft  itself functions only in a distraction, or axial load–resisting, mode. (B) The creation of deep
mortises in the vertebral bodies can provide a translation-resisting component of the construct (albeit poorly) if the integrity of the vertebral body and
the bone  graft  are  adequate, the  mortises are  deep, and the  bone graft  and the  mortises are  fashioned meticulously. Thus, translation is somewhat
limited. (C) If the mortise is not  so constructed, a translational deformation is more likely. Arrows depict  forces applied to termini of the  struts in (A)
and  (B).
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construct, albeit  relatively weak under  the  best  of circum stan-
ces,  provides  a  term inal  three-point  bending  construct  (see
Chapter  17). As a  stand-alone  im plant, ventral in terbody struts
resist  translation  poorly (� Fig. 12.11c).

12.8  Load Bearing and Load
Sharing
The  concepts  of load  bearing and  load  sharing should  be  con-
sidered w henever a spinal implant  is used. This m ay be no m ore
evident  than  in  the thoracolum bar fractures treated w ith  short-
segm ent  (pedicle  screw ) fixation  w ith  or  w ithout  an  in terbody
fusion . Neutral im plants, in  the  truest  sense, do  not  exist . This
has already been  em phasized. When weight  is borne by the tor-
so, a  spinal im plant  is  exposed  to  myriad  forces (load  bearing).
This occurs inevitably, even  in  cases in  w hich  an  im plant  is in i-
t ially placed in  a neutral m ode (� Fig. 12.12).

It  m ay be instruct ive to consider a hypothetical situation  that
em phasizes  the  concepts of load  bearing and  load  sharing. For
the purposes of discussion, it  is relevant  to consider isolated ax-
ial loads and  force  applications. The  clin ical situat ion, however,
is  often  quite  di eren t  w ith  the  myriad  forces  applied  by  the
torso  to  the  implant  (and  by the  im plant  to  the  torso). Never-
theless, the  bearing of a  load  by the  torso  during  the  assump-
tion  of the  upright  posture  causes a spinal im plant  to absorb at
least  a  portion  of  the  axial  load. The  m ost  relevant  concepts
w ith  regard to load bearing and load sharing are well illustrated
by  an  L1  fracture  that  is  treated  w ith  dorsal  short-segm ent
pedicle screw  fixat ion w ith  or w ithout a ventral in terbody strut .
If  the  im plant  is  placed  in  a  neutral  m ode  (no  distraction  or
compression, no  surgical  load  bearing)  and  w ithout  an  in ter-
body strut , the  axial  load  borne  by  the  im plant  changes  from
zero  (the  load  borne  by the  im plant  at  the  t im e  of surgery) to
roughly  the  weight  of the  torso  positioned  above  the  im plant
after  assumption  of  the  upright  position  (� Fig.  12.12a).  This
m ay or  m ay not  cause  the  im plant  to  fail, either  at  the  screw –
bone in terface or  via screw  fracture. The im plant bears a signifi-
cant  load, although  it  shares  the  load  m inim ally  w ith  vent ral
structures.

If the  im plant  is  placed  in  a  distraction  m ode  at  the  tim e  of
surgery, and  sim ilarly without  an  interbody strut, the  axial load
borne  by  the  im plant  w hen  the  patient  assum es  the  upright
posture is the sum  of the load  borne at  the tim e of surgery (sur-
gical  load  bearing)  and  the  weight  of  the  torso  above  the  im -
plant  (� Fig. 12.12b). This load  m ost  certainly is  associated  w ith
a significant  chance of failure, either at  the screw –bone interface
or  by  m eans  of fracture  of  the  screw  itself. The  load  is  borne
solely  by  the  im plant  (totally  load-bearing).  There  is  no  load
sharing in  this situation. This, perhaps, contributes to the  recent
dem onstration  of  a  lack  of  success  (compared  w ith  uninstru-
m ented  fusion) of instrum ented  dorsal–lateral lum bar  fusions.83

The  p lacem ent  of  an  im plan t  in  a  com pression  m ode  at
the  t im e  of  surgery  alters  the  forces  considerably.  In  the

Fig. 12.12  Changes in  body position  alter the  load  borne  by an
implant. (A) The management of a thoracolumbar fracture provides an
excellent  paradigm  for illustrating  such. If this fracture  is treated  with
an implant  that  is placed  in  a  neutral mode  (zero  surgical load; left,
horizontal arrows with X) and an upright  posture is assumed (right), the
axial load  applied  to the  implant  is approximately equal to the  weight
of the torso positioned above the  implant. In this case, the entire  load
is transferred  through the  implant  (right,  long curved solid arrows).
Because  the  total load  passes through the  implant, the  fractured
vertebral body is protected from  axial stresses. (B) If this implant  were
to  be  placed  in  a  distraction mode  (left,  short  arrows), the  implant
would  be  loaded  in  distraction, thus resisting  compression (left, long
curved solid arrows). When an upright  posture  is assumed, the  implant
bears an  additional load, the  surgical load  (right). Therefore, the
implant  bears the  surgical load  plus the  load  associated  with  the
weight  of the torso above the  implant  (right, long curved solid arrows).
The  load  borne  by the  injured  vertebral body is negligible. (C) If the
implant  were placed in compression (short arrows) after the placement
of an  interbody fusion  (strut, negative  surgical load; left, long curved
solid arrows), assumption of the  upright  posture  would  result  in  the
implant  bearing  an axial load  less than  the  weight  of the  torso
positioned  above  the  implant. The  implant  thus shares the  load  with
the  intervertebral strut, which  is loaded  in  compression (center, short
arrows). In  fact, if the  negative  surgical load  is equal to  the  weight  of
the torso positioned above the implant, the load borne by the implant
during the assumption of an upright posture is zero (middle and right)—
that  is, the  surgical load  is equal and  opposite  in  direction  to the
weight  of the  torso  positioned  above  the  implant  (middle, long curved
solid arrows). They thus may cancel each other out. The  pedicle  screw
implant  is therefore  unloaded  (i.e., no  axial loads are  applied  to the
implant). However, the bone graft is indeed loaded (surgical load; right,
short  arrows).
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hypothet ical  situat ion  in  w h ich  on ly  axial  loads  are  consid-
ered ,  the  p lacem ent  of  an  im plan t  in  a  com pression  m ode
after  the  perform ance  of a  corpectomy and  the  p lacem ent  of
an  in terbody st rut  resu lts  in  negat ive  surgical load  bearing. If
an  axial load  is  subsequen tly borne  during assum ption  of the
uprigh t  posture,  the  surgical  com pression  load  is  e ect ively
dim in ished , and  the  net  load  approaches zero  (� Fig. 12.12c).
Thus,  a  sp inal  im plan t  p laced  in  a  com pression  m ode  can
share  the  loads  applied  by  the  w eigh t  of the  torso  above  the
fracture, by  allow ing  som e  of  the  axial  load  to  be  borne  by
the  exist ing sp inal axis or  by an  in terbody st ru t .

In  addition  to  the  load-sharing  advantage  of  compression,
compression  also  provides  bone  healing–enhancing  stresses.
Grafts  under  compression  heal  better  and  faster  than  those
under  tension . This is  an  application  of Wol ’s law. Wol pub-
lished  his Da s Gesetz der Transformation  der Knochen  (“The Law
of Transform ation  of Bone”)  in  1892.84 He  explained  the  func-
tional  adaptat ion  of bone  tissue—that  is, that  every  change  in
the function  of a bone is followed by certain  definite changes in
its  in ternal  architecture  and  external  conform ation  in  accord-
ance  w ith  m athem atical law s.85 This e ect  also  has an  elect ro-
physiologic connect ion .86

12.9  Adjuncts to  Fusion
12.9.1  Bone Healing
Bone  healing  follow ing  surgery  is  a ected  by  a  variety  of
m edications  and  in terventions. Such  e ects  can  be  adverse  or
beneficial. A variety of agen ts, drugs, and  in terven t ion s  a ect
the  bone  fusion  and  healing  process,  predom inan t ly  during
the  in flam m atory  phase  of  healing  (1  to  3  weeks).  Factors
that  in terfere  w ith  revascular izat ion  during the  in flam m atory
phase  include  an t i-in flam m atory  agen ts,  steroids,  rad iat ion
therapy,  m any  chem otherapeut ic  agen ts,  and  tobacco  con-
sum ption , am ong  others. It  is  generally  believed  that  follow -
ing  successful  com plet ion  of  the  in flam m atory  phase,
exposure  to these  agen ts and  in terven tion s does substan tially
a ect  the  rem ainder  of  the  bone  fusion  process.  Th is,  how -
ever, has  been  challenged  by  the  observat ion  that  nonsteroi-
dal  an t i-in flam m atory  drugs  (NSAIDS)  appear  to  have  an
inh ibitory  e ect  during  the  en t ire  fusion  process.  It  w ould
appear  that  the  later  NSAIDS are  in st itu ted  follow ing surgical
fusion  (at  least  up  to  4  w eeks),  the  less  the  fusion  w ill  be
inh ibited .87

The  fusion  rate  is  enhanced  by  the  em ploym ent  of fixation
devices  in  m ost  clin ical circum stances.88 Such, however, is  not
un iversally  t rue, par t icularly  if  the  im plan t  preven ts  the  fu-
sion  surfaces  from  “seeing” bone  healing–enhancing forces (à
la  Wol )84. Th is  is  term ed  st ress shielding. Fixation  devices, it
is  em phasized,  reduce  but  do  not  elim inate  the  chance  of
pseudar th rosis.88

12.9.2  Managem ent  of Osteoporosis
Although  the  m edical  m anagem ent  of  osteoporosis  has  not
been  show n  to be  unequivocally e ective  regarding fusion  suc-
cess, the  decrease  in  the  incidence  of osteoporotic  pathologic
compression  fractures  and  the  probable  positive  e ect  on  the
fusion  rate and  fusion  in tegrity associated w ith  adjunct ive ther-
apy  warran ts  continued  and  fur ther  considerat ion  for  m edical
m anagem ent as a viable clin ical adjunct . Suppor ting data is pre-
sented in � Table 12.1.

Vertebral body flexion  strength  is  m uch  less  than  compres-
sion  strength .89 This  has  im plicat ions  regarding  the  m anage-
m ent  and  prevention  of  osteoporosis.  Ventral  vertebral  body
bone  density, hence, appears to  be  m uch  m ore  im portant  than
m id or dorsal vertebral body density.

12.9.3  Elect rical St im ulat ion
Because  the  posit ive  e ects  of d irect  curren t  st im ulat ion  on
bone  healing  w ere  dem onstrated  in  the  1950s  by  Yasuda  et
al,  sign ifican t  in terest  developed  in  both  the  research  and
clin ical arenas.86,90–99 A variety of st rategies  for  elect rical st i-
m ulat ion  can  be  em ployed .100,101 It  appears, though , that  d i-
rect  curren t  st im ulation  im proves  bony  fusion  rates  in  both
ven tral  w eigh t-bearing  and  dorsal  on lay  scenar ios.102,103 The
transcutan eous  t ransm ission  of pulsed  elect rom agnet ic fields
has  show n  clin ical  e cacy  for  ven tral,  bu t  not  dorsal,  fu-
sion .23 Other  graft  st im ulat ion  st rategies  have  been  em -
ployed, as well.104

12.9.4  Osseointegrat ion
Inert  substances  that  bond  w ith  bone  distr ibute  loads  m ore
evenly and provide greater structural in tegrity. Such  substances
are  currently undergoing study.105,106 Further  discussion  of th is
subject  is undertaken  in  Chapter 32.

12.10  End-Fusion Degenerat ive
Changes
The  acquisit ion  of  bony  spinal  fusion  increases  m otion  and
stress  at  adjacent  m otion  sect ions. This  can  accelerate  degen-
erative  changes  and  decrease  the  incidence  of subsequent  fu-
sion  acquisit ion ,  if  such  is  perform ed.107,108 Degenerative
changes  are  further  increased  by  deform ity. The  resulting  ec-
centric  loading  of the  adjacent  discs  excessively  increases  in-
tradiscal  pressure  and  accelerates  degenerative  changes
(� Fig. 12.13). If deform ity is not  present  and  if sagittal balance
is  m aintained,  the  incidence  of  end-fusion  degenerative
changes  is  dim inished.109 This  subject  is  specifically addressed
in  Chapter  31.
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Table 12.1  Osteoporosis: medical management

Bisphosphonates (e.g.,
alendronate)

Calcitonin–salmon  Estrogen  and
progesterone

Raloxifene  Parathyroid  hormone
(e.g.,  teriparat ide

Indications
related  to
osteoporosis

●  Prevention and  treat-
ment  of osteoporosis

●  Treatment  of osteopo-
rosis (prevention of
progressive  loss of
bone  mass)

●  Prevention and
treatment  of osteo-
porosis

●  Prevention of osteopo-
rosis

●  Prevention and  treat-
ment  of osteoporosis

Place  in
therapy

●  Postmenopausal wom-
en  who are  unable  to
take  estrogen because
of side effects or risk for
breast  cancer

AND
●  who are  without  gas-

trointestinal disease

●  Postmenopausal wom-
en who are  unable  to
take  estrogen because
of side effects or risk for
breast  cancer

AND
●  who are  more  than 5

years past  menopause
●  Bone  pain  associated

with  osteoporosis

●  Drug  of choice  in
postmenopausal
women who are able
to tolerate  estrogen

AND
●  who are  otherwise

healthy

●  Postmenopausal wom-
en who are  unable  to
take  estrogen  because
of side effects or risk for
breast  cancer

AND
●  who have  no  meno-

pausal symptoms

●  Postmenopausal wom-
en  who are  unable  to
take  estrogen because
of side effects or risk for
breast  cancer

AND
●  who have  no meno-

pausal symptoms
●  Others at  high risk for

fracture

Bone  loss  ●  Spine  fracture: 49% risk
reduction with  no his-
tory of spinal fracture

●  Spine  fracture: 47% risk
reduction with  previous
spinal fracture

●  Hip  fracture: 56% risk
reduction with  no his-
tory of spinal fracture

●  Hip  fracture: 51% risk
reduction with  previous
spinal fracture

●  Spinal fracture: 36% in-
cidence  reduction of
new fractures in women
with  established  osteo-
porosis

●  Hip, wrist, and  other
fractures have  no
known risks

●  Spine  fracture: 50%-
80% risk reduction

●  Hip  and  wrist  frac-
ture: 60% incidence
reduct ion in those  in
whom  estrogen
therapy was initiated
within  a few years of
menopause

●  Hip  and  spine  bone
density: 1.7  and  5%
increase, respect ively

●  Spine  fracture: 52% risk
reduction  with  no  his-
tory of spinal fracture

●  Spine  fracture: 38% risk
reduction  with  previous
spinal fracture

●  Hip, wrist, and  other
fractures have  no
known risks

●  Spine  fracture: 60% risk
reduction with  no  his-
tory of spinal fracture

Heart  disease  ●  Heart: no  known effect
●  LDL: no  known effect
●  Blood  clot: no known

effect

●  No known effect  ●  Increased  risk for
heart  disease  in
postmenopausal
women with  estab-
lished  coronary dis-
ease  in  the  first  year

●  LDL lowered  by 11%
●  HDL increased  by

10%
●  Elevated  triglycer-

ides should  be
treated  transder-
mally (less effect)

●  Active  blood  clot  a
contraindication

Favorably alters the  fol-
lowing:
●  Decrease: LDL-C, fibri-

nogen, lipoprotein  (a)
●  Increase: HDL2-C
●  No effect  on triglycer-

ides
●  Favorable  effects asso-

ciated  with  CV disease
protection not  deter-
mined

●  No known effect

Menopausal
symptoms

No cause  of or effect  on
the  following:
●  Hot  flashes
●  Night  sweats
●  Vaginal dryness, atro-

phy
●  Painful intercourse
●  Vaginal bleeding

No cause  of or effect  on
the  following:
●  Hot  flashes
●  Night  sweats
●  Vaginal dryness,

atrophy
●  Painful intercourse
●  Mood  swings
●  Vaginal bleeding

Improvement  of the
following:
●  Hot  flashes
●  Night  sweats
●  Vaginal dryness,

atrophy
●  Painful intercourse
●  Mood  swings
●  Periodic vaginal

bleeding
May cause  bleeding
and  spot ting

No cause  of or effect  on
the  following:
●  Vaginal dryness,

atrophy
●  Painful intercourse
●  Mood swings
●  Vaginal bleeding
●  May cause  or worsen

hot  flashes

No cause  of or effect  on
the  following:
●  Vaginal dryness,

atrophy
●  Painful intercourse
●  Mood  swings
●  Vaginal bleeding
●  May cause  or worsen

hot  flashes

Breast  ●  No effect  on breast
tenderness

●  No effect  on breast
cancer risk

●  No effect  on  breast
tenderness

●  No effect  on  breast
cancer risk

●  May cause  breast
tenderness

●  Long-term  use  (10–
20 years) may in-
crease  risk for breast
cancer in from 4 to 5
of 100 women

●  No effect  on breast
tenderness

●  Preliminary data: 70%
reduction  in  risk for in-
vasive  breast  cancer
compared  with  placebo

●  No increased  risk for
breast  cancer seen in
studies lasting  up  to  39
months

●  No effect
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Fig. 12.13  A fusion may result  in  significant  degenerative  changes at
its termini. A case  in which ligamentous hypertrophy and disc bulging
occurred above  the  levels of a  fusion  is depicted  on (A) an
anteroposterior and  (B) a  lateral myelogram. (C) A focal segmental
deformity results in  eccentric loading  of intervertebral discs, as
observed  on  the  concave  side  of a scoliotic curve. Note  the  sclerosis
and  osteophyte  formation (arrows). The  eccentric loading, caused  by
the  application  of a  bending  moment, results in  accelerated
degenerative  changes. (D) Fusion  in  an abnormal configuration (e.g.,
loss of lordosis) accelerates this process, which includes the propensity
toward angular or translational deformation. Sagit tal balance, in  this
case, is disrupted.
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13  Im plant  Material Propert ies
13.1  Metals
13.1.1  Elem ents and Alloys
Metallurgy is the study of m etals, their  m aterial propert ies, and
their  shaping and  treatm ent  by heat ing and/or  cooling. At  least
a rudim entary know ledge of th is discipline is im portant  for sur-
geons perform ing reconstruct ive spine operations. Without  th is
know ledge,  inappropriate  decisions  m ay  be  m ade  regarding
im plan t  or  construct  select ion .  Th is  chapter  in t roduces  the
m etallurgical  principles  crucial  to  th is  com plex  per iphery  of
m edicine.

An  element  is a  simple substance  that  cannot  be  separated  in-
to  simpler  com ponents  by  routine  chem ical  m eans. An  alloy is
m ade  by  m ixing and  melding  together  two  or  more  metal ele-
m ents,  or  an  element  and  som e  other  substance.  The  mixing
and  m elding  of  two  or  m ore  elem ents  of  appropriate  atom ic
numbers may yield  an  alloy that  is useful in  the  m anufacture  of
spinal im plants. These elem ents include (w ith  their  standard  ab-
breviations  and  atomic numbers  in  parentheses)  the  follow ing:
alum inum  (Al, 13);  titanium  (Ti, 22);  vanadium  (V, 23);  chrom i-
um  (Cr, 24);  m anganese  (Mn, 25);  iron  (Fe, 26);  cobalt  (Co, 27);
nickel (Ni, 28);  zirconium  (Zr, 40);  niobium  (Nb, 41);  and  molyb-
denum  (Mo, 42). Titanium  is the  only element  that  is com m only
used  in  an  unalloyed  (“pure”) form  as an  im plant  material.

Other  elem ents com m only found  in  m etals are  hydrogen  (H,
1);  carbon  (C, 6);  n it rogen  (N, 7);  and  oxygen  (O, 8). These  ele-
m ents  are  essentially  contam inants. However, they  m ay stabi-
lize  certain  phases  of  som e  m etals  w hen  present  in  sm all
am ounts. For  example, sm all  am ounts  of carbon  and  n itrogen
m ay stabilize the alpha phase  of t itanium . The presence of con-
tam inants  and  the  unavoidable  di culty  of elim inating  them
necessitates the grading of m etals such as t itanium .

“Pure” (unalloyed)  t itanium  is  available  in  four  grades. Each
contains  varying  composition  lim its  of m ultiple  contam inants
(including  iron). Som e  of these  contam inants  are  included  by
design;  others  are  included  because  of  di culty  of  rem oval.
Grade 1 is the purest  and grade 4 the least  pure. The strength  of
unalloyed  titanium  increases  as  the  oxygen  (a  contam inant)
content  increases (0.18 to 0.40%).

Although  the density and m odulus of elasticity of unalloyed ti-
tanium  do not  significantly change from  grade to grade, the ult i-
m ate  and  0.2% tensile yield  strengths of titanium  depend  largely
on  its grade.1 The modulus of elast icity (elastic m odulus) of a m a-
terial describes the  stress  (force  per  unit  of cross-sect ional area)
per  unit  of strain  (linear  deformation  per  unit  of length)  in  the
elastic region. A higher  modulus of elasticity im plies a  sti er, or
m ore  rigid, implant  (see  Chapter  2). The  ultim ate  and  0.2% ten-
sile  yield  strengths  are  the  highest  tolerable  stress  (to  failure)
and  the stress that  causes a 0.2% deformation, respectively.

The purest  t itanium  (grade 1) is less able to tolerate  “stretch”
than  the least  pure unalloyed grades—that  is, the various grades
have  di erent  tensile  strengths. The  less pure  t itanium  (grades
2  through  4)  are  sim ilar  in  th is  regard  to  316 L stain less  steel.
(All have  relatively  h igh  tensile  strengths.)  On  the  other  hand,
316 L stain less  steel  is  st i er  (i.e.,  has  a  h igher  m odulus  of
elasticity)  than  all  grades  of  unalloyed  titanium . Therefore, it

results  in  a  relatively  increased  transfer  of stress  from  the  im -
plant  to  bone.  This  property  augments  stress  shielding  w hen
316 L stainless steel is used with  rigid  systems, such  as fixed m o-
ment  arm  cantilever beam  constructs (see Chapters 16 and  17).

Many alloys are  used  in  the  m anufacture  of spinal implants.
These  include  316 L stain less  steel  (Cr  17%, Ni 13%, Mo  2.25%,
w ith  Fe  and  C), cast  Co-Cr-Mo, Ti-6Al-4V (Ti w ith  6% Al and  4%
V), and  m ost  recently, Ti  w ith  13% Nb  and  13% Zr  (74% t ita-
nium ). 316 L stainless steel can  be  subjected  to a  di usion-har-
boring treatm ent that creates a ceram ic-like surface, w hich  aug-
m ents resistance  to wear  and  frett ing. With  regard  to  stain less
steel, chrom ium  provides a  corrosion-resistan t  oxide  film . Mo-
lybdenum  provides  resistance  to  pitt ing corrosion. Nickel pro-
vides corrosion  resistance, as well.2 For  m any reasons, stain less
steel im plants  have  fallen  out  of vogue. These  reasons  include
greater  risk for chronic infect ion , im age degradat ion , and  n ickel
allergy. Ti-6Al-4V has  now  essentially  replaced  316 L stainless
steel for m ost  spine im plant applications.

Another alloy, Vitallium , has also found  utilit y in  spine appli-
cations. Vitallium  is  a  tradem arked  alloy  composed  of Co  and
Cr.  Finally,  another  stainless  steel  alloy  has  been  in troduced
clin ically. It  is  composed  of 22% Cr, 13% Ni, and  5% Mn  and  is
term ed  22–13–5 sta inless steel. Its  m odulus of elasticity in  ten-
sion  is  sim ilar  to  that  of 316 L stainless  steel, but  its  ult im ate
tensile strength  is roughly tw ice that of 316 L stain less steel.

13.1.2  Material Propert ies
The term  duct ility describes, in  a  sense, the  deform ability of an
object . A duct ile  object  is one that  can  perm anently deform  be-
fore  failure. The  converse  of duct ility  is  brit t leness. Britt le  ob-
jects fail w ithout  perm anent deform ation.

Metals  m ay  be  elast ically  deform ed  until  the  yield  point  is
reached. Plast ic  deform ation  ensues  if fur ther  force  is  applied
until ultim ate failure occurs. Conversely, bone fractures w ithout
perm anent  deform ation. The  yield  poin t  of bone  is  equal to  its
ultim ate failure poin t  (see Chapter 2).

Fatigue failure occurs because of the cum ulat ive alterations of
structure  (dam age)  related  to  cyclical  loading.  The  average
spine  cycles  about  3  m illion  tim es  per  year.3 Clinical  im plant
failure  rarely occurs after  the  application  of a  load  that  exceeds
the  stat ic strength  of the  im plant. Instead, implants usually fail
after  cyclical  loading  and  im plant  fatigue.  Of  note,  m aterials
have  unique  responses  to  cyclical  loading. Thus, t itanium  and
stainless steel respond  di eren tly to cyclical loading, as well as
to the rate of loading. For example, at  lower frequencies of load-
ing (4 Hz), t itanium  perform s better  than  stainless steel, w here-
as  at  16 Hz, they  perform  equally.4 Of note  is  that  the  norm al
rate of loading is approxim ately 0.2 Hz.

13.1.3  Surface Characterist ics and Their
Alterat ion
The  surface  characteristics  of  a  spinal  im plant  a ect  its  per-
form ance  through  (1)  corrosion ,  (2)  m aterial  propert ies,  and
(3)  component–com ponent  in terface  friction .  The  select ion

Implant  Material Propert ies

142



of  implant  m aterial  depends,  in  part ,  on  all  th ree  of  these
characteristics.

Corrosion  is the degeneration  of a m etal by oxidation  or a re-
lated process. Corrosion, w ith  consequent  m etal weakening, is a
potential complication  of the  exposure  of an  im plant  to  a  for-
eign  environm ent, such  as  biological t issues.5–9 Such  rarely af-
fects spinal stability, however. This is so  because  bone  graft  in-
corporation  usually occurs  long before  corrosion-related  m etal
failure  can  occur  clin ically. Resistance  to  surface  corrosion  in-
creases  as  the  anodic  breakdown  potentia l  increases
(� Fig.  13.1).1 Anodic  breakdow n  potent ial  is  the  voltage  at
w hich  the  anodic form ation  of barrier  oxide  film s, w hich  resist
corrosion, breaks dow n. A high  anodic breakdow n potential im -
plies the form ation  of a greater  protect ive barrier  oxide film . As
the iron  content of an  alloy is increased, the corrosion  rate is in -
creased. Corrosion  resistance  can  be  quantified  by  m easuring
the  anodic  polarization  behavior  of a  specific  m etal  against  a
control  (e.g.,  a  saturated  calom el  electrode  in  a  physiologic
[Hanks] solution). Titanium  is m uch m ore resistan t  to corrosion
than  316 L stainless steel. Cast  Co-Cr-Mo and  Ti-6A1–4V are  in-
term ediate. Again , th is  protect ivity against  corrosion  is  related
to t itanium ’s characteristic developm ent  of surface film  (oxide).
The  surface  film  reform s  if the  m etal  is  scratched  or  abraded.
The  surface  film  on  titanium  is both  m ore  stable  and  m ore  re-
sistant  to corrosion  than  that  on  316 L stain less steel and  other
alloys. However, even  a  trace  am ount  of  iron  in  t itan ium  de-
creases the stability of the protect ive film .

Occasionally, a  lim ited  extent  of  surface  corrosion  is  desir-
able. As m entioned  above, titanium  form s a passive surface film
that  protects it  against  chem ical attack. This type  of protect ion
m ay be enhanced, in  certain  circum stances, by a process term ed
anodizing.  Anodizing  is  an  electrolytic  process  that  increases
the th ickness of a naturally occurring surface layer of oxide. It  is
used to increase stability and corrosion  resistance.

Corrosion  occurring  w ithin  crevices  and  sm all  cavities  on  a
m etal surface, usually at  the  junct ion  of two  sim ilar  m etals, is
term ed  crevice  corrosion. Titan ium  is  m uch  m ore  resistan t  to
this  process  than  316 L stain less  steel.  A very  high  fract ion
(> 70%) of retrieved  316 L stainless  steel plates  were  show n  to
be  associated  w ith  a  h igh  incidence  of corrosion,  w hich  was
dependent  on  device  design .5 Rarely,  in traspinal  m etallosis
(form ation  of  granulation  tissue  adjacent  to  an  im plant)  and

delayed  neurologic sym ptom s has  been  observed  to  be  associ-
ated w ith  316 L stainless steel spine instrum entation .6 Titanium
particulate  debris  that  is  in troduced  at  the  level of a  spine  ar-
throdesis has been  show n to elicit  a cytokine-m ediated part icu-
late-induced response that  m ay serve as the im petus for late in-
flam m atory responses and osteolysis.7,8

A form  of corrosion  that  can  occur  w hen  the  protect ive  pas-
sive film  (the surface layer of oxide) is m echanically disrupted—
usually via a repetit ive frict ion  m echanism —is frett ing corrosion
(corrosion  wear  attack). This  m ost  com m only occurs at  m etal–
m etal  in terfaces. Titanium  is  m uch  m ore  resistan t  to  frett ing
corrosion  than  is 316 L stain less steel. Along w ith  m etallurgical
factors, the  type  of component–construct  in terface  plays a  role
in  corrosion  The hook–rod  in terface  of a Harrington  dist ract ion
system  produces  m uch  less  frett ing  corrosion  than  does  the
w ire–rod  in terface  of  a  Luque  rod–w ire  system  (both  316 L
stainless  steel).10 Ti-6A1–4V is  part icularly  prone  to  frett ing
corrosion, a  property that  som ew hat  lim its its utilit y. The  rela-
tively t ight  in terfaces betw een  components, however, consider-
ably reduces the im portance of th is factor.

Environm entally  assisted  cracking  is  another  m echanism  of
surface  failure  that  usually  occurs  at  m etal–m etal  in terfaces
(� Fig. 13.2). A stress  riser  exists  at  such  in terfaces. This  m ost
certainly contributes to the process.

An  accelerated  form  of corrosion  that  can  occur  in  a  m ixed
m etal system , on  account  of the  di erence  in  electrochem ical
potential  betw een  the  two  m etals,  is  galvanic  corrosion.  This
phenom enon  is usually clin ically insignificant;  for  example, the
use  of titanium  and  stainless  steel  together  causes  no  know n
significant  clin ical  sequelae. Liability  considerations,  however,
m ust  be taken  in to account.

Osseointegra t ion  is the  direct  bonding of bone to an  im plant .
The surface m aterial properties dictate the osseointegration  po-
tential  of  any  given  m aterial.  Of  all  the  m aterials  com m only
used  for  spinal im plants, t itanium  has the  greatest  capacity for
osseoin tegration. Osseointegration  results  in  a  sm oother, m ore
even  dist ribut ion  of the  load  betw een  the  im plant  and  bone.11

As  a  general rule, the  biocompatibility  of m etallic m aterials  is
closely related to corrosion  resistance.

The  surface  characteristics of an  im plant  m aterial m ay a ect
its  m aterial properties. For  example, the  fat igue  resistance  of a
m etal m ay be  enhanced  by the  process  of shot  peening.12 Shot
peening is  a  surface  t reatm ent  in  w hich  sm all hard  pellets  are
shot against  the surface of a m etal. This results in  a compression
deform ation  of the surface, w hich  in  turn  results in  an  augm en-
tation  of the num ber of cycles required to cause failure.13

Fa tigue  is  the  process  of  progressive  perm anent  structural
change  occurring in  a  m aterial subjected  to repetit ive  alternat-
ing stresses. Fatigue resistance depends on  m any factors besides
shot  peening.  In  general,  it  increases  as  tensile  strength  in-
creases. Annealed  t itanium  has  slightly  less  fatigue  resistance
than  cold-worked 316 L stainless steel.

Alternation  of the  surface  characteristics  of an  im plant  m ay
be  used  to  increase  component–com ponent  frict ion  and  thus
enhance  resistance  to  component–com ponent  failure  (see
Chapter  14). An  example  of th is  is the  use  of a  knurled  surface
on  the  Cotrel-Dubousset  rod  (� Fig. 13.3). The  com binat ion  of
the  set  screw  attachm ent  m echanism  and  the  coarse,  rough
surface  of the  knurled  rod  creates  a  h igh-frict ion  component–
component  in terface.

Fig. 13.1  Breakdown potential (volts) versus metal composition for
implant  metals in Hanks solution. The higher the breakdown potential,
the  greater the  corrosion resistance. (Data  obtained  from  Disegi.1)
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13.1.4  St ructural Failure
Fatigue  failure  occurs  because  of  the  cum ulative  e ects  of
loading (the average spine cycles 3 m illion t im es per year). Met-
al  failure  begins  w ith  crack  in itiation. This  m ay  be  associated
w ith  or  encom pass  environm entally  assisted  cracking  (see
� Fig. 13.2). The cracks then  progress if failure ensues.

13.1.5  St ructural Characterist ics and
Their Alterat ion
The structural characteristics of m etals can  be altered  by a vari-
ety of processes. These  include work hardening, annealing, and
cold  working. When  a m etal is perm anently deform ed, its yield
strength  (hardness) increases, w hereas  its  duct ility  (m alleabil-
ity) decreases. This phenom enon  is know n as work hardening.

Annealing  is  a  m etallurgical  treatm ent  process  designed  to
alter m icrostructure. The m aterial is heated and cooled in  a spe-
cific  predeterm ined  cycle. This  creates  a  softer, weaker  m etal.
Cold  working  is  a  m etallurgical  t reatm ent  process  in  w hich

the  m aterial  is  deform ed  at  room  temperature. This  creates  a
harder, stronger  m aterial (i.e., tensile  strength  increases). Work
hardening, annealing, and  cold  working alter  the  latt ice  struc-
ture  of the m etal. Contam inants, such  as hydrogen, carbon, and
oxygen, can  alter the latt ice structure, as well.

13.1.6  St ructural Injury
Injury to  im plant  m aterials  can  occur  via  several m echanism s.
These  include  stress riser  form ation  and  notch ing. Stress risers
are  locations  in  an  object  w here  stress  is  concentrated. They
result  from  the  focal  application  of stress, usually  because  of
m etal bending or  contouring. This creates a  focal concentration
of  strain  that  weakens  the  m etal  at  a  particular  poin t—the
stress  riser. The  resultant  weakening of the  construct  m ay re-
sult  in  m etal fracture. A sim ilar situation  occurs via stress appli-
cation  in  the Harrington  dist ract ion  rod at  the proxim al ratchet .
At  th is point, the ratio of bending m om ent  to rod  diam eter is at
its  m axim um . This  occasionally  results  in  rod  fracture  via  the
focal application  of forces to the rod at a specific point.

Fig. 13.2  Environmentally assisted  cracking  is a  process that  can
lead  to  implant  failure  (fracture) in  vivo. It  has two components:
initiation and  propagation. It  occurs in  regions of restricted  ionic
exchange. Here, the  local environment  becomes more  concen-
trated, more  acidic, and  more  susceptible  to  corrosion. Environ-
mentally assisted  cracking  also  requires the  application  of tensile
stresses. (A) This occurs at  component–component  interfaces,
which have  an occluded  surface  and  a  focal tensile  stress, as
depicted  in  a  316 stainless steel explanted  rod. (B) Contouring  can
create tensile stresses. Arrows depict  the depth of the effect  of shot
“peening.” (C) Such a crack can propagate on the tensile side of the
bend, as depicted  (200 ×).
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Notching  is  an  injury  to  the  surface  of an  im plant  that  ad-
versely a ects  structural in tegrity. Notch  sensitivity  is  defined
as crack in itiat ion  that  is secondary to an  iatrogenically created
stress  concentration.  This  phenom enon  m ay  have  significant
im plications  for  im plant  strength . For  example, a  1% notch  (a
notch  having a  depth  of 1% of the  diam eter  of the  im plant) re-
duces the fat igue resistance  of 316 L stainless steel w ire by 63%,
w hereas bending, tw isting, and  knott ing do not  sign ificantly af-
fect  fat igue  resistance.14 This  has  obvious  im plications  for  the
handling of w ire during surgery.14–16 Tw isting appears to be the
optim al  m ethod  of  w ire-to-w ire  approxim ation.  The  use  of
m ore  than  two  full  tw ists  adds  nothing  to  the  securit y  of the
approxim ation. Com m ercial w ire  t ighteners provide  m ore  con-
sistent tw ists, w ith  a concom itan tly decreased chance of surface
injury.16 Titanium  is know n to be prone to the adverse e ects of
notching;  in  other  words,  it  is  very  notch-sensitive.17,18 The
braiding or weaving of sm all strands of w ire in to a cable greatly
reduces the  danger  posed  by this  phenom enon.19 This  is  so  be-
cause  of the  relationship  betw een  the  radius  of curvature  of a
w ire  or  strand  and  the  chance  of  notch-related  failure.  The
Am erican  Society for  the Testing of Materials (ASTM) has form u-
lated  definitions of im plants and  criteria for defining failure.2

There  exists  a  direct  relat ionship  betw een  the  radius of cur-
vature of a bend and notch-related failure. Everyth ing else being
equal,  the  sm aller  the  radius  of  curvature,  the  greater  the
chance  of notch-related  failure. On  the  other  hand, there  is  an
inverse  relationship  betw een  the  diam eter  of a  w ire  and  the
chance of notch-related  failure, everything else being equal (in-
cluding  the  radius  of  curvature  of  the  bend).  Therefore,  the
chance of notch-related failure can  be expressed as follow s:

Equation  (11)

Chance  of Notch-Related  Failure  K

Â
 Diameter of Wire

Radius of Curvature  of Bend

w here  K= m aterial-specific  constan t.  This  is  illustrated  in
� Fig. 13.4.

13.1.7  Shape Mem ory Alloys
Shape  m em ory  alloys  (usually  n ickel–titan ium  alloys)  change
shape  under  di ering  environm ental  conditions.20 Changing
temperature, for  example, can  alter  shape  (� Fig. 13.5). These
alterations are biom echanically sound in  m ost  situations.21,22

13.2  Nonm etals
Many  nonm etal  m aterials  have  been  used, or  are  in  develop-
m ent for use, in  the m anufacture of spinal implants. Three m ain
subgroups  m ake  up  th is  category:  polym ers,  ceramics,  and
composites. A fourth  and  fifth , allograft  bone  and  absorbable
im plants, are added here for completeness.

13.2.1  Polym ers
Polym ers  are  organic  m aterials  composed  of  large  chains
w ith  m ult iple  repeating  units.  Polym ers  are  used  in  m otion
preservation  applications. These  include  m etal-on-polyethylene
artificial  discs.  The  polym ers  m ost  com m only  em ployed  in
spine  applications are  ultrahigh-m olecular-weight  polyethylene
(UHMWPE), acrylic bone cements such  as polym ethylm ethacry-

Fig. 13.3  The  knurled  surface  of a  Cotrel-Dubousset  rod  causes
relatively high friction between implant  components if an  appropriate
method  of at tachment  (such as a  set  screw) is used.

Fig. 13.4  The  relationship  between  the  radius of curvature  of a  bend,
the  diameter of a  wire, and  the  chance  of notch-related  failure. (A) A
wire  (or strand) that  is bent  will “fail” if the  radius of curvature  (R) of
the bend is small enough. (B) If the diameter of the wire is increased, a
lesser bend  (greater radius of curvature), results in  failure. (C)
Therefore, a thin wire  or strand can be  bent  at  a sharper angle, with a
smaller radius of curvature) than can a larger wire or strand. (D) Thus, a
cable that  is composed of many small strands can tolerate a bend with
a very small radius of curvature  (tight  angle; upper) because  it  is
composed  of small-diameter strands (lower), whereas a solid  wire
cannot. R, R’, R’’ radius of curvature.
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late  (PMMA), therm oplast ic polyether  ether  ketone  (PEEK), and
bioabsorbables.

PMMA was  historically  the  m ost  com m only em ployed  poly-
m er in  spine, neurosurgical, and  orthopedic applications. It  was
originally  used  for  calvarial  reconstruct ion  and  for  orthopedic
applications. It  has  also  been  applied  in  spine  surgery. PMMA
does not  conform  well to bony structures.23 Any soft  t issue sur-
rounding the  acrylic (such  as fibrous t issue  eschar) w ill loosen
an  in itially rigid  construct  as  it  atrophies. However, PMMA has
been  found useful in  selected clin ical situations.24

Biom echanical testing of PMMA has demonstrated  it  to be rig-
id  and  brit tle25 (high  modulus of elasticity). Its  method  of appli-
cation  (conformation  to bony surface anatomy) is a distinct  char-
acteristic not  provided  by m ost  m etals. It  has  been  studied  bio-
m echanically in  a clinical specim en  by Panjabi and  coworkers.26

PMMA can  be strengthened  by w ire  reinforcem ent. Vitallium
w ire  reinforcem ent  has  been  show n  to  yield  a  stronger  con-
struct  than  stainless steel w ire reinforcem ent.27

PEEK has found  utility in  spine surgery. It  is a sem icrystalline
therm oplast ic  w ith  excellent  m echanical  and  chem ical  resist-
ance properties. Hence, it  has found ut ility in  spine implant  ap -
plications, m ost  specifically in  the  form  of in terbody cages and
rods  for  dorsal  application  (Young’s  m odulus, 3.6  GPa;  tensile
strength , 90  to  100  MPa). Kurtz  and  Devine  have  provided  a
superb  assessm ent  of PEEK for  spine  and  orthopedic  applica-
tions.28 Bruner et  al dem onstrated  a biom echanical equivalence
of PEEK, carbon  fiber–reinforced  PEEK, and  titan ium  constructs.
They also  observed  that  PEEK w ith  carbon  fiber  reinforcem ent
reduces  strain  w hen  compared  w ith  pure  PEEK in  single-cycle
loading.  Hence,  they  suggest  that  PEEK rods  reinforced  w ith
carbon  fiber  m ay  have  an  advantage  over  both  titanium  and
pure  PEEK rods.29 Such , obviously, requires clin ical correlation.
For convenience, � Table 2.1 is reproduced here as � Table 13.1.
This perm its a comparison  of the sti ness of a variety of m ateri-
als (Young’s m odulus).

Fig. 13.5  Shape memory alloys change their configuration in response
to temperature  changes. (A) A shape memory alloy rod in its annealed
position  with  a  7-in  radius of curvature. This is the  shape  the  rod  will
memorize  after it  is heated  in  an  oven to 540°C for 10 minutes.
Rectangular blocks are  secured  to the  rod  to  simulate  individual
vertebrae and to illustrate the pliability of the rod. (B) Once cooled, the
rod becomes pliable and can be shaped in many different  dimensions.
If the  rod  is warmed  in  a water bath, it  will quickly regain the  rigid
annealed  programmed  shape  shown in  (A).

Table 13.1  Approximate Modulus of Elast icity (Young’s Modulus)

Substance  Young’s Modulus (GPa)

Diamond  1200.000

Tungsten  345.000

Iron  205.000

316 L Stainless Steel  180.000

Titanium  118.000

Copper  110.000

Gold  80.000

Aluminum  70.000

Glass  70.000

Bone  21.000

Douglas Fir  12.500

White  Oak  12.300

Paper Birch  11.000

White  Pine  10.100

Redwood  9.200

Cortical Bone  (e.g., femur, tibia)  8.200

Plywood  7.000

Carbon Fiber Polymer  5.000

Polyether Ether Ketone  (PEEK)  3.600

Plastics  1.400

Tendon  0.600

Cancellous bone  ~ 0.500

Cartilage  0.024

Rubber  0.007
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13.2.2  Ceram ics
Ceram ics  are  polycrystalline  m aterials.  They  are  often  com -
posed  of  m etallic  as  well  as  nonm etallic  elem ents.  The  m ost
clin ically relevant  characteristics  of ceram ic m aterials  are  their
hardness  and  britt leness. As  a  group, they  resist  compression
well and tension and shear poorly.

The  m ain  ceram ics used  in  or thopedic surgery and  their  ap -
plications are  alum ina (Al2O3), zirconia (ZrO2), and  hydroxyapa-
tite (Ca10(PO4)6(OH)2).

Ceram ics  and  biological glasses  m ay  play an  increasing  role
in  spine instrum entation. They have the poten t ial for osseointe-
gration  (PMMA does not), w hich  m ay provide  a  significant  ad-
vantage. However, a  draw back is  their  britt le  nature, sim ilar  to
that  of PMMA. Clin ically  innovative  preparations  and  applica-
tions m ay circumvent som e of these problem s in  the fu ture.

13.2.3  Com posites
Com posite  biom aterials  are  com posed  of  a  m atrix  m ater ial
and  a  filler  (rein forcem en t). Th is  com bination  provides  char-
acter ist ics  superior  to  those  ach ieved  w ith  either  com ponen t
alone.  Com posite  m ater ials  m ay  have  several  phases.  Som e
m atrix  m aterials  m ay  be  com bined  w ith  d i eren t  types  of
fillers.  Polym ers  con tain ing  par t icu late  fillers  are  know n  as
par t icu late  com posites.  Com posites  em ployed  in  sp ine  sur-
gery  and  or thopedic  applicat ions  include  fiber-rein forced
polym ers  (e.g.,  carbon  fiber  com posites)  and  aggregates  to
PMMA.

13.3  Allograft  Bone
Allograft  bone  is  com m only  used  as  a  spine  im plant.  Several
preservation  techniques  are  com m only  em ployed,  including
fresh  frozen, radiated, and  freeze-dried /lyophilized  techniques.
In  the  latter, the  bone  is  prepared  (after  harvest)  by changing
the  water  content  of frozen  t issue  to  a  gaseous  state  in  a  vac-
uum  that extracts m oisture.

Allograft  processing, in  general, adversely a ects graft  in teg-
rit y. Ethylene oxide  sterilization, however, does not  a ect  com -
pression  strength . Bone  that  is  frozen  then  thawed  is  superior
to freeze-dried bone for torsion and bending resistance. Of note,
slow  rehydration  w ith  saline  im proves the biom echanical char-
acteristics of freeze-dried bone.

13.4  Absorbable  Im plants
Absorbable  im plants, usually  composed  of polylact ide  copoly-
m ers or  a  derivative thereof, have found  lim ited  ut ility in  spine
surgical applications. Subopt im al biom echanical characteristics
(e.g., strength), toxicity related  to breakdow n  products, and  ill-
t im ed absorpt ion  (e.g., before bone consolidation) have resulted
in  lim ited em ploym ent.28,30–32

13.5  Im aging
The  im aging  characteristics  of  som e  m aterials  have  been  de-
fined. For  example, t itan ium  appears  to  be  im aged  best  w ith

computed tom ography, w hereas m agnetic resonance im aging is
m ore suitable for porous t itanium .33,34 PEEK is not  visualized  by
computed tom ography or radiography. Such  m ay provide bene-
fit  in  som e circum stances and disadvantage in  others.

13.6  Sum m ary
Resistance  of  im plant  m aterial  to  injury  or  deform ation  de-
pends  on  a  m ultitude  of factors. These  factors  m ay  be  broken
dow n into three categories: (1) im plant composition  (i.e., the el-
em ents and  alloys used);  (2) im plant  m orphology (the size  and
shape  of the  im plant);  and  (3)  m aterial  t reatm ent  (e.g., work
hardening, annealing, cold  rolling). It  behooves  the  surgeon  to
be aware of all three of these factors w hen  considering any giv-
en  type of im plant.
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14  Com ponent–Com ponent  Interfaces
A seem ingly endless variety of im plant  components m ay be  af-
fixed to one another  via a m ultitude of techniques. In  th is chap-
ter,  these  components  are  defined,  and  the  m echanism s  by
w hich  they are  attached  to  one  another  are  subsequently  de-
scribed. An  implant  is  a  device  used  to  stabilize  the  spine  via
the connect ion  of two or m ore spine components (segm ents). A
construct  is the  com bination  of the  im plant  and  the  spine  seg-
m ents encompassed  by the  im plant. An  assem bly is the  collec-
tion  of components that  together m ake up the im plant. A longi-
tudinal m em ber (e.g., rod, plate) connects two or m ore anchors.
An  anchor  (e.g., screw, w ire, hook)  a xes  to  the  bone  and  to
the  longitudinal  m em ber.  A cross  fixator  a xes  two  (usually
parallel)  longitudinal  m em bers  to  each  other. The  m echanism
by w hich  longitudinal m em bers, anchors, and  cross fixators are
a xed to one another is the topic of th is chapter.

The  locking  m echanism  used  betw een  the  components  of a
spinal im plant  system  (construct) is essential for  the  establish-
m ent  of  construct  in tegrity.  For  the  m ost  part ,  two  types  of
longitudinal m em bers  are  used  clin ically:  rods  and  plates. The
longitudinal  m em ber  is  connected  to  other  im plant  compo-
nents by one or m ore of the seven  com m only used fundam ental
types  of  locking  m echanism s:  (1)  three-point  shear  clamps;
(2) lock screw  connectors;  (3) circum ferential grip  connectors;
(4)  constrained  bolt–plate  connectors;  (5)  constrained
screw–plate  connectors;  (6)  sem iconstrained  screw –plate  con-
nectors;  and  (7)  sem iconstrained  component–rod  connectors
(� Fig.  14.1).  Usually,  a  com bination  of  two  of  these  locking
m echanism s, working  in  opposit ion  to  each  other,  is  used  at

each  component–com ponent  in terface. This  provides  a  pincer-
like  act ion  to grip  the  rod  or  plate  on  opposite  sides. For  exam -
ple, a  circum ferential grip  connector  m ay be  used  w ith  a  lock
screw  connector  at  opposing  sides  of a  rod  (� Fig. 14.2). Such
use of a com bination  of strategies is undertaken  by m odern  day
polyaxial screw–rod connect ion  m echanism s. These connect ion
m echanism s engage the  screw  head  w ith  the  rod, usually via  a
three-point  shear  clamp  m echanism  applied  by  the  locking
screw  to the  rod. This causes the  rod  to engage  the  base  of the
head  in  such  a  m anner  that  the  position  of the  polyaxial screw
head  becom es fixed  in  three-dim ensional space. In terface  fric-
tion  m ay be  enhanced  w ith  knurled  surfaces, w hich  allow  the
seating of lock  screws  (e.g., Cotrel-Dubousset), or  w ith  a  grid-
on-grid  surface (see the follow ing).

Constrained  (r igid)  screw –plate  in terfaces,  such  as  con-
strained  bolt–plate  connectors (e.g., fixed  m om ent  arm  cantile-
ver  beam  connect ions,  w hich  were  in it ially  em ployed  by  the
Ste ee  plate  in  the  1990s),  generally  are  stronger  than  m ost
hook–rod  or  hook–screw  interfaces.  Other  factors,  however,
m ust be considered during the im plant select ion  process.

14.1  Methods of Assessing
Com ponent–Com ponent  Interfaces
All  types  of locking  m echanism s  rely  on  frict ion  betw een  the
components  to  m inim ize  or  prevent  failure  at  the  component–
component  in terface. Therefore, implant  surface  characteristics

Fig. 14.1  The  seven fundamental component–component  locking  mechanisms. (A) Three-point  shear clamp. (B) Lock screw: end-on  (left) and
tangential (right). (C) Circumferential grip. (D) Constrained  bolt–plate. (E) Constrained  screw–plate. (F) Semiconstrained  screw–plate. (G)
Semiconstrained  component–rod.
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are a crit ical aspect  of component–com ponent  in terface consid-
erations. Com patibility (or lack thereof) betw een the surfaces of
the  in terfacing  components  is  also  a  critical  consideration.
Som e  component–com ponent  in terfaces rely m ainly on  torque
or  other  forces  applied;  others  rely  m ore  on  friction  betw een
the  components  to  secure  the  desired  in terface  in tegrity. All,
however, rely  on  both  to  one  degree  or  another. Com ponent–
component  in terfaces are  com m only assessed  w ith  the  Am eri-
can  Society for  the Testing of Materials (ASTM) criteria.1

Mechanically, several  laboratory  techniques  can  be  used  to
assess  component–com ponent  in terface  in tegrity.  These  in-
clude  (1)  axial  push  strength  and  (2)  torsional  strength
(� Fig.  14.3),  w hich  are  the  m ost  w idely  used  and  the  m ost
easily reproduced.

14.2  Locking Mechanism s
14.2.1  Three-Point  Shear Clam p
The  three-point  shear  clam p  provides  significant  resistance  to
the  application  of axial, torsional, and  bending m om ent  forces.
It  relies prim arily on  the  force  applied  at  the  in terface  and  sec-
ondarily  on  the  frict ion  between  components.  Security  is  at-
tained  via the application  of torque to a nut  (bolt–plate  connec-
tor) or  a  tangentially orien ted  lock screw. This  closely approxi-
m ates  the  rod  to  two contoured  surfaces  (circum ferential grip
connectors).  These  com binat ions  provide  both  halves  of  the
pincer  m echanism  required  for  the  attainm ent  of  security
(� Fig. 14.4). This is accom plished via a three-point bending-like
m echanism  (see Chapter 17).

14.2.2  Lock Screw  Connectors
A lock screw  connector  uses  a  set  screw  m echanism  to  appose
the rod  to the other half of the component  system . Thus, it  pro-
vides  half of the  pincer  m echanism  required  for  security. The
other  half of the  pincer  m echanism  is  usually  either  a  th ree-
point  shear  clam p  or  a  circum ferential grip  connector. The lock
screw  m ay be  applied  end-on  or  tangentially. There  appears to
be  a  m echanical  advantage  to  tangent ial  application . The  lock
screw  m ay  be  seated  on  a  knurled  surface, relying  m ainly  on
frict ion  between  the  two objects, or  on  a  sm oother  surface, re-
lying  m ain ly  on  a  circum ferential  gripping  force  (� Fig. 14.5a)
and  slight  component  deform ation . An  end-on  lock  screw  de-
sign  also  allow s  the  application  of a  three-point  bending-like
complex of forces (� Fig. 14.6b). The lock screw  design  is sti er
than  m ost  other  fixator  connections.2,3 This  m ay  be  in  part

related  to  the  rigid  fixed  cantilever  beam  characteristics  of
these  system s, m ore  so  than  the  component–com ponent  con-
nector strategy.

14.2.3  Circum ferent ial Grip Connectors
Circum ferential  grip  connectors  m ay  be  used  to  provide  both
halves  of the  pincer  circum ferential force  application  or, m ore
com m only, only half of the  pincer, as w ith  a  lock screw. Repre-
sentative examples are depicted in � Fig. 14.6.

14.2.4  Constrained Bolt–Plate
Connectors
The  term s  constra ined,  semiconstra ined,  r igid,  dynamic,  and
semir igid  describe  di erent  spinal  im plants  qualitatively  (see-
Chapter  16). They can  be  used  to  qualitatively portray and  de-
fine  component–com ponent  in terfaces,  as  well.  Constrained
(rigid) in terfaces are sti and do not  yield, except  on  failure (i.e.,
fixed  m om ent  arm  cantilever  beam  fixation). Sem iconstrained
(dynam ic or  sem irigid) in terfaces  are  less  sti  and  allow  som e
m ovem ent  at  the  component–com ponent  in terface  and  be-
tween  spinal segm ents.

Constrained  (rigid)  bolt–plate  connectors  are  applicable  to
screw–plate  system s, as well as to  hook–rod  or  screw –rod  sys-
tem s (� Fig. 14.7a).

Fig. 14.2  (A) A rudimentary pincer-like  action  used  to  grip  a rod, in
which the  rod  is simply sandwiched  between  two blocks. Often, each
half of the pincer is of a different type of locking mechanism. (B) In this
case, the left  portion of the pincer uses a circumferential grip, and the
right  uses an  end-on  lock screw mechanism.

Fig. 14.3  (A) The  axial push  strength  and  (B) torsional strength
methods of laboratory assessment. Arrows depict  the forces applied by
the  testing  device.
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Constrained  bolt–plate  connectors  are  very  rigid  and  the
strongest  connectors  available.  This  is  particularly  true  at
screw–plate  or  bolt–plate  in terfaces. Com ponent–rod  in terfaces
are, by their  nature, slightly weaker. Rod  im plant–im plant  con-
nect ions that  use  a  bolt–plate  m echanism  of connection  gener-
ally  provide  greater  in terface  security  than  those  that  do  not .
The  tangent ial  lock  screw  m echanism  of securit y  attainm ent ,
w hich  provides  a  stronger  im plant–implant  in terface  than  the
tradit ional  eyebolt  m echanism ,  m ay  provide  further  biom e-
chanical advantages. This im plies that  rod-to-im plant  in terfaces
that  m im ic  a  bolt–plate  connector  (three-point  shear  clam p)
are stronger than  those that do not.

Constrained  screw–plate  or  bolt–plate  connectors  used  w ith
screw–plate  system s (e.g., Ste ee  plate)  pose  problem s of lati-
tude  for  the  surgeon. The  screws m ust  be  placed  in  a  relat ively

linear  m anner, at  sim ilar  heigh ts  and  in  sim ilar  or ien tat ions.
Furtherm ore,  they  are  usually  bulkier  than  screw –rod  sys-
tem s.  Spacers,  w ashers,  and  con toured  screw  hub–plate  in -
terfaces  have  been  used  to  com pensate  for  som e  of  these
problem s.  However,  they  presen t  addit ion al  problem s
(� Fig. 14.7  b–h).

14.2.5  Const rained Screw–Plate
Connectors
Expanding-head  (w ith  or  w ithout  bush ings) and  cam -locking
securing  m echan ism s, as  w ell  as  locking-plate  st rategies, are
used  to  a x  screws  to  p lates  rigid ly  (� Fig. 14.8). The  use  of
m ach ine  th reads  for  locking  the  screw  to  the  p late  provides
bone  and  screw –plate  fixat ion  sim ultaneously.  Such  strat -
egies  involve  the  use  of  screw –plate  th reads  w ith  half  the
pitch  of  screw –bone  th reads.  Of  note  is  that  th is  st rategy
(locking-plate  techn ique)  does  not  allow  the  bone  to  be
pulled  t igh t ly  to  the  p late.  The  surgeon  m ust  take  th is  in to
considerat ion .

Fig. 14.4  (A) A three-point  shear clamp with an eyebolt  connector (the
combination of a three-point  shear clamp and a constrained bolt–plate
locking mechanism) and the  forces applied  when they are  assembled.
(B) A three-point  shear clamp combined  with  a tangential lock screw
connector. Arrows depict  force  vectors.

Fig. 14.5  Lock screw connectors. (A) An end-on lock screw design. (B)
Three-point  shear clamp forces, as well as slight  rod  deformation  into
the  concavity below the  set  screw, can provide  a  very secure  fixation.
Arrows depict  force  vectors.

Fig. 14.6  (A–D) A variety of circumferential grip  connectors in  which
both  halves of the  pincer mechanism  are  provided.
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14.2.6  Sem iconst rained Screw–Plate
Connectors
Most  screw-through-plate  system s  are  sem iconst rained  (non-
fixed  cantilever  beam  fixation).  Myriad  variat ions  have  been
used  clin ically. A variety of dorsal cervical, ventral thoracic, and
dorsal  pedicle  thoracic  and  lum bar  fixat ion  system s  are  in-
cluded  in  th is  group. They perm it  screw  toggling on  the  plate;

thus, the  screw  does not  bind  rigidly to  the  plate  (� Fig. 14.9).
Therefore, t ruly  rigid  fixation  is  not  achieved  (see  Chapters  1,
16, and 17).

Fig. 14.7  (A) Constrained  bolt–plate  (e.g., Steffee  plate) connectors.
Note  the  rigid  fixation of the  screw to the  plate  by the  bolt–plate
mechanism. (B, C) The use of washers to compensate for screw height
discrepancy and  direction, respectively. An angled  washer may not
accurately compensate  for the  angle  at  the  screw–plate  junction. This
may result in inadvertent application of a moment arm to the vertebral
body by the  screw, resulting  in  (D) cutout  (windshield  wiper effect;
arrow) or (E) an  undesirable  reorientation of the  vertebral body. (F) It
may also result  in inadequate tightening of the nut, which leaves a gap
(arrow), thus fostering  connector loosening. Contoured  hub–plate
interfaces provide  some latitude  in  the  lat ter regard. (G) However,
unless the  screw is perpendicular to the  plate, the  connection has not
resulted  in  optimal tightness and  security because  of the  inability to
achieve  an  “in-line” configuration of the  points of maximal contact
between  the  plate  and  the  hubs. Therefore, an  optimally stable
relationship  between connector components is not  achieved. Straight
arrows depict  points of contact of the nut and screw with the plate. (H)
Note  the  gaps and  suboptimal contact  realized  when the  screw is
angled. In (G) and (H), the straight arrows portray the forces applied by
the  screw to the  plate  during  tightening. The  curve  arrows in  (H)
portray the  angular forces applied  if the  screw is not  perpendicular to
the  plate  and  the  abut ting  interfaces are  not  parallel.

Fig. 14.8  Screw–plate  locking  mechanisms. (A) Expanding-head  tech-
nique. (B) Cam  technique. (C) Screw-capping  technique. (D) Locking-
plate  strategy. (E) The  lat ter uses a  dual thread  pitch  design  in  which
the  machine  thread  pitch  is half of the  bone  thread  pitch.

Fig. 14.9  Semiconstrained  screw-plate  connector (e.g., Luque  plate).
The  screw is allowed  to toggle  in  the  plate  (arrow), resulting  in  a
dynamic or nonrigid  system.
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14.2.7  Sem iconst rained
Com ponent–Rod Connectors
Sem iconstrained  com ponen t–rod  connectors  were  h istor i-
cally  typ ified  by  the  Harr ington  d istract ion  rod, the  Harr ing-
ton  com pression  rod, and  other  relat ively  loose  com ponen t–
rod  in terfaces.  The  connect ions  allow  som e  toggling  of  the
com ponen t  on  the  rod  (� Fig.  14.10);  hence,  fret t ing  and

Fig. 14.10  An exaggerated  depiction  of a semiconstrained  compo-
nent–rod connector (Harrington distraction rod and hook) in extremes
of the allowed toggle. The dashed and solid representation of the hook
illustrates the  fact  that  the  hook can tilt  on  the  ratcheted  component
of the  rod. This then, functions to lock the  hook’s position on the  rod
and  ideally secure  fixation.

Fig. 14.11  The  two opposing  surfaces of a component–component
interface  must  match if the  security of fixation is to  be  optimized. In
each portion of this figure, an analogy to tire versus terrain is depicted
on the left, and the component–component relationship is depicted on
the  right  (see  text). (A) A mud  tire  on  off-road  terrain  and  grid–grid
interface. Note  the  meshing  of the  two surfaces. (B) A racing  slick on
an asphalt  road and a circumferential grip connector on a smooth rod.
In both (A) and (B) the surfaces are matched, and contact  between the
surfaces is optimal. (C) If the surfaces are mismatched, the surface area
of the  contact  is diminished. This is depicted  by a  racing  slick
interfacing  with  an off-road  terrain  and  by a  knurled  rod  interfacing
with  a  smooth component.

Fig. 14.12  The perpendicular application of a force (N) to two surfaces
(A and  B) causes the  friction  (f) between the  two surfaces to  increase
proportionally. The  only other factor involved  is the  coefficient  of
friction  (µ). This describes the  frictional relationship  between the  two
surfaces.

Fig. 14.13  Different  ways to  enhance  friction  with  a  grid-on-grid  interface. (A) Linear type. (B) Checkerboard  type. (C) Radial type.
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loosen ing at  the  com ponen t–rod  in terface  are  poten t ial com -
plicat ions.

14.3  Im plant  Surface
Characterist ics
In  general, frict ion  betw een  the components m ust  be enhanced
to achieve m axim al torsional or axial push  strength . An analogy
to  contact  betw een  autom obile  t ires and  terrain  is  appropriate
here.

A m ud  t ire has deep treads w ith  a knobby surface. It  m atches
the  surface  of the  terrain  for  w hich  it  is  designed. A slick  for
drag racing is  sm ooth  and  w ide. It , too, m atches the  surface  of
the  terrain  for  w hich  it  is designed. In  the  form er case, a  rough
surface is m atched to a rough surface (as in  a grid-on-grid  in ter-
face).  In  the  latter  case,  two  relatively  sm ooth  surfaces  are
m atched, w ith  m axim um  surface-to-surface contact  (as in  a cir-
cum ferential grip  connection). Mixing of the  two  system s m ay
result  in  less  friction. For  example, a  knurled  surface  (o -road
ter ra in, or half of a grid-on-grid  in terface) w ill not  allow  signifi-
cant  friction  at  the  in terface  w ith  a  sm ooth  surface  (drag slick,
or circum ferential grip  half of a pincer). The surface area of con-
tact  is dim inished, and  thus the  desired  in terface frict ion  is not
achieved  (� Fig. 14.11). Of perhaps  greater  im portance  is  the
fact  that  the surface textures are changed. This alters the coe -
cien t of frict ion.

Other  factors also play roles in  th is process. Frict ion  betw een
two  surfaces  is  a ected  not  only by the  surface  characteristics
but  also  by  the  coe cient  of frict ion  and  the  force  applied. If
the  surgeon  were  to  dim inish  the  surface  area  of  contact

betw een  two  surfaces  but  m aintain  the  sam e  force, force/area
of contact  would increase, but  the surface area of contact  would
decrease. These  changes  neutralize  each  other, result ing  in  no
net  change  in  frict ion  (i.e.,  friction  is  independent  of  surface
area  of contact). These  relationships  are  described  by  the  fol-
low ing equat ion:

Equation  (12)

f ¼  Â N

w here  f = frict ion,  µ = the  coe cient  of  frict ion ,  and  N = the
force  applied  to  the  surfaces.  � Fig. 14.12  illustrates  th is  rela-
tionship.

14.3.1  Enhanced Frict ion in Grid-on-
Grid Interfaces
Grid-on-grid  in terfaces  take  advantage  of the  friction  achieved
betw een  two  opposing  surfaces  w ith  m atching  in terlocking
grids.  These  should  not  be  considered  as  connectors  in  the
str ictest  sense;  rather,  one  m ight  call  them  interface  friction

Fig. 14.14  A variable-angle  screw has the  advantage  of allowing
multiplane 360-degree flexibility in the orientation of the screw. Three
planes of movement  (curved arrows) are  depicted. This is made
possible by the radial orientation of the friction enhancement  grid, the
rotation of the screw–rod connector, and the rotation of the screw, as
depicted.

Fig. 14.15  Cross members are used to increase stability and to prevent
one  rod  from  telescoping  past  another in  the  Luque  sublaminar wire
technique. The  use  of two cross members near the  junction  of thirds
provides a  rectangular construct  that  can  be  fabricated  in  situ. Such
strategies of cross fixation provided  utility via the  application  of a
quadrilateral frame construct  in historical fixation systems, such as the
Luque  sublaminar wire  technique, as depicted. This is not  as much of
an advantage  today because  of the  rigid  fixation  achieved  with  bone
via fixed moment  arm  cantilever beam  screw–rod  fixation techniques.
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enhancers.  The  grids  usually  are  linear  (e.g.,  Wiltse  system ),
checkerboard-like (e.g., Cotrel-Dubousset  system ) or radial (e.g.,
TSRH  variable-angle  screw;  � Fig.  14.13).  Besides  enhancing
frict ion,  such  gridded  surfaces  can  provide  other  advantages,
such as three-dim ensional applications (� Fig. 14.14).

14.4  Cross Fixat ion
Cross-fixation  is  defined  herein  as  the  rigid  fixation  of bilater-
ally placed  posterior  fixation  devices to each  other  in  a  rigid  or
sem irigid  m anner  to m ake the construct  e ectively a quadrilat-
eral  fram e  (� Fig. 14.15). This  technique  had  been  historically
used  w ith  w ire  and  acrylic cross fixation  of Harrington  distrac-
tion  rods and other dorsal rigid devices.

There  are  various  form s  of cross  fixation . They  vary  in  e -
cacy, and each  has additional positive and negative att ributes.

Cross  fixation  provides  substantially  greater  sti ness  and
stability than  that  achieved  w ithout  cross fixation . This is espe-
cially advantageous w ith  longer system s. The increase in  stabil-
ity  is  obvious  at  the  t im e  of  surgery.  This  m ay  warrant  the
select ive  use  of cross  fixation  w ith  long  instrum entation  sys-
tem s. Techniques of cross fixation, however, consum e  valuable
operative  t im e, are  associated  w ith  complications, and  have  di-
m inish ing  advantage  com pared  w ith  m odern-day  fixed  m o-
m ent  arm  cantilever  beam  screw –rod  fixation  system s. Short
pedicle  screw  system s can  also  use  cross fixation  to  advantage
via  the  tr iangulation  e ect . The  rigid  cross  fixation  of the  two

sides  of  a  system , in  w hich  the  screws  are  toed  in ,  provides
substan tial  pullout  resistance  as  well  as  resistance  to  sagittal
plane translation  or subluxation.

As  stated, cross  m em bers  m ay be  select ively used  w ith  long
rod system s. This addition  m ay enhance the stability of the con-
struct  w hen  m ethodically  em ployed. With  the  Luque  rod, the
often-observed telescoping of one rod over the other was elim i-
nated  by th is  cross-fixation  technique. A rectangular  construct
can  thus be fabricated in  situ  (see � Fig. 14.15).

14.5  Com parison of Com ponent–
Com ponent  Connectors
14.5.1  Conversion Factors
For  the  uninit iated  (and  for  those  w ho  sim ply have  forgotten),
the  units  or  m easurem ents  of force  application  and  load  bear-
ing  can  be  confusing.  The  per tinent  term s  and  conversion
factors  are  presented  in  � Table  14.1. For  the  purpose  of th is
discussion, new tons and  new ton-m eters  are  used  as  m easure-
m ents  of  force  (weight)  and  of  torque  (bending  m om ent),
respect ively.

14.5.2  Com parison Data
The strength  of component–com ponent  locking m echanism s is
di cult  to assess. Com parisons betw een  system s, therefore, are

Table 14.1  Units of measure pertinent  to the mechanics of spinal stabilization constructs and conversion factors
Measure  of distance

1 meter  39.37 inches

Measures of force  (weight)

1  newton  105 dynes

1 pound  16  ounces (avoirdupois)

1  pound  4.448 newtons

1 newton  0.225 pound

1 kilogram  9.8  newtons

1 kilogram  2.2  pounds

Measures of work (energy)

1 inch-pound  quantity of energy required  to raise  a weight  of 1  pound  against  gravity by a  height  of 1  inch

1 newton-meter  quantity of energy required  to raise  a weight  of 1  newton against  gravity by a  height  of 1  meter

1 erg  1 dyne-centimeter

1  inch-pound  0.083 foot-pound

1 joule  1  newton-meter

1  newton-meter  0.7375 foot-pound

1 newton-meter  8.85  inch-pounds

1 inch-pound  0.113 newton-meter

Measures of torque  (bending  moment)

Torque, like  work or energy, comprises factors of force  and  distance.
However, it  is essential to  differentiate  between  these  two measurements.
The magnitude and direction of a torque depend on the axis of rotation through which the force is applied; work or energy is simply a quantity, with no
inherent  directional component
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Fig. 14.16  Selected  component–rod  axial push
strength  comparison data  (see  text). The  data
presented here are from more than 10 years ago.
Modern technologies are  much stronger in  axial
push strength. CD, Cotrel-Dubousset; DTT, device
for transverse  traction; TSRH, Texas Scot tish  Rite
Hospital; VHG, V-groove, hollow-ground. (Data
obtained  from  personal communications.)

Fig. 14.17  Selected  component–rod  torsional
strength  comparison data  (see  text). The  data
presented here are from more than 10 years ago.
Modern technologies are  much stronger in  rod
torsional strength. CD, Cotrel-Dubousset; DTT,
device  for transverse  traction; TSRH, Texas
Scot tish  Rite  Hospital; VHG, V-groove, hollow-
ground. (Data  obtained  from  personal commu-
nications.)
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precarious. This  is  compounded  by the  fact  that  di erences  in
laboratory assessm ent  technique  contam inate  the  data. Never-
theless, averaged  and  extrapolated  data from  selected historical
m anufacturer-provided  inform ation  for  selected  component–
rod  system s  are  presented  here  to  provide  at  least  som e  basis
for  the  comparison  of certain  component–rod  locking  m echa-
nism s. These  data  should  serve  only as a  very crude  m ethod  of
comparison. It  is  em phasized  that  th is  inform ation  was m anu-
facturer generated.

Laboratory data  for  m any system s are  unavailable  or  are  not
comparable  w ith  data  for  other  system s.  Nevertheless,  the
strength  characteristics  of several system -specific im plant–rod
connector  system s are  compared  to  illustrate  some advantages
and  disadvantages of selected  connector  designs. This  inform a-
tion  was  derived  from  m ultiple  laboratories  (often  partisan),
each  having  its  ow n  laboratory-specific  characteristics.  This
provides, at  best, a rough comparison. It  is em phasized that lab-
oratory  biom echanical assessm ents  are  perform ed  under  ideal

circum stances. If appropriate  t ightening  torque  (as  defined  by
the  laboratory  studies)  is  not  applied  in  vivo  (as  m ay often  be
the  case), the  application  of  laboratory  biom echanical data  to
the  clin ical  situation  is  m eaningless.  The  available  data  from
m ore  than  10  years  ago  are  presented  for  axial  push  strength
(� Fig. 14.16) and  torsional strength  (� Fig. 14.17). These  m eth-
ods  of analysis  are  illustrated  in  � Fig. 14.3. Data  for  m odern-
day component–rod  connect ion  strength  is  not  available, yet  it
would  appear  that  newer  techniques  are  likely  substantially
stronger  than  those  depicted  here  in  (see  � Fig.  14.16  and
� Fig. 14.17).

Fig. 14.18  Poor man’s biomechanical testing. Apply two 50-mm
screws to  a rod  (next  to  each other and  divergent  by 30 degrees) via
the  manufacturer’s prescribed  technique. Have an assistant  hold  the
rod  with  locking  pliers. Apply increasing  degrees of force. Torsional
strength  can be  graded  according  to the  force  required  to cause  the
screw to rotate on the rod. In this manner, two or more systems can be
compared.

Fig. 14.20  (A, B) A platform with an at tached constrained screw can slide along the rod (axial dynamism). Arrows depict  the extent of motion allowed.

Fig. 14.19  Placement  of a screw through a slot  allows the  screw to
slide  in  the  slot  (axial dynamism), as depicted.
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A best  guess of relat ive  torsional strength  can  be  m ade  m an-
ually;  a  rela t ive  grading  schem e  can  be  used.  Thus,  one  can
compare  the  torsional  strengths  of component–rod  in terfaces
by  using  th is  sim ple  poor  m an’s  biom echanical  test
(� Fig. 14.18).

14.6  Dynam ic Com ponent–
Com ponent  Connectors
Dynam ic component–com ponent  connectors include  the  sem i-
constrained  screw–plate  and  component–rod  connectors  al-

ready discussed. Both  are  dynam ic because  of the  nonrigid  na-
ture  of the  component–com ponent  in terfaces. They allow  tog-
gling.  A  screw-through-a-slot  (compared  w ith  a  screw-
through-a-hole)  in terface  perm its  axial  (and  angular)  dyna-
m ism  (settling or  subsidence;  � Fig. 14.19). Som e system s per-
m it  axial dynam ism , as  well, via  the  slipping  of a  platform  on
rods (� Fig. 14.20; see Chapter 28).

14.6.1  Dynam ic Com pression Plates
Dynam ic compression  plates use a tea rdrop shape of the hole in
the plate to cause the plate to slide w hen  the screw  is t ightened
(� Fig. 14.21).4 If the  screw  loosens, th is  e ect  is  lost . Dynam ic
compression  plates  are  a  type  of sem iconstrained  screw –plate
connector. They are  unique because they allow  the  screw –plate
com bination  to apply compression  to the bone.
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Fig. 14.21  Dynamic compression plates. (A, B) Dynamic compression
plates are a type of semiconstrained screw–plate  connector in which a
teardrop-shaped  hole  in  the  plate  causes the  plate  to slide  along  the
bone  (to the  dashed line) as the  screw is tightened, thus compressing
the  bone.
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15  Im plant–Bone Interfaces
A variety of in terfaces betw een  bone and  surgically applied  im -
plants are  used  clin ically. In  spine surgery, there  are five funda-
m ental types of implant–bone  in terfaces:  (1) abutt ing (e.g., in-
terbody  bone,  in terbody  acrylic,  cages);  (2)  penetrating  (e.g.,
nail, staple, screw ); (3) gripping (e.g., hook, w ire);  (4) conform -
ing  (e.g.,  acrylic);  and  (5)  osseointegration  (e.g.  t itan ium , ce-
ram ics).

Within  these  categories are  subcategories and  implant  varia-
tions.  The  biom echanical  principles  involved  range  from  the
very  sim ple, such  as  those  for  abut ting  in terbody  implants, to
the  very complex nuances of screw –bone  in terfaces. Each  cate-
gory  is  considered  separately, w ith  accom panying  theoretical
and biom echanical inform ation.

15.1  Abut t ing Im plant–Bone
Interfaces
The  m ost  com m on  location  for  the  placem ent  of abut ting  im -
plants  is  the  in terbody region . Their  application  elsew here, on
or  w ithin  the  vertebra, m akes lit t le  sense. For  an  abutt ing con-
struct  to be e ect ive, it  m ust  bear a load. Because the in terbody
region  is the  approxim ate  region  of the  neutral axis (see  Chap-
ter  12), and  because  m ost  of the  axial load  is  borne  in  th is  re-
gion,  an  in terbody  location  is  the  m ost  appropriate  for  the
placem ent of abut ting implants.

Abutt ing im plants, by their nature, dist ribute loads over a rel-
atively large  surface  area  of contact. A surgeon  would  not  usu-
ally select  a  slender  in terbody im plant  because  it  would  likely
knife  its  way through  the  relatively soft  cancellous bone  of the
vertebral body. The  placem ent  of an  in terbody implant  in  close
approxim ation  to  the  end  plate  (w here  bone  is  m ore  compact
and  thus  m ore  able  to  resist  compression)  m ay  be  desirable
(see  Chapter  6). Such  a  strategy  takes  advantage  of the  boun-
dary e ect.

Specific inform ation  on  the biom echanics of such  implants is
lacking. All other factors being constant, however, the larger the
surface  area  of contact  betw een  the  im plant  and  the  bone, the
m ore  e ect ive  the  implant’s resistance  to axial loads. The  axial
load-resisting capacity is, in  theory, directly proport ional to the
surface  area  of contact. The  larger  the  surface  area  of contact
w ith  the  end  plate  of  the  in terbody–abutting  im plant—be  it
bone, acrylic, or a m etal—the m ore e ect ive it  w ill be in  achiev-
ing one of its m ost  important  goals: to resist  applied  axial loads
(� Fig. 15.1).

Another  goal w ith  an  abut ting  in terbody  im plant  is  for  the
im plant  to  rem ain  in  the  desired  in terbody location;  thus, load
bearing  is  optim ized,  the  chance  of  neural  impingem ent  is
m inim ized, and  the chance of subsequent  spinal deform ation  is
also m inim ized. This often  necessitates the use of an  adjunct ive
im plant  component.  For  example,  in terbody  acrylic  implants
m ay be  applied  w ith  a  rigid  w ire  stabilizer  that  penetrates  the
end  plates  of  the  adjacent  and  supported  vertebral  bodies
(� Fig. 15.2a). This m inim izes the  chance  of im plant  m igration.
Som e  fixators  em ploy  spikes  at  the  term inal  bone-contact ing
surfaces in  order  to achieve the sam e result  (� Fig. 15.2b). Bone
graft  struts are  often  positioned  in  a deep  m ortise  or  fash ioned

in  a  conical shape  at  the  term ini. These  m aneuvers  also  m ini-
m ize the chance of im plant (in terbody bone strut) m igration.

There  are  two  types  of  cage  in terfaces  w ith  the  ver tebral
body end  plate:  (1) flat-faced  (� Fig. 15.2c) and  (2) round-faced
(� Fig. 15.2d). The form er presents a relatively large surface area
of contact  to the end plate. This e ectively prevents piston ing of
the  im plant  in to  the  vertebral  body. Round-faced  cages  (e.g.,
th readed  in terbody fusion  cages) present  a round surface to the
end  plate. Because  the  end  plate  is  only  1  to  2 m m  th ick, and
because  the  round-faced  cage  penetrates  the  end  plate  som e-
w hat, the  rounded  surface  of the  cage  “sees” only a  sm all por-
tion  of the end plate (see Chapter 23 and � Fig. 15.2d).

Significant  regional  end  plate  strength  and  sti ness  charac-
teristics exist . The center  of the end  plate, w here  in terbody im -
plants  are  com m only positioned, is  the  weakest  portion  of the
end  plate. The wall (cortex) of the ver tebral body butt resses in-
terbody implants  m uch  better  than  the  center  of the  ver tebral
body,1 just  as  the  edge  of a  t in  can  is  better  able  to  bear  loads
than  the center of the can  (� Fig. 15.2e, f). One can  take advant-
age  of th is  concept  clin ically via  the  use  of a  fin  that  abuts  the
end  plate  in  the  region  of the  cort ical m argin  (see  Chapter  23
and � Fig. 15.2g).

15.2  Penet rat ing Im plant–Bone
Interfaces
Penetrating  im plant–bone  in terfaces  are  of  two  fundam ental
types: (1) those w ithout  attr ibutes of pullout  resistance and  (2)
those  w ith  attr ibutes of pullout  resistance. The form er  type  in-
cludes  nails,  spikes,  and  staples.  The  penetrating  adjuncts  of
abut ting im plant–bone  in terface  im plants  are  examples  of th is
type. The  lat ter  type  includes screws and  penetrating im plants
that  change  configuration  on  placem ent  in to  bone  (e.g.,  ex-
panding tip  screws).

Fig. 15.1  The  surface  area of contact  at  the  interfaces of abut ting
implants and bone correlates with weight-bearing capacity. A smaller-
diameter implant  penetrates farther (left), whereas a  larger-diameter
implant  withstands axial loading more effectively (right). Arrows depict
the  load  applied  to  bone  (hatched area) by the  implant.
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15.2.1  Penet rat ing Im plant–Bone
Interfaces without  Pullout  Resistance
Nails, spikes, and  staples  are  seldom  used  as  sole  m ethods  of
im plant–bone  in terface  in  clin ical  practice.  This  is  par tly  be-
cause  of their  relative  inability to resist  dislodgem ent;  their  ca-
pabilit ies  for  pullout  resistance  are  nearly  nil.  They  usually
function  as  adjuncts  (stabilizers)  for  im plants  (e.g., as  adjuncts
for  in terbody axial load–bearing im plants), either  as  the  canti-
lever  components of rigid, constrained  im plant  system s for  ax-
ial load  bearing (fixed  m om ent  arm  cantilever beam ; see  Chap-
ter  17) or  as the  cantilever components of term inal three-point
bending constructs (posts; see Chapter 17 and � Fig. 15.3).

15.2.2  Penet rat ing Im plant–Bone
Interfaces with Pullout  Resistance :
Im plants That  Change Configurat ion
after Insert ion
Im plants  that  change  configuration  after  inser tion  in to  bone
have  the  capacity  to  resist  pullout  (� Fig. 15.4). They  are  not
com m only used  in  clin ical pract ice; therefore, lit tle  biom echan-

ical inform ation  is available.2–4 The available  inform ation , how -
ever,  suggests  that  expanding  t ip  screws  e ect ively  increase
pullout  resistance, particularly in  osteoporotic bone.2,4,5 Adding
a  nut  on  the  opposite  side  of a  bicortical vertebral body screw
significantly increases pullout  resistance.6,7

Fig. 15.2  Adjuncts to abut ting  implant–bone  interface  systems in  the
interbody region include (A) a rigid wire  stabilizer in acrylic and (B) the
Rezaian Spinal Fixator (Spinal & Orthopedic Devices, Van Nuys, CA)
with  terminal spikes. Both  adjuncts minimize  lateral migration of the
implant. (C) A flat-faced interbody cage  contacts the  end plate  over a
large  surface  area (arrows). (D) A round-faced  cage  presents a  curved
surface  to the  end  plate  (arrows). This results in  a relatively small area
of contact  with the end plate. (E) A load applied to the central portion
of a  tin  can is less effectively resisted  than (F) a  load  applied  to the
edge of the can. (G) This concept  can be applied clinically, as depicted
with  the  fins of a  cervical implant  (DOC; DePuy-AcroMed, Raynham,
MA).

Fig. 15.3  A penetrating implant  without  pullout  resistance (post  type)
can function as an implant  stabilizer, either (A) as a fixed moment  arm
cantilever beam  or as the  cantilever component  of a  terminal three-
point  bending construct. (B) In the lat ter case, an interbody bone graft
can  resist  translational forces that  induce  translation  (arrows) via a
cantilever beam  technique.

Fig. 15.4  Implants that  change configuration within bone may be used
to augment  pullout  resistance. Note the splaying of the screw tip  by a
“drywall-like  screw” mechanism  (arrows). (Data obtained  from  Lesoin
et  al.3)

Implant–Bone Interfaces

160



15.2.3  Penet rat ing Im plant–Bone Inter-
faces with Pullout -Resistant  Screws
Most  of the  inform ation  available  on  im plant–bone  in terfaces
addresses  screws. This  parallels  the  frequency  of their  clin ical
use. In  fact, screws, either alone or as components of m ore com -
plex  spinal implants, are  being  used  clin ically  w ith  increasing
frequency  and  in  increasingly  broad  applications. A relatively
thorough  know ledge of screw  anatomy, screw  interact ions w ith
bone, and  screw  biom echanics  is  m andatory  for  the  e ective
and safe use of screws.8,9

Screw  Anatom y
A screw  has four  basic components:  (1) the  head, (2) the  core,
(3) the thread, and (4) the t ip  (� Fig. 15.5). Each  component can
be altered to achieve a specific desired clin ical e ect .

The Head
The head  of the  screw  resists the  translat ional force  created  by
rotat ion  of the  thread  through  the  bone  at  the  term ination  of

screw  t igh tening  (� Fig.  15.6).  The  screw  head,  therefore,
should  be  designed  to abut  the  underlying surface  optim ally. If
th is surface is m edullary cancellous bone, a w ide head  is neces-
sary to  m inim ize  the  chance  of pull-through. A sm aller  diam e-
ter is required for cort ical bone. If the underlying surface is m et-
al, as  w ith  a  dynam ic or  sem iconstrained  screw –plate  system ,
the  undersurface  of  the  screw  head  should  conform  to  the
trough in  the plate (i.e., it  should  have a rounded undersurface).
This  usually perm its  toggling. On  the  other  hand, if toggling is
not desired, a flat  undersurface that  abuts the flat  surface of the
plate m ay be desirable. Obviously, because of the significant de-
form ation  resistance  of m etal compared  w ith  bone, the  diam e-
ter of the head can  be sm aller w ith  m etal-on-m etal applications
than w ith  m etal-on-bone applications (� Fig. 15.7).

Once the  screw  head  is brought  in to contact  w ith  the  under-
lying surface  during tigh ten ing, either  or  both  of two  sequelae
w ill  result  from  fur ther  t ightening  of  the  screw:  (1)  screw
thread–bone in terface failure  (str ipping, or  pullout) and  (2) de-
form ation  of the underlying surface against  the undersurface of
the screw  head.

The Core
The core  (inner  diam eter) provides resistance  to fracture  in  the
form  of resistance to cantilever  bending loading that  is perpen-
dicular to the long axis of the screw and torsion. In  clinical prac-
tice, the  torsional  strength  of the  screw  is  relatively  insignifi-
cant. However, screws  frequently  m ust  bear  substan tial  canti-
levered  loads  (loads oriented  perpendicular  to  the  long axis  of
the  screw;  � Fig. 15.8). Hence, bending strength  is of consider-
able  importance. Bending  strength  is  proportional  to  the  sec-
tion  m odulus (Z) and  is  defined  by the  follow ing equat ion  (see
Chapter 2):

Equation  (13)

Z ¼
 D3

32

in  w hich  D = core diam eter. Therefore, screw  (or rod) strength
is proportional to the  cube of the  core diam eter. As the  core di-
am eter  increases, the  strength  of the screw  increases exponen-
tially. This  is  especially significant  for  the  core  diam eters  com -
m only used  clin ically (� Table  15.1).10 Note  that  the  di erence
in  strength  betw een  a  screw  w ith  a  5.0-m m  core  diam eter  and
one  w ith  a  6.0-m m  core  diam eter  screw  is nearly twofold  (125
vs  216). Therefore, the  largest  screw  diam eter  allowed  by  the
local  bony  anatomy  should  be  used, so  that  the  likelihood  of

Fig. 15.5  The  important  anatomical aspects and  characteristics of a
screw: the  head, the  core, the  thread, and  the  tip.  Fig. 15.7  The  diameter of the  screw head  can  be  smaller with  metal

undersurfaces (upper) than with  bone  undersurfaces (lower).

Fig. 15.6  The  head  of the  screw resists translational forces at  the
termination of screw tightening. This causes tensile  forces to be
applied to the screw and compressive forces to be applied to the bone
and  plate  (arrows).

Implant–Bone Interfaces

161



screw  failure  (fracture)  can  be  m inim ized.11 This  principle  is
di cult  to apply w hen  the pedicles are narrow, as is usually the
case  in  the  thoracolum bar  region, w hich  underscores, in  part ,
the  biom echanical  and  clin ical  problem s  associated  w ith
pedicle  fixation  in  th is  region . In  view  of the  sim plicity  of the
m athem atical relationship  betw een  screw  diam eter  and  screw
strength , it  is  not  surpr ising  that  m ost  implant  system s  have
sim ilar att ributes.12

Stress  reduct ion  osteoporosis results  from  stress shielding as-
sociated w ith  the use of very rigid  im plant system s (see Chapter
19 and  29). It  is in tu itive that  shielding bone from  applied loads
m ay  result  in  dem ineralization.  This  indeed  occurs,  but  the
sti ness  and  stability  imparted  to  the  spine  by  the  im plant
m ore  than  compensate  for  th is  phenom enon.13 With  less  rigid
system s,  m ovem ent  at  the  screw –bone  in terface  m ay  occur.
Movem ent  at  the screw –bone in terface causes the screw  to be-
com e  enveloped  w ith  fibrous t issue.14 This parallels  the  degra-
dation  of the screw–bone in terface.

The Thread and Tip
Strength  is  proport ional to  screw  core diameter  (m inor  diam e-
ter).  Outside  (outer)  diameter  (m ajor  diam eter),  on  the  other
hand, is  m ore  im portan t  as a  determ inan t  of screw  pullout  re-
sistance. The  depth  of the  thread  m ay be  even  m ore  im portant
in  th is regard (� Fig. 15.9).

Three  types  of screws  are  used  in  spinal  surgery:  m achine
screws  (cort ical  screws),  self-tapping  m achine  screws,  and
wood  screws  (cancellous  screws).  Cortical  screws  are  used  in
hard, relatively incompressible bone. Their  shallow  threads m in-
im ize bone compression  during screw  insertion. The problem  of
pathologic  bone  compression  by  the  screw  during  insertion  is

eased  by pretapping  the  hole  for  the  screw. For  a  cort ical bone
screw  to  have  m axim al  pullout  resistance, pretapping  is  opti-
m al. Tapping carves  threads  into  the  wall of the  bone. The  cut-
ting edges of the tap  screw  perform  this task.

Two characteristics of a tap  screw  are fundam ental to its suc-
cess:  a tapered  t ip  and  a full-length  flute. The tapered  tip  helps
to align  the  screw  in  the  desired  direct ion  by direct ing it  dow n
into  the  predrilled  hole. The  full-length  flute  gathers  bony de-
bris  carved  from  the  wall  of  the  drill  hole  by  the  tap  screw
(� Fig. 15.10a). This  is  facilitated  by  periodically  loosening  the
screw  by approxim ately one-quarter  to  one-half of a  turn  dur-
ing  tightening, w hich  allow s  the  bony  debris  to  collect  in  the
flute. Tapping has been  show n  to decrease pullout  resistance in
osteoporot ic  bone. This  phenom enon  is  less  relevant  in  bone
that  is not osteoporotic.15–17

Self-tapping screws obviate the need  for  this multistep  process.
A leading-edge flute  is  built  into the  tip, allowing debris  to  accu-
mulate  within  its  confines.  The  shorter  flute  of  self-tapping
screws cannot accommodate all the debris created (� Fig. 15.10b).
Thus,  the  drill  holes  should  be  larger  with  self-tapping  screws
(slightly larger  than  the  core  diameter  of the  screw) to  facilitate
the accumulation  of debris around the threads.

Fig. 15.8  Cantilevered  loads are  usually applied  in  an  orientation
perpendicular to the  long axis of the  screw, as depicted. Arrow
indicates an  axial load.

Table 15.1  Relationship of Screw Strength to Core Diameter (Compari-
son to a Core Diameter of 1.0 mm)

Core  Diameter  (mm)  Relat ive  Strength  (cube  of core  diameter)

3.0  27.0

3.5  42.9

4.0  64.0

4.5  91.1

5.0  125.0

5.5  166.4

6.0  216.0

6.5  274.6

7.0  343.0

7.5  421.9

8.0  512.0

8.5  614.1

9.0  729.0

Fig. 15.9  Screw core  (minor) diameter and  outside  (major) diameter,
thread  depth, and  screw pitch.
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Pretapped  non–self-tapping and  self-tapping  screws, if used
properly,  provide  sim ilar  pullout  strengths.  Furtherm ore,  the
pullout  strength  of  both  pretapped  non–self-tapping  screws
and  self-tapping screws is not  sign ificantly a ected  by m ultiple
inser tions and rem ovals in cort ica l bone.18

Cancellous (wood) screws are  used  in  softer  m aterial—that  is,
in  cancellous bone. The  compression  of cancellous bone  by the
screw  during  insertion  increases  the  density  of the  bone  that
surrounds the  screw, and  thus its pullout  resistance. In  cort ical
bone,  compression  during  screw  inser tion  causes  m icrofrac-
tures  that  decrease  bone  in tegrity. Although  pretapping  is  de-
sirable in  cort ical bone, it  is less desirable in  cancellous bone. In
fact, in cancellous bone, tapping weakens the implant–bone inter-
face.

Pedicle  screws  rarely  obtain  cort ical  purchase  w ith in  the
pedicle.19 Because tapping weakens the  im plant–bone in terface
in  cancellous  bone,  the  tapping  of  pedicle  screw  holes  is  of
quest ionable value. However, in  cort ical bone, bone m icrocrack-
ing  around  screw  threads  is  greater  w ith  untapped  than  w ith
tapped  screws.20 Therefore, in  cort ical  bone, untapped  screws
loosen  m ore  frequently than  tapped  screws. Pretapping is  thus
desirable in  cort ical bone.

Pullout  Resistance
Pullout  resistance  correlates  w ith  insertional  torque.6,15,17,21,22

This has been  defined by the follow ing equat ion:
Equation  (14)

y ¼
 x
1142

g þ 0:02

w here  y = inser t ion  torque  in  new ton-m eters  and  x = pullout
resistance  in  new tons. Inser tional  torque  is  increased  by  em -
ploying  conical-inner-diam eter  screws. The  use  of conical-in-
ner-diam eter screws renders the aforem entioned  equation  use-
less.  Inser tional  torque  under  such  circum stances  potent ially
gives one  a  false  sense  of security associated  w ith  the  false  no-
tion  that  pullout  resistance  correlates  w ith  insert ional  torque.
As  m entioned  above, the  m ain  determ inants  of screw  pullout
resistance  are  the  m ajor  diam eter  of  the  screw 23 and  thread
depth . Other  im portan t  factors  are  extent  of cort ical purchase,
depth  of  screw  penetration ,  and  thread  design.  The  several
threads  nearest  the  head  of the  screw  bear  m ost  of  the  load
transferred from  bone during pullout  stressing. Therefore, prox-
im al cort ical “purchase” is very important  regarding pullout  re-
sistance. Of secondary  im portance  is  the  depth  of penetration
of the  screw  w ithin  the  bone.24 Third, distal  cort ical purchase
seem s  to  be  even  less  im portant  in  th is  regard.25,26 This  last
poin t is understandable in view of the fact  that the greatest load
is transferred by the m ost  superficial th reads.

Thread  design  also  plays  a  role  in  screw  pullout  resistance.
Two  factors  dom inate  th is  aspect  of screw  m echanics:  thread
pitch  and  thread  shape. Thread  pitch  is  the  distance  from  any
poin t  on  a screw  thread  to the corresponding point  on  the next
thread. This is equal to the  distance  a  screw  advances axially in
one  turn  (lead). A fundamenta l rule  of thumb  of screw  biome-
chanics is tha t  pullout  resistance is proport iona l to the volume of
bone between  the threads. This, however, is a  significant  gener-
ality  (see  the  follow ing). As  previously  m ent ioned, increasing
the thread  depth  increases pullout  resistance. Thread  depth  ob-
viously correlates w ith  bone volum e betw een threads. Sim ilarly,
the  pitch  of the  thread  is  proport ional  to  the  volum e  of bone
betw een threads and thus to pullout  resistance.

Altering the  shape of the thread  can  increase  or  decrease the
in terthread  volum e.  For  example,  flattening  or  reversing  the
angle  of the  follow ing edge  of the  thread  further  increases  in-
terthread  volum e  (by  decreasing m etal volum e) and  results  in
an  even  greater increase in  pullout  resistance. Screw  toe-in  (tr i-
angulation)  also  contributes  to  pullout  resistance  if  the  two
sides of the construct  are rigidly a xed  to each  other by a cross
m em ber (� Fig. 15.11).27

The factors that  determ ine screw  pullout  resistance  are  obvi-
ously  complex.23,28,29 Chapm an  and  colleagues30 have  at-
tempted  to  quantify  these  factors  object ively  via  the  follow ing
equation:

Equation  (15)

Fs ¼ S ÃAs ¼  S ÃLÃ ÃDmajor
À  Á

ÃTSF

w here
Fs = Predicted Shear Failure Force (N)
S= Material Ultim ate Shear Stress (MPa)
As = Thread Shear Area (m m 2)
L= Length  of Thread Engagem ent  in  Material
Dm ajor = Major Diam eter (m m )
TSF= Thread Shape Factor (dim ensionless) =

(0.5 + 0.57735 d/p)
d = Thread Depth  (m m ) = (Dm ajor – Dm inor)/2
Dm inor = Minor (Root) Diam eter (m m )
p = Thread Pitch  (m m )

Fig. 15.10  (A) A tap  screw. Note  the  tapered  tip  and  full-length  flute.
(B) A self-tapping  screw. Note  the  leading-edge  flute, which  does not
extend  for the  length  of the  screw. (Inset) An end-on view of the  tip.
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This equat ion ,30,31 how ever, does not  en t irely define  the  re-
lat ionsh ip  between  bone, screw  geom etry, and  pullout  resist -
ance,  as  is  eviden t  from  studies  of  clin ically  em ployed
screw s.32,33 Th is  is  fur ther  com plicated  by  screw  hole  prepa-
rat ion . Both  cor tex overdrill and  pilot  hole  overdrill adversely
a ect  pu llout  resistance,34–36 as  does  as  tapping.37 Bicort ical
purchase  increases  pullout  resistance,29 as  does  the  select ive
placem ent  of screw s  in  the  ver tebral  body.38 With  regard  to
osteoporot ic  bone,  the  alterat ion  of  screw  thread  geom etry
appears  to  provide  lit t le  advan tage,39 The  use  of an  aw l that
com presses  and  com pacts  cancellous  bone  should  theoret i-
cally  enhance  screw  purchase  over  that  ach ieved  w ith  holes
prepared  by  drilling.  Finally,  in  th is  regard,  screw s  w ith
expandable  t ips  have  been  show n  to  increase  pullout  resi-
stance.2 Pullout  resistance  has been  show n  to be  propor t ional
to  the  length  of the  screw  in terface  w ith  bone.40 Ult im ately,
the  torque  applied  to  the  screw  during  inser t ion  correlates
w ith  the  stability  ach ieved .  Surgeon  experience  has  been
show n  to  correlate  w ith  torque  applied .41 Th is  in t roduces
yet  another  variable  associated  w ith  im plan t–bone  in terface
in tegrity.

Security  of the  im plant–bone  in terface  can  be  problem atic.
This  com m only  occurs  in  patients  w ith  osteoporosis.  Pullout
resistance has been  show n  to correlate  inversely w ith  the  m in-
eral  density  of  bone.42–44 In  patients  w ith  severe  osteopenia,
screw  pullout  resistance m ay be dim inished so m uch that screw

fixation  m ay  be  a  subopt im al  choice.  Such  can  be  assessed
preoperatively.3,19,43,45–48

The closeness of fit  betw een a screw and bone plays a role re-
garding  strength  and  sti ness.  This  is  m ost  relevant  w ith
pedicle screw  fit  in  nonosteoporot ic bone (i.e., the use of w ider-
inner-diam eter  screws  and  tapered-inner-diam eter  screws  in-
creases fixation  sti ness).15,49–52

In  cases in  w hich  screw  hole str ipping or cutout  occurs in tra-
operatively,  the  inject ion  of  polym ethylm ethacrylate  in to  the
screw  hole  before  screw  inser tion  should  be  considered  if  a
concerted  e or t  to  utilize  the  original  screw –bone  in terface
proves  unsuccessful.53,54 Zindrick  and  colleagues  have  show n
this  to  be  a  viable  option  only w hen  the  polym ethylm ethacry-
late  is  injected  under  pressure.44 In  th is  case, the  acrylic m ost
likely is  forced  in to  the  in terstices of the  m edullary bone, thus
providing  an  equivalent,  of  sorts,  of  increased  thread  depth
(� Fig.  15.11g,  h).  A nonpressurized  inject ion  m ay,  however,
convert  a screw  into an  e ect ive nail (� Fig. 15.11i, j). Perhaps a
m ore  e ect ive  m ethod  of increasing pullout  resistance  in  cases
of screw  hole str ipping is the use of rescue screws. These em er-
gency  replacem ent  screws  are  associated  w ith  m ixed  biom e-
chanical  results.55 Finally,  the  rem oval  and  replacem ent  of
screws  in  their  original hole  substantially  decreases  fixat ion.56

The  “take-hom e m essage” from  this discussion  is that  the  qual-
ity  of bone  is  m ore  instrum ental in  screw  fixation  than  is  the
inser tional torque.57

Fig. 15.11  Methods of minimizing screw pullout. (A) Screw pullout resistance is mainly a function of the volume of bone (shaded area) between screw
threads. (B) Alterations in  thread  pitch  affect  this by altering  interthread  distance. (C) Alterations in  thread  depth affect  this by altering  thread
penetration into bone. (D) Alterations in  thread  shape  affect  this by altering  the  amount  of bone  volume directly. If the  pitch  and  depth are
unchanged, the  only factor that  can affect  bone  volume is screw thread  volume (metal volume). Decreasing  screw thread  volume  (metal volume)
increases bone volume. (E) The triangulation of pedicle  screws provides additional resistance to pullout. Pullout  resistance is proportional not  only to
the volume of bone between the screw threads, but  also to the triangular area defined by the screw, the perpendicular, and the dorsal vertebral body
surface (shaded area). (F) Although screw length does not  routinely contribute significantly to pullout  resistance, it  does contribute significantly when
screws are rigidly triangulated. Note the increase in the shaded area. Increasing the screw angle (i.e., toe-in) also increases the size of the shaded area
and  thus pullout  resistance. (G) The  pressurized injection  of polymethylmethacrylate  into the  screw hole  causes the  acrylic to  penetrate  the  bony
interstices. (H) This effectively increases the  diameter of the  screw. (I) If a  nonpressurized  injection  is used, the  acrylic does not  penetrate  the
interstices of the  bone. (J) In  fact,  the  acrylic may clump around  the  screw, decreasing  its efficacy. (Data obtained  from  Bai et  al.69)
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Triangulat ion
Screw–bone in terface failure m ay be m inim ized by paying scru-
pulous  atten tion  to  screw  trajectory and  configuration. Rigidly
connected  diverging or  converging screws  (tr iangulation)  pro-
vide increased  pullout  resistance. The triangulation  e ect  is op -
tim al  w ith  screws  placed  at  approxim ately  a  90-degree  angle
w ith  respect  to  each  other.11 The  m inim ization  of compression
stress at  the screw –bone in terface during tigh tening via the use
of tr iangulated  screws  provides  adequate  fixation  w ithout  ex-
cessive bone resorption.58

Screw  pullout  resistance  m ay be  enhanced  by inject ing pres-
surized  polym ethylm ethacrylate  in to  the  screw  hole  before
placing the screw  (see  � Fig. 15.11g, h)44 This poses risk to jux-
taposed structures if extrusion  occurs. Nonpressurized inject ion
is less e ect ive  (see  � Fig. 15.11i, j). It  does not  cause  the  poly-
m ethylm ethacrylate  to  penetrate  the  bony  in terstices, as  does
the pressurized inject ion . However, its e cacy w ithout  pressur-
ization  is not  insignificant .21,59–61 Apatite cem ent, calcium  phos-
phate  cem ent,  brushite  cem ent,  calcium  sulfate  cem ent,  and
bone  slivers  m ay also  be  used.62–69 Newer  alternatives  to  bone
augm entation w ill m ost certain ly em erge.70

Herein , toe-in  is  defined  as the  ut ilization  of paired  converg-
ing and  cross-fixed  fixed  m om ent  arm  screws, w hereas toe-out
is defined  as the  ut ilization  of paired  diverging and  cross-fixed
fixed  m om ent  arm  screws. In  both  situations, the  screws  are
rigidly a xed  to the  sam e  platform  or  im plant. They can  func-
tion  in  their  prescribed  m anner (toe-in  or  toe-out) in  any plane
(e.g., sagittal or axial; � Fig. 15.12), thus creating a t r iangula tion
e ect. The  latter  is  defined  here  as  resistance  to  screw  pullout
that  is  created  by  the  convergence  or  divergence  of fixed  m o-
m ent  arm  screws  connected  by a  platform  (cross-fixed).27,71,72

The  triangulation  e ect  is  proport ional  to  the  area  defined
by the t riangle below  the screw  (� Fig. 15.13). The t riangulation
e ect  is always accom panied  by the  rigid  fixation  of one  screw
to  another  (cross  fixation). Cross  fixation, in  addition  to  ena-
bling the t riangulation  e ect , helps stabilize the construct, thus
m inim izing  the  chance  that  other  types  of failure  (other  than

pullout) w ill occur.73 When  pullout  does occur, significant  por-
tions  of bone  m ay  be  extracted  w ith  the  implant . The  biom e-
chanical  e cacy  of cross  fixation  and  the  tr iangulation  e ect
has been  dem onstrated,74 but also challenged.75,76

Triangulation  is  a ected  by (1) the  orien tation  of the  load(s)
resisted, (2) the  consistency of the  bone  in to w hich  the  screws
are  placed, and  (3)  the  lim itations  created  by  the  geom etry of

Fig. 15.12  (A) Toed-in  and  (B) toed-out  screws (axial view).

Fig. 15.13  (A) The  triangulation effect  is proportional to  the  shaded
area subtended by the screw. The shaded area can be increased (B) by
lengthening  the  screws or (C) by altering  the  trajectory (axial views).
(D) When a triangulated screw implant  is removed by a pullout  failure
mechanism, a significant  quantity of bone  may be  extracted  with  the
implant.
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the  structure  in to w hich  the  implant  is placed. All th ree factors
m ust  be considered during the design  and use of such  im plants.

Orientat ion of Applied Loads
From  a  theoretical perspective, toe-in  and  toe-out  are  equiva-
len t  regarding pullout  resistance to perpendicular loads. On  the
other hand, toe-in  and toe-out  may di er regarding their ability
to bear or  resist  loads applied along an  axis other than  one per-
pendicular  to  the  m idportion  of the  implant . For  example, the
toed-in  and  toed-out  screw  configurations  depicted  in

� Fig. 15.14a, b  equally resist  pullout. However, their  ability  to
resist  axial loads  is  di erent. The  sagittally  toed-in  screws  are
m uch m ore likely to back out after the application  of axial loads.
This is because of the suboptim al orientation  of the component
vectors  that  resist  axial deform ation  (� Fig. 15.14c). Therefore,
in  the sagittal plane, a toed-out  screw  configuration  m ost  e ec-
tively resists  axial loads (� Fig. 15.14d).77 The  use  of toed-in  or
toed-out screws in  di erent  planes sim ultaneously m ay provide
an  additive t riangulation  e ect  (� Fig. 15.14e).

The  surgeon  m ust  keep  in  m ind  that  screws  a xed  to  a
curved  rod  or  plate  have  an  altered  relationship  to  the  bone.
This  is  a ected  by both  the  radius  of curvature  of the  plate  or
rod and its length  (� Fig. 15.15).

Optimal Screw Orientat ion
When  determ ining  the  optim al screw  triangulation  configura-
tion  for  pullout  resistance, the surgeon  m ust  consider  the load-
ing conditions to w hich  the im plant  w ill be exposed. Failure  re-
sistance  e cacy m ay be  h igh  in  one  plane  and  low  in  another
plane. The  optim al orientation  of screws for  pullout  failure  re-
sistance  is perpendicular  to the  orientation  of the  force  or  load
applied  (� Fig. 15.16a). This  screw  orientation, however, pro-
vides no triangulation  e ect  if the load  is applied  at  90 degrees
from  this orien tation  (� Fig. 15.16b). Therefore, from  a theoret-
ical perspective, the  optim al t riangulation  e ect  for  the  resist-
ance  to  loads  applied  in  a  variety of orientations is  90  degrees
w ith  respect  to  each  other. This  screw  configuration  provides
the  sam e  resistance  to  pullout  in  all direct ions  (� Fig. 15.16c).
Regardless  of in tuition  regarding  the  screw  pullout  resistance
provided  by the  t riangulation  e ect, a  biom echanical study has
provided findings that suggest a lim ited biom echanical e ect.78

Component  Vectors
Triangulated  screws, during  tigh tening, apply  two  component
vectors to a vertebral body (� Fig. 15.17a). The component  vec-
tor oriented along the long axis of the spine causes axial m otion

Fig. 15.14  (A) Toed-in and (B) toed-out  screws in the axial plane resist
pullout  similarly if they provide a similar triangulation effect  (depicted
in  the  axial plane). However, they resist  applied  loads differently. (C)
Converging  screws in  the  sagit tal plane  may fail because  of their
inability to  bear axial loads (hollow arrows), whereas (D) diverging
(toed-out) screws may not  (hollow arrows). (E) The use  of toed-out  (or
toed-in) screws in  different  planes (sagit tal and  coronal) simulta-
neously provides further advantage, as depicted.

Fig. 15.15  (A) A short  curved  plate  does not  significantly alter the
effective trajectory that  the screw takes with the long axis of the spine.
(B) If the  plate  is long, however, the angle  (α) between the  screw and
the vertical axis differs from the corresponding angle (α) observed with
a shorter plate even though the angle between the screw and the plate
(β) does not  change. This may adversely affect  pullout  resistance  in  a
long implant. Note that  the two screws in (B) are parallel to each other,
whereas they are  divergent  in  (A), which  neutralizes the  triangulation
effect  in  longer implants.
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(or  a  tendency tow ard  such ) of the  ver tebral body (e.g., com -
pression), w hereas the  other  vector  causes t igh t  juxtaposit ion
of the  ver tebral body to  the  im plan t  during t igh ten ing. These
factors m ay be  of clin ical relevance. For  exam ple, the  t igh ten-
ing of a  t r iangulated  sagit tally  d iverging screw  (toe-out) m ay
result  in  the  com pression  of  an  in terbody  bone  graft
(� Fig. 15.17b).

Rocking along an Arc
Screw  toe-out  in  the  axial plane is associated  w ith  a theoretical
disadvantage, compared  w ith  toe-in ,  because  the  screws  and
im plant  m ay  rock  along  the  paths  of the  screws  if  the  screw
thread–bone  in terface  is degraded. This is so  because  the  com -
bination  of the  screw  t rajectories and  the  implant  platform  re-
sem ble  an  arc (� Fig. 15.18a). This (theoretically) m ay “encour-
age” degradation  of the  screw –bone  in terface  by  perm itt ing  a
to-and-fro  m otion  of  the  screws  and  platform  along  the  arc
(� Fig. 15.18b).

Fig. 15.16  (A) The optimal orientation of a screw for pullout resistance via the triangulation effect  is 90 degrees. (B) This angle does not apply to loads
applied along the long axis of the screw. (C) The optimal triangulation effect  in all planes is 45 degrees. Single-headed arrows portray forces applied.
The double headed arrow in (B) illustrates the fact  that  the loading, as depicted, can cause a to and fro motion that  could adversely affect  screw-bone
integrity.

Fig. 15.17  (A) Two component  vectors are  applied  when an angled
screw is tightened. One  brings the  bone  to the  plate, and  the  other
moves the bone along the long axis of the spine (compression). (B) This
may be  used  to  apply compression forces. The  horizontal and  vertical
arrows represent  component  force  vectors, while  the  diagonal arrows
represent  the  resultant  force  vectors.

Fig. 15.18  (A) Screw toe-out  in the axial plane  occasionally causes the
screws and the platform to be positioned along an arc (curved line). (B)
An undesirable  to-and-fro  motion may occur (curved arrow).
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Bone Integrity
The  in tegrity  and  pullout  resistance  of  the  bone  in to  w hich
screws are  placed  a ect  the  resistance  to pullout. Bone  is not  a
hom ogeneous m aterial. The heterogeneous consistency of bone,
therefore,  m ay  have  clin ical  implications.  For  example,  som e
have  suggested  that  axial plane  diverging screws in  the  ventral
cervical  spine  are  m ore  e cacious  than  converging  screws.
They  argue  that  the  bone  of the  dorsal–lateral  portion  of the
vertebral  body, near  the  pedicle, is  m ore  substant ia l than  the
bone of the dorsal–m edial portion  of the vertebral body. In  th is
region , the bone is m ore compact  and provides a better founda-
tion  for fixation . Therefore, in  th is circum stance, a toed-out con-
figuration  provides  m ore  substantial  screw –bone  in terface  in-
tegrity than  a toed-in  configuration.

Geometric Limitat ions
Screw  trajectory m ost  certainly a ects im plant  pullout  charac-
teristics  via  the  t riangulation  e ect . As  m ent ioned  above, the
greater  the  screw  angle, the  greater  the  resistance  to  pullout.
Nevertheless, the  optim al screw  trajectory  to  resist  forces  ap-
plied  in  any direct ion  is  45  degrees from  the  plate  or  platform
(see  � Fig.  15.16). Two  screws  orien ted  at  45  degrees  w ith  a
plate,  but  in  opposite  direct ions,  are  orien ted  at  90  degrees
w ith  each other (see � Fig. 15.16c).

The t riangulation  e ect , however, m ay be lim ited  by the geo-
m etric confines of the bone in to w hich  the screw  is placed. This
is  part icularly  relevant  in  the  cervical ver tebral body. The  sur-
geon  often  thinks of the  cervical vertebral  body geom etrically
as  a  cube. This  is  far  from  the  case. Not  on ly  are  the  uncinate
processes  significant  anatom ical  extensions  of  the  ver tebral

body proper, but  the  body is  m ore  a  flat tened  cylinder  than  a
cube. Furtherm ore, and m ore im portant ly, the cervical vertebra l
body  has  a  parallelogram  configuration  in  the  sagittal  plane
(� Fig. 15.19).

In  the  case  of a  parallelogram -shaped  ver tebral  body, a  45-
degree  screw  is  associated  w ith  less  tr iangula tion  a rea  than  a
30-, 20-, or  15-degree  toe-out  angle  in  the  sagittal plane. If the
vertebral body is  th in  or  collapsed, a  20-degree  t rajectory m ay
provide  a  greater  t r iangula tion  a rea  (and  e ect)  than  a  30-  or
45-degree  angle. Finally, w ith  greater  sagittal plane toe-out  an-
gles, kickout  is m ore likely caused by purchase of the lower cor-
ner of the vertebral body rather  than  the m ore substantial m id-
vertebral body (� Fig. 15.20).

Com pression Screws
Vertebral body m ovem ent, or  force  application, along the  long
axis  of an  im plant  during screw  t ightening can  be  achieved  by
either  or  both  of two  m echanism s:  (1) the  tr iangulation  e ect
and  (2) the  compression  screw  technique. The tr iangulation  ef-
fect  has previously been  discussed (see � Fig. 15.17).

The compression  screw–plate technique applies a  completely
di erent  strategy  than  that  of  the  use  of  tr iangulation.  First ,
nonfixed  m om ent  arm  screws  are  usually  em ployed  w ith  the
compression  plate  technique,  rather  than  the  fixed  m om ent
arm  screws em ployed w ith  the t riangulation  technique. Second,
the technique causes translation  of the vertebral body along the
im plant  via  the  ut ilization  of a  noncircular  (teardrop)  seat  for
the  nonfixed  m om ent  arm  screw. As  the  screw  is  t igh tened, it
slides dow n  the  ram p  of the  teardrop-shaped  seat  in  the  plate.
This  alters  the  relationship, via  t ranslat ion , betw een  the  plate
and the underlying ver tebral body (� Fig. 15.21).

The  compression  screw  technique  relies  on  the  in tegrity  of
the  screw–bone  in terface  to  apply  compression  forces.  If  the
screw  backs  out, the  t ight  in terface  betw een  the  screw  and  its
seat  in  the  plate  is lost . This results in  a  loss of som e  or  part  of
the compression e ect (� Fig. 15.22).

Fig. 15.19  (A) The cervical vertebral body should not  be considered to
be  a  cube. (B) Rather, it  should  be  considered  to be  a  flat tened,
parallelogram-shaped  cylinder.

Fig. 15.20  Different  screw trajectories purchase  different  areas of
bone  because  of the  triangulation angle, particularly in  the  caudal
vertebral body of a  cervical construct. In  this situation, a  lesser angle
may provide  a  greater triangulation effect  (note  difference  of shaded
areas). Furthermore, with  optimal angles (e.g., 20  degrees), the
caudal–ventral corner of the  vertebral body may be  purchased, as
depicted.

Implant–Bone Interfaces

168



Bicort ical Purchase
Bicort ical  purchase  im proves  pullout  resistance.  Furtherm ore,
angling  the  vertebral  screws  toward  the  end  plate  (corner  of
the  vertebral body) provides  longer  screw  paths  and  exposure
to bone of greater density. Forces applied  to the screws are thus
m ore e ect ively resisted.79

Screw  Turnout
Screw  turnout  (the  elect ive  loosening of a  screw ) theoretically
decreases bone  in terface  in tegrity by sim ple  m otion  (wear  and
tear) at  the screw –bone in terface  and  by leaving a gap. The lat-
ter  e ect  is  m ost  significant  w hen  a  tapered-inner-diam eter
screw  is used  (� Fig. 15.23). The  clin ical significance  of th is has
not  been  proved, but  its  biom echanical  sign ificance  has  been
dem onstrated.80

Screw  insert ional torque does not  always correlate w ith  pull-
out  resistance.  Such  is  the  case  w ith  tapered-inner-diam eter
screws.81 The inser tional torque m ay be substantial because the
tapered  inner  diam eter  creates  friction  w ith  the  bone  as  it
“plow s through” during  insert ion. Pullout  resistance, however,
m ay not  be  nearly as  robust  as  one  m ight  expect  from  the  as-
sessm ent  of insertional torque. � Fig. 15.23  provides a  glim pse
in to th is phenom enon.

Lag Screw
Three  condit ions  m ust  be  m et  for  a  screw  to  funct ion  as  a
lag:  (1) The  near  surface  of the  bone  hole  m ust  allow  the  un -
th readed  screw  shaft  to  glide  freely;  (2) the  far  surface  of the
bone–screw  in terface  m ust  be  able  to  provide  purchase  for
the  screw ;  and  (3)  w hen  the  screw  is  t igh tened ,  its  head
m ust  con tact  the  near  surface  to  halt  progression  of  the
screw ’s  longitudinal  m ovem ent .9 The  tension  w ith in  the
screw  causes  com pression  between  bone  fragm ents
(� Fig. 15.24).

15.3  Gripping Im plant–Bone
Interfaces
Hooks  and  w ires  provide  a  grip. This  type  of  in terface  is  not
provided  by  screws, nails, acrylic, or  bone. The  pullout  resist-
ance of hooks and w ire is substantial.48 Hooks and w ire provide
particular  advantages in  osteoporotic bone.82 This is due  to the
greater  contact  surface  and  the  fact  that  the  contact  is  usually
w ith  cort ical bone  along the  entire  contact  surface  of the  hook
or w ire (par ticularly w ith  respect  to hooks).

Hooks  obviously  provide  a  larger  contact  surface  w ith  bone
than  w ire does. Double strands of w ire or cable double the con-
tact  surface, thus increasing pull-through  resistance. Hooks  ef-
fect ively  resist  dorsally  directed  loads.  Lam inar  hooks  have
been  show n  to  resist  such  loads  m uch  m ore  e ect ively  than
pedicle screws and  spinous process w ires, part icularly in  osteo-
porotic bone.82

Although  the  pullout  and  pull-through  resistance  of hook–
bone and  w ire–bone in terfaces is im portant , of equal or  greater
im portance are the in tegrity of the bone and the m ode of appli-
cation  of force to the spine by the implant . For example, a sm all
lam ina  m ay fracture  if sign ificant  stresses  are  placed  on  it , re-
gardless  of the  type  of im plant–bone  in terface  used. Sim ilarly,
the types of stress placed on  the in terface m ay partly determ ine
the  likelihood  of eventual failure. The  pedicle–transverse  proc-
ess claw  configuration, as  well as  the  technique  of inser t ion, is
per tinent  in  th is regard.

Fig. 15.21  (A) The  compression screw technique  uses a  teardrop-
shaped bed for the head of the screw. (A, B) As the screw is tightened
and  “snuggles” into the  bottom  of the  bed, the  head  of the  screw
shifts the  plate, allowing compression to be  applied. Arrows represent
the transition that  occurs from a loose screw on the left  to a tightened
screw on  the  right.

Fig. 15.22  The compression effect  of a compression screw is lost  if the
screw backs out. Large  arrow represents the  transition  that  occurs
from  a tight  screw on the  left, compared  to a  loosened  screw on the
right. Small arrow denotes migration of plate.
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Accurate  pedicle  hook insertion, as  well as  its  assessm ent, is
fraught  w ith  di culties. These are, for  the  m ost  part, related  to
pedicle geom etry83 and insert ion  technique.

A pedicle  hook inserted  too deeply m ay cut  in to the  pedicle,
dim inishing its in tegrity. Hook insertion  to an  insu cien t depth
results  in  im proper  engagem ent  of  the  pedicle,  reducing  the
ability  of  the  in terface  to  augm ent  torsional  stability.  Finally,
the addition  of a transverse process hook applies a torque to the
pedicle that  m ay have the undesirable consequence of failure of
the  pedicle, the  facet, or  the  transverse  process. These  m echa-
nism s of failure are illustrated in � Fig. 15.25.

Screw  pullout  resistance  m ay  be  augm ented  in  the  thoracic
and  lum bar  regions  by screw –hook claw  application. This  sin-
gle-level claw  configuration  is m ade possible by the anatomy of
the  spinal  segm ent—specifically,  the  relative  location  of  the
lam ina approxim ately one-half of a segm ent  below  the centroid
of the  pedicle. This  leaves  room  for  the  placem ent  of a  hook
caudal to the pedicle. This com bination  increases the pullout  re-
sistance  of  the  im plant  w hile  m aintain ing  the  ability  of  the
screw  to resist  rotation, flexion, extension, and  axial load  bear-
ing  (� Fig. 15.26).84–86 It  also  takes  advantage  of the  excellent
pullout  resistance attr ibutes of sublam inar hooks.27,82

15.4  Conform ing Bone–Im plant
Interfaces
Polym ethylm ethacrylate  m ay  be  used  as  an  im plant  m aterial
that  conform s  to  the  contours  of bone. Two  com m on  m iscon-
ceptions  about  th is  require  clarification .  First ,  acrylic  usually
does not  conform  precisely to the bone. This is because of blood
betw een  the  acrylic  and  bone  and  because  of  gravity, w hich
m ay  cause  the  acrylic  to  flow  away  from  important  in terface
points. Second, bone  does not  bond  to acrylic;  osseointegration
betw een  surfaces  does  not  occur.  Therefore,  loosening  of
acrylic–bone  in terfaces is  com m on. Som e surgeons have  found
acrylic  to  be  useful  as  a  spinal  im plant.87,88 However,  others
have found  it  to have lit t le  utility.89 Nevertheless, both  polym e-

thylm ethacrylate  and  bone  splin ters  have  been  used  to  aug-
m ent screw–bone in terface in tegrity.62

15.5  Osseointegrat ion
Osseointegration  is defined  as the bonding or binding of a non-
biological  m aterial  (e.g., a  spinal  im plant)  to  bone. Som e  im -
plant  m aterials  have  a  capacity for  osseointegration . Facial and
oral applications have  dom inated  th is field  to date. In  the spine
arena, osseoin tegration  is  associated  w ith  two specific applica-
tions:  (1)  at  the  screw–bone  in terface,  usually  w ith  dynam ic
fixators, and  (2) at  the in terface of the ver tebral end  plate and  a
total disc ar throplasty device (see Chapter 32).

Titanium  has  a  substantial  capacity  for  osseoin tegration
because  of its  significan t  biocompatibility. A new  titan ium  al-
loy, Ti-15–13  (13% niobium  and  13% zirconium ), has  exhibited
significant  osseoin tegration  potential.90–92 The  phenom enon  of
osseointegration  m ay  be  due  par tly  to  its  m atte  surface.93

Peened  or  m atted  stainless  steel  appears  to  have  advantages
over  sm ooth, nonm atted  stain less  steel  surfaces  regarding  os-
seoin tegration  capacity.  The  hydroxyapatite  coating  of
im plants  substan t ially  alters  and  im proves  bone–im plant  in-
terface  in tegrity.94,95

Fig. 15.23  Turning  out  a tapered-inner-diameter screw can leave  a
“gap” (shaded area) between the inner core of the screw and the bone.
The  large  horizontal arrow represents the  transition  from  a tapered
inner diameter screw that  is secured  on the  left  to  one  that  has been
turned  out. The  small vertical arrow portrays screw turn  out.

Fig. 15.24  The  lag  screw. (A) The  lag  screw is threaded  only at  its
leading  end. This allows the  unthreaded  screw shaft  to  glide  freely
when the threaded end of the screw pulls the screw through the bone
during insertion. (B) During tightening, the screw threads pull the head
onto (and into) the  near surface  of the  bone. The tensile  stresses thus
created  in  the  screw are  translated  into  compression of the
surrounding  bone  between the  screw threads and  screw head. (C) A
lag  screw effect  can  be  obtained  by drilling  the  near bone  fragment
hole  to  a diameter greater than, or equal to, the  outer diameter of a
nonlag  screw. The  arrows depict  the  compression forces seen within
the  bone.
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When  osseoin tegration  occurs, the  a ttachment of the im plant
to  the  bone  over  the  entire  contact  surface  implies  that  load
transfer  from  im plant  to  bone  (and  vice  versa)  is  distributed
over a m uch larger surface area than  if osseoin tegrat ion  had not
occurred. This reduces focal stress concentration  (stress risers).
However, increased resistance to insertion  (torsional resistance)

is  observed  w ith  coarse  fin ishes. This m ay weaken  the  bone  at
the  im plant–bone  in terface, negating  part  of the  advantage  of
the osseointegration  potent ial of the screw.
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16  Qualitat ive At t ributes of Spinal Im plants: A Historical
Perspect ive
This chapter, for  the m ost  part , is a true carryover from  the sec-
ond edit ion  of th is book. It  is re-presented, predom inantly from
a  h istorical  perspective. Many  of the  techniques  presented  in
this  chapter  are  not  em ployed  today. Yet, lessons learned  from
tim es gone by can  be e ect ively applied  today. Many of the les-
sons  learned  via  the  use  of  the  techniques  presented  in  th is
chapter  set  the  stage  for  the  developm ent  and  e ect ive  utiliza-
tion  of m odern  techniques.

Spinal im plants are  either  predom inantly rigid  (constrained)
or  predom inantly dynam ic (sem iconstrained), and  they im part
distractive,  compressive,  or  neutral  axial  forces  to  the  spine
(� Table  16.1), as well as forces around  or  perpendicular  to the
long axis  of the  spine. Rigid  implants  are  used  to  achieve  rigid
fixation  of the  spine. Dynam ic  im plants  allow  som e  in terseg-
m ental m ovem ent, w hich  eases (o oads) stresses placed  else-
w here  in  the  system  (usually  at  the  implant–bone  in terface)
and also increases bone healing–enhancing stresses (à la Wol ).
These factors are the determ inants of the m ode of application.

Most  spinal im plants  apply forces  to  the  spine  in  a  complex
m anner. The complex nature of force application  can  be sim pli-
fied  by  considering  the  six  m echanism s  of  im plant-derived
force  application  discussed  in  Chapter  17:  sim ple  distraction,
th ree-poin t  bending,  tension -band  fixat ion ,  fixed  m om en t
arm  can t ilever  beam  fixat ion , nonfixed  m om ent  arm  can t ile-
ver  beam  fixat ion , and  applied  m om en t  arm  can t ilever  beam
fixat ion .

It  is im portant  to recognize that  there  is no truly neutral spi-
nal  im plant. For  example, if an  im plant  is  placed  in  a  neutral
m ode  at  the  t im e  of  surgery,  its  characteristics  soon  change
w hen  the  spine  is  loaded  (e.g., via  assumption  of an  upright
posture  after  surgery;  � Fig.  16.1a,  b).  Stated  di erently,  im -
plants are loaded  di erently under di ering loading conditions.
Hence, the m echanism  by w hich  they apply and resist  loads dif-
fers  according to the  loading conditions. This  is  exem plified  by
considering a  ventral cervical plate  associated  w ith  an  an terior
cervical discectomy, fusion, and  plating. In  the  supine  position,
the plate m ay not  be loaded. In  the upright  position , it  funct ions
as a fixed m om ent arm  cantilever beam  fixator and as a distrac-
tion  device w hen  axially loaded. When  the spine is extended, it
resists  such  by  funct ioning  as  a  compression  device  (tension-
band  fixator). Hence, it  funct ions very di erently under  di er-
ing loading conditions. The failure to recognize th is phenom en-
on  is  perhaps  the  m ost  com m on  cause  of  surgeon-generated
(iatrogenic) construct failure (surgeon failure; � Fig. 16.1 c–e).

Thus, m any spinal implants that  are  in itially placed  in  a neu-
tral  m ode  eventually  bear  axial  loads  (i.e., they  funct ion  as  a
distraction  device  w hen  axial  loads  are  applied).  In  addition ,

they  can  function  as  tension-band  fixators  w hen  they  are
loaded via spinal extension. For  the purpose of consistency, and
w ith  th is  in  m ind,  neutra l  devices  are  considered  herein  as
those placed  in  a neutral m ode  a t  the t ime of surgery (i.e., w ith-
out  dist ract ion , compression, three-point  bending, or  can tilev-
ered force application).

The  “desired  axial forces applied” by the spine surgeon  using
spinal im plants are discussed  herein . The  “axial components” of

Table 16.1  Qualitative categorization of spinal implants

Rigid  Dynamic

Dorsal  Ventral  Dorsal  Ventral

Distraction  Distraction

Neutral  Neutral  Neutral  Neutral

Compression  Compression  Compression  Compression

Fig. 16.1  (A) With the  patient  in the  supine  position during surgery, a
ventral interbody implant may be placed in a relatively neutral mode (i.
e., without  significant  distract ive  force  application to the  spine). (B)
When the  patient  assumes the  upright  position, axial loads (large
arrows) are  applied  to the  spine and are  resisted  by the  implant  (small
arrows). (C) Taking  this concept  a  bit  further, one  might  consider a
ventral cervical plate  associated  with  an  anterior cervical discectomy,
fusion, and a  plating  procedure. In  the  supine  position, the  plate  may
not  be  loaded. (D) In  the  upright  position, it  functions as a  fixed
moment  arm  cantilever beam  fixator and as a distraction device (small
arrows) when axially loaded  (large arrows). (E) When the  spine  is
extended (large arrows), it  resists such by functioning as a compression
device  (tension-band  fixator; small arrows). Hence, it  functions very
differently under differing  loading  conditions. The  failure  to  recognize
this phenomenon is perhaps the  most  common cause  of surgeon-
generated  (iatrogenic) construct  failure  (surgeon failure).
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these  desired  forces can  be broken  dow n  into 10 clin ically used
categories.  They  include  both  dorsal  and  ventral  techniques
(five  varieties  of each)  for  spinal  instrum entation.  The  dorsal
categories are the follow ing: (1) rigid  distraction  (w ith  or  w ith-
out  th ree-point  bending);  (2)  rigid  neutral;  (3)  rigid  compres-
sion  (including m ost  tension-band  fixation  constructs);  (4) dy-
nam ic neutral fixat ion  (including m ost  cantilever  bending con-
structs  w ith  nonfixed  m om ent  arm s);  and  (5)  dynam ic  com -
pression  (including  som e  tension-band  fixation  constructs—
that  is,  springs). The  ventral  categories  are  the  follow ing:  (1)
rigid  dist ract ion  (sim ple  distraction  or  in terbody  but tressing);
(2) rigid  neutral (cantilever  bending constructs  w ith  fixed  and
nonfixed  m om ent  arm s);  (3)  rigid  compression;  (4)  dynam ic
neutral fixation  (placem ent  of an  in terbody strut  w ithout  dis-
traction);  and  (5)  dynam ic  compression  (see  � Table  16.1).
There  are  no  true  dynam ic distract ion  devices  (ventral or  dor-
sal) readily available for clinical use.

A “clean” separation  of these  desired  axial force  applications
into their  respect ive categories is often  im possible. The attempt
to categorize them  here, therefore, is som ew hat  art ificial and  is
presented  to facilitate  an  understanding of spinal im plants and
to  foster  the  m atching  of w hat  the  surgeon  expects  from  the
im plant  (desired  force  application) to w hat  is actually achieved
(achieved force application).

New ton’s  th ird  law  of  m otion  states  that  in teract ions  be-
tween  objects  result  in  no  net  change  in  m om entum ;  in  other
words, for every action, there is an  equal (in  m agnitude) but op-
posite (in  direct ion) react ion  (see Chapter  2). Spinal instrum en-
tation  constructs, as well as all other  m ethods of force  applica-
tion  in  nature, obey  th is  law. Because  spinal  instrum entation
constructs  do  not  “m ove” the  spine  after  insertion , it  m ay  be
presum ed  that  a ll forces applied to the spine a re applied in  pa irs
—that  is, because  spinal  m ovem ent  does  not  occur, all  forces
m ust  be  balanced,  w ith  a  net  force  of  zero  (see  Chapter  2).
Therefore, two  equal (but  opposite  in  direction)  linear  or  m o-
m ent-creating forces  act  on  the  instan taneous  axis  of rotation
(IAR) of a vertebral spinal segm ent  w hen a spinal implant either
applies  a  force  to  the  spine  or  resists  spinal  m ovem ent
(� Fig. 16.2). The  im portance  of th is  concept  cannot  be  over-
stated. It  is considered, w ith  the variety of desired force applica-
tions (m odes of application), in  the pages that follow.

Herein ,  specific  attention  is  paid  to  axial  force  application
(compression  or  dist ract ion). Flexion–extension , lateral  bend-
ing, and  translat ional force  applications are  m ore  complex and
less  frequently  theoretically  considered  than  compression  and
distraction  forces. In  the  spirit  of sim plicity, axial force  applica-
tions are  em phasized  in  th is chapter. Flexion–extension, lateral
bending, and  translational  force  application, however, are  dis-
cussed  w here  appropriate, both  here  and  in  the  chapters  that
follow.

16.1  Rigid Fixat ion
The goal of rigid  spinal instrum entation  is absolute im m obiliza-
tion  of the  spine. Under  m ost  circum stances, th is goal (desired
force application) cannot  be completely achieved. Because bone
is a biological m aterial, it  deform s and  reform s according to the
stresses  placed  on  it . Therefore, even  the  m ost  rigid  of devices
allow s  som e  m ovem ent.  The  range  of  th is  m ovem ent  often
increases  w ith  t im e,  as  the  implant–bone  in terface  becom es

looser. If such  m ovem ent  occurs  w ith  enough  repetit ions  and
w ith  enough  force, it  w ill  eventually  cause  failure  at  the  im -
plant–bone  in terface, unless  at  least  one  of two  conditions ex-
ists:  (1) bony fusion  occurs (taking over  the weight-  and  stress-
bearing  burden  from  the  construct–bone  in terface)  or  (2)  the
instrum entation  device  itself  fails  (see  Chapter  12).  The  sur-
geon’s awareness of the  “race” betw een  the acquisit ion  of a sol-
id  bony  fusion  and  eventual  instrum entation  failure  is  crit ical
to the clin ical decision-m aking process (see Chapter 12).

When  one  recognizes  that  even  the  m ost  rigid  of implants
eventually  allow s som e  spinal m ovem ent, the  dist inct ions  be-
tween  the  various m odes of application  of spinal instrum enta-
tion  becom e poorly defined. Rigid  im plants, in  a  sense, eventu-
ally becom e dynam ic because of the im possibility of perm anent
rigid fixation  of the bones of the spine.

Rigid  fixation  does  not  optim ize  bony fusion  acquisit ion  be-
cause of the phenom enon  of st ress shielding; but  if rigid  fixation
holds rigidly for a su cient  t im e, bony fusion  is usually eventu-
ally achieved. Unless the fixation  devices are rem oved, however,
the  ultim ately desired  fusion  strength  m ay not  be  realized  be-
cause  of stress  shielding  and  st ress  reduct ion  osteoporosis. Fu-
sion  rates,  however,  have  apparently  not  been  adversely  af-
fected  by  the  application  of rigid  instrum entation  constructs.1

These phenom ena, therefore, are m ore theoretical than  real.

16.1.1  Rigid Axial Force Applicat ions
Dorsal Rigid Dist ract ion Fixat ion
Harrington  dist ract ion  rod  fixation , in  years  gone  by, was  the
“gold  standard” for  thoracic and  lum bar  stabilization  for  m ore
than  20 years.2,3 Its durability as a  favored  technique  is a  testa-
m ent  to  its  ut ility.  It  uses  rigid  distract ion  force  application,
usually com bined  w ith  three-point  bending  forces. It  provides
an  opportunity to  reduce  kyphosis  or  retropulsed  bone  and/or

Fig. 16.2  In this ventral interbody implant, two equal but  directionally
opposite forces (arrows) are applied by an implant  placed in distraction
or by assumption  of the  upright  posture  (see  � Fig. 16.1).
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disc fragm ents. This  can  be  accom plished  w ith  or  w ithout  the
use of adjuncts to enhance the kyphosis reduction, such  as dor-
sally  positioned  sleeves.4 The  lat ter  technique  uses  dist ract ion
and  a  three-poin t  bending  m echanism  of  load  application  to
achieve  its  e ect  (see  Chapter  15  and  � Fig. 16.3  a). This  is  a
good  example  of the  complex nature  of force  application  by an
im plant. A spacer, such  as  a  sleeve, can  be  used  to  exaggerate
the  ventrally  directed  force  at  the  fulcrum  (three-point  bend-
ing;  � Fig. 16.3b). This  increases  lordosis. Other  strategies  can
be used to m aintain  a lordotic posture. These include cross fixa-
tion  and  the  use  of in term ediate  points  of fixation  (m ult iseg-
m ental fixation; � Fig. 16.3c). Square-ended  attachm ent  sites of
the  rod  to  the  hook  have  been  used  as  a  m odification  of the
Harrington  distraction  system .5 The  latter  all m aintain  the  lor-
dotic  posture  by  using  contoured  rods  and  m ain taining  their
orientation. The  sleeves  allow  a  straight  rod  to  be  used  to  ac-
complish  the  sam e  goal  (see  � Fig.  16.3b).  Today,  the  use  of
screw–rod  fixation  system s  obviates  the  need  to  consider  the
aforem entioned . Nevertheless, an  understanding of the  princi-
ples involved  is  crit ical to  the  developm ent  of a  sound  founda-
tion  of spine surgery related  “biom echanical awareness.”

Failure  at  the  hook–bone  in terface  was  a  com m on  problem
associated  w ith  Harrington  dist ract ion  rod  application.6 This  is
a  funct ion  of the  nature  and  m agnitude of the forces applied  at
the hook–bone in terface.

The  Harrington  distraction  rod  m ay also  fail (fracture) at  the
proxim al ratchet  of the  rod  and  at  the  sites  of rod  contouring
because  of m etal fatigue  (stress risers). The surgeon  can  reduce
the  risk  for  m etal  fracture  by  not  contouring  the  rods  before
placem ent7 and  by  placing  the  hook  as  proxim ally as  possible
on  the  rod  (i.e., by  using  the  longest  rod  possible), thus  using
only a few  ratchets. The lat ter strategy reduces the length  of the
lever arm  (m om ent arm ) betw een the hook and the first  ratchet
(the point  on  the Harrington  distraction  rod  construct  at  w hich
the greatest  stress is placed).

Dorsal spinal distraction  has several inherent  draw backs (see
Chapter  8). First , a xia l ligamentous resistance is required  for  the
Harrington  distraction  rod  technique  to  be  e ective
(� Fig. 16.4)  because  a  “claw ” configuration  (w hich  circum fer-
en t ially “grips” a lam ina) is not  used w ith  the standard Harring-
ton  system  (see  Chapter  11). If significant  ligam entous laxity is
present, a  counter-resistance  does not  exist, and  the  hook m ay
dislodge because of the absence of e ect ive counter-resistance.

Another  inherent  draw back of dorsal spinal distraction  is  its
inconsisten t  ability  to  reduce  retropulsed  bone  and  disc  frag-
m ents, even  w hen  applied  in  com binat ion  w ith  a  three-point
bending  force  (ligam entotaxis  or  annulotaxis).  This  m ay  con-
tr ibute  to  the  lack  of neurologic  im provem ent  observed  w ith
this  technique  in  comparison  w ith  nonoperative  approaches.2

Although  an  in tact  an terior longitudinal ligam ent  augm ents the
e cacy of th is technique and  m ay be a requirem ent  for  the ap-
propriate  application  of Harrington  dist ract ion  rod  fixation, it
m ay  hinder  the  reduct ion  of retropulsed  bone  and  disc  frag-
m ents.  This  technique,  therefore,  m ay  fail  because  of  one  or
m ore  of three  anatom ical and  pathologic factors:  (1)  the  rela-
tive  weakness  of  the  posterior  longitudinal  ligam ent,  (2)  the
relative  strength  of the  anterior  longitudinal ligam ent, and  (3)
the  frequent  occurrence  of posterior  longitudinal ligam ent  dis-
rupt ion  follow ing traum a (see  Chapter  8). The  anterior  longitu-
dinal ligam ent  is often  preserved  follow ing t raum a. Its location
allow s it  to be  the  dist ract ion-lim it ing structure  (providing ax-
ial ligam entous resistance), m inim izing the exten t  of spinal dis-
traction  achieved  by  instrum entation  techniques.  This  is  be-
cause the ligam ent  itself often  prevents the distraction  required
to  reduce  these  fragm ents. In  addition , spinal cord  distraction
(especially over a vent ral m ass) m ay cause fur ther neural injury
by  m eans  of  a  tethering  m echanism .8,9 Finally,  Dickson  et  al
have show n, as m entioned  previously, that  neurologic outcom e
is no better  w ith  dorsal instrum entation  techniques without  an
accom panying ventral neural decom pression  procedure  than  it

Fig. 16.3  (A) The  Harrington distraction rod and  similar techniques use  rigid  distraction (vertical arrows) and a three-point  bending force  application
(horizontal arrows). Note that  the distraction and three-point  bending force vectors are oriented at  90 degrees from  each other (see Chapter 15). (B)
The  use  of sleeves about  the  rods at  the  level of the  fulcrum  provides an  advantage  for the  reduction of kyphotic deformation by placing a greater
ventrally directed force (ventrally directed horizontal arrow) at  the fulcrum. (Data obtained from Akbarnia et  al.12) This, in turn, places a greater dorsally
directed force at  the termini of the implant  (arrows). (C) The cross fixation of the rods or (D) the use of intermediate  points of fixation maintains the
rods in  a position  of parallel lordosis.
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is  w ith  postural  nonoperative  treatm ent .2 The  end  result , “no
neurological im provem ent,” m ay reflect  the averaging of neuro-
logic improvem ent  after neural decom pression  (associated w ith
the  instrum entation  technique  in  som e cases) and  a worsening
of neurologic  outcom e  or  lack  of achievem ent  of all  potential
neurologic  recovery  arising  from  distracting  the  neural  ele-
m ents  over  irreducible  retropulsed  ventral  bony  and  soft  t is-
sues (see Chapter 8).

Elim ination  of the  norm al lum bar  lordosis, by using the  ap-
plication  of  a  bending  m om ent  w ith  distraction  techniques,
m ay sim ilarly cause  adverse sequelae  (� Fig. 16.5).7 These  com -
plications  m ay  be  m inim ized  by  the  use  of a  spacer  or  sleeve
(see  � Fig. 16.3) or  by rod  contouring com bined  w ith  a  techni-
que  to  prevent  rod  rotation, such  as  the  use  of square-ended
rods, cross  fixation, or  the  use  of in term ediate  points  of seg-
m ental fixation  w ith  sublam inar w ires, hooks, or screws.

Mult isegmenta l fixa t ion  can  be  used  to gain  the  advantage  of
load  shar ing. Load  sharing  involves  the  dist ribut ion  of an  ap-
plied  load  betw een  m ultiple  components of an  im plant  system
and/or betw een the im plant  itself and  in tr insic spinal elem ents.
The augm entation  of Harrington  dist ract ion  rod fixation, for ex-
am ple,  w ith  m ultiple-level  sublam inar  w ire  fixation  adjuncts
substantially increases stability and  decreases the failure rate of
Harrington  distract ion  rod  fixation.10–17 However,  it  carries
w ith  it  the  risks  associated  w ith  the  placem ent  of sublam inar
w ires.11,18 Today, m ultiple  points  of fixation  are  achieved  w ith
hooks,  or  m ore  com m only,  screws.  All  techniques,  however,
achieve the sam e biom echanical e ect .

Jacobs locking hooks (no longer used  today) provide an  alter-
native to sim ple Harrington  distract ion  rod techniques.19 Secur-
ity is provided  by locking hooks that  help  prevent  failure  at  the
hook–bone  in terface  w ith  a  claw  configuration, elim inating the
need  for  in trinsic axial ligam entous  resistance. This  advantage
is  also  observed  w ith  m odern  day  hook–rod  and  screw –rod

system s. The  claw  configuration  allow s the  use  of sm aller  dis-
tractive  forces  (because  ligam entous  counter  resistance  is  no
longer  needed). This, in  turn , decreases  the  chance  of failure.
Sm aller  dist ract ive  forces  w ith  locking  hooks  can  be  used  be-
cause  dist ract ion  in  a  nonlocking system  is  the  m echanism  by
w hich  failure  is prevented; thus, in trinsic axial ligam entous re-
sistance is optim ally exploited. The greater  the  distractive force
(up  to  a  point), the  lesser  the  chance  of hook dislodgem ent . If
the  distractive  forces  are  applied  to  excess, hook  insert ion  site
failure w ill occur.

In  selected  cases, external skeletal fixation  can  play a  role  in
spinal  traum a  m anagem ent. It  can  be  placed  in  a  distraction
posture.  However,  the  risk  for  infect ion,  the  requirem ent  for
transpedicular  placem ent,  and  the  less-than-optim al  fixation
obtained  detract  substantially from  the ut ility of external skele-
tal fixation.

Universa l  spina l  instrumenta t ion  (USI;  system s  that  apply
hooks and/or  screws in  a  m ultisegm ental m anner, usually w ith
a  rod  as  the  longitudinal m em ber)  fixation  (placed  in  distrac-
tion)  can  provide  m ultisegm ental  rigid  distraction.21–25 It
ach ieves substantial stability w ith  a  m inim al chance of im plant
failure at  the hook–bone in terface. This is so because for the fol-
low ing reasons: (1) the ability of the surgeon  to apply claw s (as
w ith  the  Jacobs system );  (2) the  option  of em ploying m ultiseg-
m ental fixation;  (3) the  option  of using w ire, hooks, or  screws
and  anchors;  and  (4) the  option  of using distraction, compres-
sion, neutral,  or  com binations  of  force  applications. No  other
type or class of spinal instrum entation  provides all of these ad-
vantages.  Multisegm ental  fixation  dist ributes  the  construct’s
applied  force  over  m ultiple  segm ental  levels  and  achieves  re-
sults  superior  to  those  of previously em ployed  techniques (see
follow ing  sections  “Dorsal  Rigid  Neutral  Fixation” and  “Dorsal
Rigid  Com pression  Fixation”).23 Because  of  the  substantial
stability  and  m inim al  chance  of  instrum entation  failure
achieved  w ith  m odern  day  m ultisegm ental  hook–rod  and

Fig. 16.4  Axial ligamentous resistance is required if the rods of a dorsal
distract ion system (e.g., Harrington distraction rod) are to be effective.
(A) Their distraction force  application is nil if intrinsic spinal resistance
is not  met, as in  the  case  of complete  loss of ligamentous integrity at
the  level of trauma (wavy lines). This results in  either an  inadequate
force  application  and  lack of optimal contact  at  the  hook–bone
interface  or (B) excessive  distraction accompanying  the  force
application. Wavy lines represent  soft  tissue  disruption.

Fig. 16.5  (A) Distraction of the naturally lordotic spine may result in (B)
the  exaggeration of pathologic anatomy. Note  that  a  three-point
bending  construct  is not  achieved  in  this case, because  of the
remaining space between the  rod and the dorsal elements at  the level
of the  injury (curved arrow).
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screw–rod  fixation  techniques, such  system s should  be  consid-
ered  the  “gold  standard” for  postt raum atic thoracic and  lum bar
hook–rod  spinal instrum entation. Such  techniques  involve  the
use  of hooks, rods, screws, and  a  variety of connection  m echa-
nism s to apply m ultisegm ental fixat ion  to the spine.

Dorsal Rigid Neutral Fixat ion
There are several types of dorsal rigid neutral fixation. They dif-
fer  w idely  enough  in  structural characteristics  and  techniques
of application  that each subset  is discussed independently.

To m inim ize the chance of failure of rigid  fixation  devices (ei-
ther  failure  at  the  im plant–bone  in terface  or  im plant  fracture),
m ultisegm ental fixation  has  been  used. The  Luque  rod  techni-
que  is  the  h istorical prototype  of dorsal rigid  neutral rod  fixa-
tion.11,17,24,26,27 It  provides  increased  stability  by  dist ribut ing
the  fixation  forces  over  m ultiple  segm ental  levels  (load  shar-
ing);  th is increases the cum ulative fixat ion  (resistance to m ove-
m ent). The  distribution  of forces decreases the  stresses applied
to the  m etal–bone in terface  at  each  segm ental level. Som e dor-
sal  rigid  neutral rod  fixation  devices  provide  for  axial  grow th
w hen  applied  before grow th  potent ial is achieved  (Luque rods).
This e ect  is usually considered  a positive  att ribute  of th is type
of fixation. On  the  other hand, undesirable settling of the spine
m ay occasionally occur  as  the  rods slide  in  opposite  directions
past  each  other. This can  be  partly rect ified  by cross fixing the
rod  on  one side  to the  rod  on  the  other  (� Fig. 16.6). One  m ust
keep  in  m ind, however, that  w ith  Luque  rod  instrum entation
and equivalen t  techniques, the risks associated w ith  the passage
and  inadvertent  m anipulation  of  sublam inar  w ires  are  ever
present.11,18,28

USI fixation  (neut rally  placed)  can  be  used  in  a  dorsal rigid
neutral  m ode.  Transpedicular  screw  instrum entation  techni-
ques  can  also  be  em ployed  in  a  rigid  neutral m ode. Modifica-
tions  of these  techniques, for  application  in  the  upper  cervical
spine  and  the  suboccipital  region,  m ay  occasionally  be  indi-
cated.29 The  risks  of  transpedicular  screw  placem ent  in  the

cervical  region  are  considered  prohibitive  by  m ost  surgeons,
w hereas  lateral  m ass  plating  techniques  are  considered  m uch
less risky and are therefore com m only em ployed.

Rigid  low  thoracic and  lum bar  t ranspedicular  plating and  re-
lated  rodding  techniques  for  spinal instability  have  been  used
to provide  alternatives to the  aforem entioned  rigid  fixation  ap-
proaches.23,30,31 These alternative techniques use either a rod  or
a  plate  as the  longitudinal m em ber. They provide  the  rigid  ap-
plication  of a  plate  or  rod  to  t ranspedicular  screws. Although
these  techniques elim inate  the  well-know n  risks of sublam inar
w iring, they  in troduce  another  threat  to  neural  elem ents  and
surrounding structures via the inherent  di culty of placing the
screws  precisely  through  the  pedicle  in to  the  ver tebral  body,
particularly  in  the  thoracic  region. With  good  screw  fixation ,
the constructs that  provide true rigid  fixation  m ay fail by screw
fracture. Because  the  screws are  rigidly a xed  to  the  plates or
rods, and because the predom inant forces applied to these devi-
ces  are  axial (i.e., perpendicular  to  the  axis  of the  screw ), the
m ajority of the  stresses  are  focused  along  the  screw. They are
focused  at  the screw –plate or screw–rod in terface if a constan t-
inner-diam eter  screw  is  em ployed. This  can  result  in  failure  at
th is juncture (see Chapters 2 and 19).32

Pullout  of rigid  screw  fixation  at  the  screw –bone  in terface  is
less likely than w ith  dynam ic screw  fixation  techniques because
pivoting  of  the  screw  at  the  plate  (as  occurs  w ith  dynam ic,
sem irigid, sem iconstrained, or  nonfixed  m om ent  arm  cantile-
ver  devices, w hich  are  all relatively synonym ous) cannot  occur.
Therefore,  the  screw  pullout  characteristics  of  rigid  neutral
spine screw  fixation  techniques are good, but  the m etal (screw )
failure  characteristics  are  poor.  If  applied  im properly,  the
im plant  m ay  be  excessively  loaded. The  applicability  of these
techniques  to  situations  in  w hich  in trinsic  spinal  ventral
weight-bearing  ability  is  im paired  (e.g.,  follow ing  t raum a)  is
suspect.32 Under such  circum stances, “load sharing” w ith  a ven-
tral strut  or  w ith  an  in tact  vertebral body m ay be  appropriate
(� Fig. 16.7). The  sharing of loads  betw een  spinal components
has  been  studied  by  fin ite  elem ent  m odeling  approaches.33

Fig. 16.6  Spine  settling  can occur following  the
insertion of Luque  rods. (A) The  immediate
postoperative  configuration (B) can  settle  as the
rods sliding past each other. (C) This can be partly
rectified by rigid fixation of the rods to each other
with  cross members.
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These  data  corroborate  the  e cacy  of  the  “load-sharing”
concept.

Rigid  screw –rod  or  screw–plate  constructs  (fixed  m om ent
arm  cantilevers;  see  Chapter  17) funct ion  as  butt resses. A but-
tress is defined  here as an  im plant  that  has the ability to rigidly
bear axial loads and resist  deform ity.

Facet  w iring  and  bone  graft ing  techniques  use  a  bone  graft
that  is  w ired  to  the  facet  at  each  involved  spinal  level.34 This
technique  provides acute  stability but  m ay fail because  of w ire
pullout  or  fracture  of the  graft . In  addition , rem odeling of graft
bone  at  its  in terface  w ith  the  w ire, resulting in  loosening, m ay
occur  before  the  acquisit ion  of  solid  fusion.  The  technique  is
m ost  applicable in  the cervical region, w here stresses placed on
the spine are sm aller  than  in  the thoracic and lum bar regions. It
is  inferior  to  an  in terspinous  w iring  technique  because  of the
shorter  length  of the  fixation  lever  arm  (� Fig. 16.8) but  is  ap -
propriate  w hen  dorsal elem ents  are  not  available  for  applying
w ires (e.g., follow ing lam inectomy).

Dorsal Rigid Com pression Fixat ion
The Harrington  compression  rod  was the first  dorsal rigid  com -
pression  fixation  device to achieve w ide clin ical use.35 Of note is
that  it  is  not  en tirely  rigid  because  of the  nature  of the  hook–
bone  in terface. Harrington  compression  rods  are  th inner, and
hence weaker, than  distraction  rods. However, they fracture in-
frequently because  of the  tensile  nature  of the  stresses applied
to the  rods and  the  positive  tensile  stress-resisting characteris-
tics of nearly all m aterials used as spinal implants. They m ay oc-
casionally be  di cult  to  apply. Segm ental fixation  (w ith  m ulti-
ple  hooks)  m ay  add  to  the  security  of the  construct . System s
that  em ployed  sublam inar  w ires  w ith  hooks placed  the  neural
elem ents at  risk because  of the  possibility of forcing the  hooks
ventrally  in to  the  spinal  canal  by  m eans  of  w ire  t ightening
(� Fig. 16.9).

USI hook  instrum entation, placed  in  compression, provides
m ultiple-level  fixation , larger  rods, and  security  of placem ent
via the use of m ultiple hooks. USI screw  fixation  placed in  com -

pression is, perhaps, the only t rue  “dorsal rigid compression  fix-
ation”  technique.  However,  for  pract ical  purposes,  the  other
techniques discussed  in  th is section  are  considered  as such  be-
cause  of  their  relative  rigidity.  USI  is  especially  usefu l  w ith
thoracic and lum bar fractures.

The  Halifax clam p  and  sim ilar  clamp  devices m ay provide  an
advantage  in  the  upper  thoracic  and  cervical  regions,  w here
larger  devices are  not  necessary.36,37 A clamp  designed  specifi-
cally for  atlantoaxial fusions  likew ise  has  been  em ployed.38 Its
bulkiness,  however,  rendered  it  cum bersom e  and  potent ially
dangerous. In  situations in  w hich  translat ional instability exists,
a  dorsally applied  clamp  (� Fig. 16.10a), or  any dorsal tension-
band  fixation  im plant,  m ay  not  prevent  a  parallelogram -like
translat ional  deform ation  (� Fig.  16.10b).  However,  if  natural
anatom ical constrain ts  to  translat ion  exist , a  clam p  m ay be  all
that  is needed  to secure stability, par ticularly translation  resist-
ance–related stability (� Fig. 16.10c).

Knodt  rods  (of h istorical  in terest  only),39,40 applied  in  com -
pression, m ay provide  rigid  compression  in  selected  situations
(absence  or  t ranslational  instability)  in  the  m iddle  to  lower
lum bar  region , w here  the  norm al lum bar  lordosis  complicates
the  placem ent  of  m ore  complex  compression  devices.
� Fig. 16.11 a illustrates the use  of Knodt  rods in  a patien t  w ith
an  L4 flexion–dist ract ion  fracture  (Chance fracture). Because  of
the  rod’s  sm all  diam eter  and  short  length , the  use  of a  Knodt
rod  in  distraction  should  have  been  rarely  considered  in  pa-
tients  w ith  spine  t raum a. Furtherm ore, an  isolated  dorsal dis-
traction  force  application  is  seldom  indicated  in  t raum a.
Although  Harrington  compression  rods were  also used  in  these
circum stances, application over only two segm ents proved di -
cult . The placem ent of Knodt rods, on  the other hand, was facili-
tated  by  use  of the  turnbuckle  e ect  (the  threads  on  the  two
ends  of  the  rod  face  in  opposite  direct ions).  This  provided  a
m uch  sim pler  application  than  that  required  for  Harr ington
compression  rods. The  Jacobs  system  could  also  be  applied  in
compression.19 USI  hook–rod  system s  were  occasionally  ap-
plied  in  compression  to achieve the  sam e  e ect  (� Fig. 16.11  b,
left).  These  techniques  m ay  be  safer  and  easier  to  apply. The

Fig. 16.7  (A) Because  rigid  neutral transpedicular screw fixation constructs are  indeed  rigid, they make  screw pullout  under axial loading  (vertical
arrows) conditions less likely. (B) They can bear axial loads (straight arrows) if ventral load-bearing ability is absent by causing the load to be transferred
through the  implant  (curved arrows), or (C) they can share  the  load  (straight  arrows) (e.g., 50/50) with  a  ventral strut  (straight  arrows). (D) Intact
vertebral body integrity may also contribute to load sharing (straight arrows and curved arrows) (e.g., 50/50). the concept of load sharing is illustrated
in (C) and (D). The bearing of significant loads by the screw-rod component of the construct may result  in failure. The solid lines depict  the load borne
by a  pedicle  fixation implant. The  dashed  lines represent  loads borne  by existing  spinal structures or interbody struts.
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“short  rod–two claw s” techniques should  not  be applied  in  dis-
traction, as  was  discussed  previously  regarding  the  Knodt  rod
(� Fig. 16.11b, righ t).

In terspinous w iring techniques are used alm ost exclusively in
the  cervical region  because  of the  lesser  stresses placed  on  the
construct  in  th is  region  (compared  w ith  the  thoracic and  lum -
bar regions).41–44 These techniques were occasionally used w ith
Harrington  distract ion  rods in  the  thoracic and  lum bar  spine.45

Interspinous  w iring  techniques  provide  tension-band  fixation
(in  flexion)  over  two  or  m ore  spinal  segm ents  (see  follow ing
sect ion  “Ventral Rigid  Neutral Fixation”). In  the  cervical region,
the  fusion  of on ly two ver tebrae  m ay decrease  the  incidence  of
accelerated  segm ental degenerative changes, compared  to m ul-
tilevel  fusion.46 Lum bar  facet  w iring  and  facet  screw  fixation
techniques19,47,48 provide  a  lesser  degree  of im m ediate  stability
because  of  the  inherent  weakness  of  the  facet  joints  and  the
short  length  of the fixation  lever arm  (see � Fig. 16.8).

The  in terspinous  compression  w iring  and  fusion  technique
encourages  bone  healing  by enhancing  the  forces  of compres-
sion  at  the  bone  graft–spinous  process  junct ion  w hile  increas-
ing acute  stability (� Fig. 16.11c).41 Bone graft  rem odeling (and
thus loosening) at  the  w ire–bone  interface  is  a  theoretical, but
infrequently  encountered,  problem .  This  and  related  techni-
ques,  such  as  the  Bohlm an  tr iple  w ire  technique
(� Fig. 16.11d),41,49 were recom m ended for use solely in  the cer-
vical region. However, they have been  supplanted  today by lat-
eral m ass screw  fixation  techniques.

Ventral Rigid Dist ract ion Fixat ion
Ventral  cervical  plates, ventral  thoracic  and  lum bar  devices,50

and  acrylic or  bone  graft  struts  (either  acrylic or  bone, placed
after  corpectomy) can  be  placed  in  a distract ion  m ode or  in to a
distracted spine, thus providing distract ion  of the spine in  a rig-
id or sem irigid m anner. However, neither bone nor acrylic alone
can  provide  acute  stability,  except  by  a  contribution  to  axial
load-bearing  ability. Other  existing  structures  (e.g. ligam ents)
or  im plants  are  required  to  provide  such. If  sign ificant  acute
stability is absolutely necessary and  does not  already exist , oth-
er  approaches  m ay  be  preferable, usually as  adjuncts. Because
acrylic does not  incorporate w ith  bone, it  never provides a truly
solid  “construct .”  It  does  not  bond  w ith  bone  and  therefore
should  be  reserved  for  selected  situat ions, such  as stabilization
follow ing the  resection  of neoplasm s.51 It  is em phasized  that  to
a tta in true long-term stability, bony fusion must be obta ined.

The  technique  of placing a  ventral in terbody fusion  in  a  dis-
traction  m ode  m ay  reduce  t ranslat ional  deform it ies  and  pro-
vide significant  stabilizing characteristics. This is especially so if
the  regional  ligam entous  structures  are  relatively  in tact  (see
Chapter  10). The posterior  lum bar  in terbody fusion  (PLIF) tech-
nique takes advantage of th is concept.

The  Kostiuk-Harrington  device,52 the  Kaneda  device,50 and
other screw–rod and  plate techniques are true ventral rigid  dis-
traction  devices  that  were  e ect ively  applied  to  the  thoracic
and lum bar regions in  days gone by.

A m ultitude  of in terbody  cages  and  struts  have  been  in tro-
duced  in  the  last  decade. These  can  be  em ployed  to rigidly dis-
tract  (or  m aintain  distract ion)  the  spine.  They  are  presented
from  a clinical perspective in  Chapter 21.

Ventral Rigid Neutral Fixat ion
Ventral  ver tebral  body  cantilevered  fixation  can  provide  sub-
stan tial  acute  stability,  w hile  allow ing  bony  fusion  to  prog-
ress.50,53–58 A variety  of cervical, thoracic, and  lum bar  ventral
rigid  neutral fixation  im plants are  available. Visceral soft  t issue

Fig. 16.9  (A) If sublaminar hooks are placed, (B) forcible approximation
of the  rod  to the  lamina  by sublaminar wiring  may result  in  dural sac
impingement.

Fig. 16.8  The  fixation lever arm  for resistance  to flexion  used  with  a
facet-level tension-band fixation technique (rigid or dynamic) is shorter
than that  used with a spinous process–level fixation technique (rigid or
dynamic). The  length  of the  tension-band  fixation moment  arms are
represented by d1 and d2; the dot  represents the instantaneous axis of
rotation.
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Fig. 16.10  (A, B) Translational deformation may follow the  application  of a  tension-band  fixation  “clamp.” (C) However, if there  is an  anatomical
constraint  to  translation, such as intact  facet  joints (arrows), tension-band  fixation  can prevent  translation.

Fig. 16.11  (A) Knodt rods placed in a compression mode for the fixation of a flexion–distraction deformity. (B) A universal spinal instrumentation (USI)
short rod–two claw construct placed in compression (left). If applied in distract ion without adequate ventral load bearing capacity, flexion deformation
may result (right). (C) Tension-band fixation can also be applied with the interspinous compression wire fixation technique. (Data obtained from Benzel
and  Kesterson.41) This technique  provides both tension-band  fixation, via the  cerclage  wire, and  compression of the  bone  graft  to  the  spinous
processes, via a dorsal “pull” on the cerclage wire by the compression wire.. (D) The Bohlman triple wire technique provides similar advantages. (Data
obtained  from  McAfee  et  al.49)
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erosion  in  the cervical region, as observed w ith  the Dunn  appa-
ratus  in  the  thoracic  and  lum bar  regions,  presented  unsur-
m ountable barriers to their use.

Failure  at  the  screw-bone  in terface w ith  ventral neutral fixa-
tion  techniques  m ay  occur. Screw  cutout, rather  than  pullout,
occurs m ost  com m only in  th is situat ion, because the screws are
locked  to  the  plate  (� Fig. 16.12  a).57 The  t riangulation  e ect
compensates, at  least  in  par t , for  the  screw  pullout  tendencies
of th is type of construct  (� Fig. 16.12b). Depending on  the load-
ing conditions, the  sam e  im plant  m ay resist  loads by m eans of

di erent  m echanism s. This  m ust  be  taken  in to  consideration
(� Fig. 16.12 c, d).

Ventral  rigid  devices  for  the  thoracic  and  lum bar  regions
m ust  be  used  w ith  great  caution.59 The  Zielke  technique,
although  previously  used  for  scoliosis, may occasionally  be  ap-
plicable  to  traum a  w ith  scoliotic  deform ities.60 Other  devices
and  techniques, including USI system s, m ay be used, as well.52,61

These  devices  provide  significant  im m ediate  stability  in  ex-
tension  because of their excellen t  tension-band fixation  charac-
teristics. In  flexion, however, a  less-than-substantial  construct

Fig. 16.12  (A) Rigid ventral neutral fixation techniques may fail by screw cutout  (diagonal arrow) as a result  of dorsally applied forces (upward facing
arrow). (B) Toe-in  of the  screws minimizes the  chance  of screw pullout  (but  not  cutout) because  a  volume of bone  between  the  screws must  be
dislodged for pullout  to occur. This obviously requires that  the screws be at tached with a rigid plate or be connected by a cross member. (C) Ventral
plate  implants function as a  tension-band  fixation constructs in extension (curved arrows represent  the  bending  moment  applied  by the  implant  in
extension. (D) However, they provide limited resistance to flexion in this regard (curved arrows represent  the bending moment applied by the implant
in  flexion). (E) To provide  maximal stability, a  dorsal tension band  fixation construct  may be  used  in  conjunction. This complex construct  provides
tension-band  fixation at tributes in both flexion and extension by the  application of bending  moments in both directions (curved  arrows). (F) A rigid
fixed moment  arm screw usually fails by cutout  (arrow represents applied force). (G) A nonrigid (nonfixed moment arm) screw usually fails by pullout
(arrow represents applied  force).
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m ay fail if dorsal instability coexists. This  is  because  of the  in-
herent  weakness  of th is  type  of construct  in  flexion, either  at
the  plate  or  at  the  screw–plate  or  screw –bone  in terface  (see
� Fig. 16.12c, d).

To  provide  m axim al stability, a  dorsal compressive  force  (as
from  an  in terspinous  cerclage  w ire  or  lateral m ass  plate)  m ay
be applied as an  adjunct . This dorsal compressive force provides
tension-band fixation  in  flexion  that complem ents a sim ilar fix-
ation  in  extension  that  is provided  by the  ventral plat ing tech-
nique  (� Fig. 16.12e). A very stable  construct  is  thus  achieved.
Cutout  is  a  significant  risk  w ith  fixed  m om ent  arm  cantilever
beam s (� Fig. 16.12f), and  pullout  is a significant  risk w ith  non-
fixed  m om ent  arm  cantilever  beam s  (see  Chapter  15  and
� Fig. 16.12g). The  quest ion  of w hether  the  degree  of stability
achieved  w ith  ventral plating  techniques  is  worth  the  risk  for
both  short- and long-term  complications is yet  to be answered.

Ventral Rigid Com pression Fixat ion
Ventral  compression  fixation  can  be  rigidly  applied  in  the
thoracic and  lum bar  regions by a variety of techniques. The ap-
plication  of compression  forces  to  the  spine  provides  an  ele-
m ent  of stability not  achieved  w ith  neutral or  dynam ic techni-
ques. This application  takes advantage  of the  in trinsic ability of
the spine to participate  in  the load-sharing process. Forcing the
spine  in to  compression  causes  the  spine  to  assum e  a  greater
percentage of axial load  bearing (i.e., load  sharing is enhanced).
This is in  contrast  to the construct  itself bearing the m ajority of
the load (i.e., load bearing; � Fig. 16.13).

Rigid Device–Related Flexion–Extension Force
Applicat ion
Ventral, dorsal, or  lateral poin ts  of force  application  or  the  ap-
plication  of bending m om ents m ay be  em ployed  to attain  flex-
ion  or  extension  in  any plane. This  m ay be  achieved  by an  ap-
plied  m om ent  arm  cantilever beam  fixation, sim ple distraction,
tension-band fixation, or  a three-point  bending fixation  techni-
que (see Chapter 17).

Rigid Device–Related Lateral Bending Force
Applicat ion
A scoliotic curvature  m ay be  reduced  by the  application  of dis-
traction  on  the  convex side  of the  curve  or  of rigid  or  dynam ic

com pression  on  the  concave  side  of the  curve  (am ong  other
techn iques). Rigid  d ist ract ion  m ay be  applied  on  the  concave
side  of  the  curve.  The  applicat ion  of  rigid  or  dynam ic
com pression  m ust  be  lateral to  the  IAR, on  the  convex side  of
the  curve.  If  the  com pressive  force  is  not  applied  in  th is
m anner, an  exaggerat ion  of the  scoliot ic curvature  w ill resu lt
(� Fig.  16.14).  The  princip les  associated  w ith  th is  techn ique
have  been  addressed  in  the  sect ion  “Rigid  Axial  Force
Applicat ions.”

Rigid Device–Related Translat ional Force
Applicat ion
Translat ional deform it ies m ay be  reduced  by the  application  of
rigid  forces to the spine by m eans of a longitudina l member (rod
or plate) anchored by screws, w ires, or hooks. These force appli-
cations are often  complex. Sim ple distract ion  can  be used  to re-
duce  som e  translat ional  deform it ies  if  ligam entous  structures
are in tact. These techniques take advantage of the existing liga-
m entous  stability  and  tethering  abilit ies  of  the  in tact  spinal
ligam ents (see � Fig. 16.14). Three-point  bending force applica-
tions are  those  m ost  com m only em ployed  for  translational de-
form ity reduct ion  (� Fig. 16.15).

16.2  Dynam ic Dorsal Fixat ion
Dynam ic  dorsal  spinal  in strum entat ion ,  w h ich  is  rarely  if
ever  used  today, never theless  perm its  varying degrees  of in -
tersegm ental m ovem en t. Although  excessive  m ovem ent  sup -
presses  bony  fusion ,  m in im al  in tersegm ental  m ovem en t
(com pression)  increases  the  chance  for  bone  healing  via  the
augm entat ion  of  bone  healing–enhancing  forces.  The  m ajor
advan tage  of th is  t ype  of fixat ion  is  that  the  m in im al  in ter-
segm ental m ovem ent  perm it ted  by the  im plan t  absorbs som e
of  the  m ovem ent  that  w ould  norm ally  be  absorbed  at  the
hook–bone  in terface  or  the  screw –plate  in terface  of m ore  rig-
id  im plan ts. Th is  m arkedly  decreases  the  chance  of failure  at
the  m etal–bone  in terface.  It  is  em phasized  that  dorsa l  dy-
namic  compression  fixa t ion  devices  must  be  applied  in  con-
junct ion  w ith  a  solid  ventra l inter vertebra l st rut  or  be  applied
in  the  presence  of exist ing intact  spina l elements, so  tha t  ven-
t ra l  a xia l  load-bea r ing  ability  is  present .6,62 Follow ing  axial
loading,  excessive  flexion  w ill  result  if  th is  cardinal  ru le  is
violated  (� Fig. 16.16).

Fig. 16.13  (A) Rigid  distract ion fixation forces
(short  arrows) cause  the  implant  to  bear the
majority of the  axial load  (long arrows) during
assumption  of the  upright  posture. This may
cause  failure  of the  construct, either at  the
construct–bone  interface  or via  construct  frac-
ture. (B) If the  construct  is first  distracted
(following  spinal canal decompression) and  then
compressed  (short  arrows) on an inserted  inter-
body bone  graft, (C) the  bone  graft  and  intrinsic
spinal elements will bear a substantial portion of
the  axial load  (arrows) during  assumption of the
upright  posture.
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16.2.1  Dynam ic Axial Force Applicat ions
Dorsal Dynam ic Neutral Fixat ion
First-generat ion  lateral  m ass  plates,  sem iconstrained  screw –
rod  system s, and  related  devices were  historically available  for
dorsal  dynam ic  neutral  fixation .63,64 They  perm itted  som e
m ovem ent  between  screw  and  plate  (toggling). These  techni-
ques use  a  screw  w ith  a  rounded  head  that  pivots in  a  concave
bed  on  the  plate. This allow s m ovem ent  (rocking) of the  screw
on  the  plate  (hence  the  dynam ic  nature  of  the  device;
� Fig. 16.17)  and  m inim izes  the  chance  of m etal failure  at  the
screw–plate  in terface. However, it  places  greater  stress  at  the
screw–bone  in terface.  Flexion  or  axial  loading  m ay  result  in
screw  pullout  (� Fig. 16.18); hence, the weak link regarding th is
type  of  construct  is  at  the  screw –bone  in terface.  With  rigid

Fig. 16.14  (A) A scoliotic curvature  can  be  corrected  by applying  rigid  distract ion on the  concave  side  of the  curve  or by applying  rigid or dynamic
compression on the convex side of the curve. (B) If a rod system  is placed in a lateral position in such a manner that  it  is lateral to the instantaneous
axis of rotation (IAR) on the convex side  of the curve, deformity correction via compression can be achieved. (C) If a compression force is applied on
the convex side of the curve and only at  the termini of the curve, but  medial to the IAR (dot), an exaggeration of the curvature will become apparent.

Fig. 16.15  (A) A translation deformation can be corrected by (A, B) the
application of leverage  (arrows).

Fig. 16.16  (A) Dorsal compression (hollow arrows) should  be  applied
only in the presence of adequate  ventral axial load-bearing capabilities
or following interbody weight-bearing fusion. If this cardinal rule is not
followed, the  bearing  of an  axial load  (solid arrows) will result  in
deformation  and, in  this case, spinal canal encroachment  (horizontal
arrows). (B) If ventral spinal decompression is performed and followed
by placement  of a  ventral interbody weight-bearing strut, these
complications rarely occur. (C) Some resistance  to these  deformations
can also be at tained by the use of combination strategies, such as rods
within  springs. These, however, are  rarely employed.
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techniques, the  weakest  poin t  of the  system  is  at  the  screw –
plate or screw –rod in terface. If the screws have a good purchase
in  a  bone, the  device  contributes  to  a  strong  dynam ic  neutral
spine stabilization  construct.

The inject ion  of pressurized  polym ethylm ethacrylate in to the
screw  hole  m ay  help  to  prevent  screw  pullout  (see  Chapter
15).65 This, however, can  set  up  an  oxygen  deprivation  anode at
the  acrylic end  of the  screw, w hich  m ay result  in  m etal corro-
sion. The  use  of dynamic neutra l pla t ing techniques in  pa t ients
with  osteoporot ic  bone  may  part icula rly  be  fraught  with  di -
culty. This  is  due  to  the  poor  resistance  to  screw  pullout  of os-
teoporot ic bone (see Chapter 15) and the dynam ic nature of the
construct.

Dorsal dynamic neutral plates must  be  used  in  the  presence  of
significant  ventral  interbody  (axial  load-resisting)  support.  This
type of construct  is stable  in  flexion  (in  the  presence  of adequate
ventral  structural  support)  because  of its  characteristics  of ten-
sion-band  fixation  in  flexion. Excessive flexion, however, may re-
sult  in  construct  failure  if  ventral  interbody  support  is  not
present, or  if intrinsic axial load-resisting abilities are  inadequate
(see  � Fig. 16.16a, b). This support  may be  provided  by an  inter-
body strut graft  or by existing ventral axial load–resisting abilities
of the spine. This can  be somewhat  accounted  for  by the  “sti en-
ing” of the dorsal compression  implant  (see � Fig. 16.16 c).

Dorsal  in terspinous  compression  w iring  and  dorsal  acrylic
fixation  techniques provide a m odified  type of dynam ic neutral
fixation  of the  spine. In terspinous compression  w iring w ith  fu-
sion  provides  a  very  stable  construct  and  perhaps  should  be
considered  to  be  a  rigid  stabilization  technique  (see
� Fig. 16.16). The  subm axim al tension  applied  by  the  cerclage
w ire, however, allow s som e m ovem ent . This provides stabiliza-
tion  in  a  m anner  akin  to that  of the  rod  w ithin  a  spring of the
m odified  Weiss spring system ;  it  creates a  dynam ic, but  som e-
w hat rigid, fixation  (see � Fig. 16.16 c).41

Although  m ost  surgeons  do  not  routinely  use  acrylic  for
dorsal application  in  spine  traum a, its  occasional use  has  been

reported.  Panjabi  and  colleagues  dem onstrated  that  w ire  and
polym ethylm ethacrylate  provide  significant  acute  stability.66

Other  authors, however, have  dem onstrated  the  theoretical and
clinical problem s associated  w ith  this construct .67,68 The poor  fit
often  achieved  betw een  bone  and  acrylic is  explained  by  “wear
and  tear” on  the  adjacent  bone  in  response  to stress at  its inter-
face w ith  the  acrylic and  by the  often  poor  contact  between  the
bone  and  the  acrylic  achieved  during  hardening.  Blood  often
com es  betw een  the  bone  and  the  acrylic at  this  time, thus  de-
creasing the  integrity of the  interface. This can  be  compensated
for  by  using  a  thoracostomy  tube  technique, w hich  forces  the
acrylic into the endplate  regions (� Fig. 16.19).69

Dorsal Dynam ic Com pression Fixat ion
The Weiss spring (see � Fig. 16.16 c), w ith  or  w ithout  m odifica-
tions,  was  the  only  true  dorsal  dynam ic  compression  device
clin ically available.6,70,71 It  is no longer available for clin ical use.

Ventral Dynam ic Neut ral Fixat ion
A ventral  in terbody bone  graft  funct ions  as  a  dynam ic instru-
m entation  construct  until  fusion  is  acquired.  This  dynam ic
construct gradually m erges in to a solid, or rigid, construct  as fu-
sion  is achieved.

Fig. 16.17  Most  dynamic or semiconstrained  screw–plate  fixation
constructs use a screw with a rounded hub that  fits into a rounded slot
in the plate. This allows toggling and gives the construct  its dynamic or
semiconstrained  nature.

Fig. 16.18  Dynamic (via toggling) or semiconstrained  screw–plate
fixation constructs may fail via screw pullout  because  they allow
toggling. The bearing of an axial load (vertical arrows) can cause  screw
pullout  (horizontal arrows).
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The  Caspar  ventral  cervical  spine  plating  technique72 and
equivalent  techniques  applied  in  the  cervical,  thoracic,  and
lum bar spine73 should  also be considered  ventral dynam ic neu-
tral fixation  devices because they allow  som e m ovem ent  at  the
screw–plate  in terface. The  advantages of th is  type  of construct
include  the  augm entation  of  bone  healing–enhancing  forces,
the  application  of tension-band  fixation  forces (in  extension) to
the  spine, and  the  in trinsic  additional  advantages  of dynam ic
fixation.

Today, m ore m odern  axially dynam ic techniques facilitate the
application  of  the  principles  associated  w ith  Wol ’s  law  (see
Chapter  27).  The  biom echanical  principles  have  not  changed
from  those  associated  w ith  early  axially  dynam ic  fixation  de-
signs (� Fig. 16.20).

Ventral (Lateral Bending) Dynam ic Com pres-
sion Fixat ion
Dynam ic compression  force  application  on  the  convex side  of a
scoliot ic curvature  uses forces sim ilar  to those of its rigid  coun-
terpart  (see � Fig. 16.14). The Dw yer apparatus is the prototype

device in  th is category.74 It  applies the in tended  force at  a point
lateral to  the  IAR. With  th is  device, however, there  is  a  loss  of
biom echanical advantage  that  is  proportional  to  the  exten t  of
the curvature present (see � Fig. 16.14).

Dynam ic Device–Related Translat ional Force
Applicat ion
In  general, translational  deform it ies  are  di cult  to  reduce  or
prevent  w ith  dynam ic  (sem irigid  or  sem iconstrained)  con-
structs. Im plant  rigidity, to  one  degree  or  another, is  nearly al-
ways required  for  th is purpose. Hence, there  are no specific ap -
plications that  warran t discussion  here.

16.3  Special Considerat ions
Know ledge  of the  m echanism  of injury m ay help  to  determ ine
the  m ost  appropriate  construct-induced  force  vector  applica-
tion  technique. For  example, a  hangm an’s fracture  (w hich  usu-
ally results  from  excessive  capital extension) requires a  capital

Fig. 16.19  The thoracostomy tube technique for polymethylmethacrylate interbody strut  placement. (Data obtained from Errico and Cooper.69) (A) A
thoracostomy tube is cut  to fit  into the interbody space. Separations are placed at  the termini, and a hole for acrylic injection is placed in the middle.
(B) Acrylic is injected  until it  “spills out” and  is forced  into the  endplate  regions. (C) Further placement  of acrylic around  the  tube  reinforces the
construct. A curved  Steinmann pin  may be  used  to  further reinforce  the  construct. It  must  be  placed  before  acrylic injection.

Fig. 16.20  (A, B) The DOC ventral cervical spine system  (DePuy-AcroMed, Raynham, MA; no longer in use today) permit ted axial subsidence without
screw toggling  (fixed  moment  arm  cantilever screws), as depicted. Note  the  movement  of the  platform  on rods (arrows).

Qualitat ive Att ributes of Spinal Implants: A Historical Perspect ive

186



flexion vector, w ith  accom panying dist ract ion  and true neck ex-
tension , to assist  w ith  reduct ion; the force application  is akin  to
that  used  for  reduction  of a  Colles  fracture  of the  w rist . Sim i-
larly, for  a Chance fracture, a ventral neural decompression , fol-
lowed  by the application  of dorsal compression , is an  appropri-
ate  treatm ent  plan  (see  � Fig. 16.11). The  stabilization  techni-
ques  in  these  two  examples  use  forces  that  are, for  the  m ost
part , opposite in  orien tation  to those that caused the injuries.

Fracture  type  and  location  obviously  dictate, to  a  significant
degree, the type of reduction  and  fixation  technique to be used.
Substan tial translational injuries m ay best  be reduced  and fixed
w ith  rigid  distraction  and  three-point  bending  techniques. In
these  cases, segm ental fixation  substan tially augm ents stability
(� Fig. 16.21). Other  complex fractures m ay require  long dorsal
rigid  neutral  rod  fixation  techniques  w ith  m ultiple-level  fixa-
tion. Rigid  dist ract ion  or  compression  techniques, w hen  com -
bined  w ith  a  th ree-point  bending  force  application, should  at
least  partly correct  scoliot ic deform it ies. They also  provide  sta-
ble constructs for kyphotic deform ities w hen  applied w ith  m ul-

tiple-segm ental fixation. Rigid  distract ion , w ith  accom panying
m ultiple-segm ental fixation  and  cross  fixation, m ay  provide  a
strong  construct  for  complex  fractures  in  the  low  lum bar  re-
gion. This provides an  alternative to pedicle fixation  techniques.

The  extent  of neurologic injury obviously  plays a  m ajor  role
in  the operation  select ion  process. There are two indicat ions for
surgery after  spine  traum a:  (1) neural elem ent  decom pression
and (2) spine stabilization . Either  m ay stand  alone as an  indica-
tion  for  surgery.6,75–77 Obviously, a  m ore  “cavalier” approach  to
spine  reduct ion  and  fixation  m ay be  undertaken  w hen  the  pa-
tient  m anifests a  complete  myelopathic injury. Hope for  neuro-
logic  recovery, other  than  nerve  root  funct ion, is  m inim al  in
these pat ients, even follow ing dural sac decom pression .75–77

Conversely, if any neurologic funct ion  caudal to  the  injury is
present  preoperatively,  a  chance  for  neurologic  recovery  ex-
ists.75,76 Therefore, great care should  be taken  to prevent  neuro-
logic deterioration  and to prom ote neurologic recovery. Aggres-
sive  surgery  for  spinal canal decom pression  should  be  consid-
ered, w hen appropriate.

Fig. 16.21  (A, B) Translational deformation may be reducible by the simple application of distraction forces to the spine (arrows), assuming, of course,
that  the  ventral and  dorsal vertebral body ligamentous structures are  intact. This maneuver, however, may prove  to  be  inadequate. (C) Sublaminar
wiring  may be  used  to  pull the  translated  segments back toward  the  rod  and  into  proper alignment. (D) Pedicle  screws may also  be  used  for this
purpose.
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16.4  E ect ive  Use of Int rinsic
Spinal Anatomy
Several anatom ical features of the  spine can  be  e ect ively used
by the spine surgeon during the application  of instrum entation.
The orientation  of the facet  joints m ay provide  a substantial bi-
om echanical  advantage  regarding  the  application  of  tension-
band  fixation  constructs in  the  cervical region. The  orientation
of  the  cervical  facets  join ts  is  predom inantly  in  the  coronal
plane  (see  Chapter  1). This orientation  does not  lend  itself well
to the  resistance  of rotat ion, flexion , or  dorsal translation. Ven-
tral translation  w ithout  flexion  is  resisted  well, provided  there
is an  in tact  facet  join t  complex (see  � Fig. 16.10). If an  elem ent
of cervical instability is present  in  flexion, w ith  an  accom pany-
ing disruption  of the  disc space, the  facet  joint  cannot  function
to resist  ventral translational deform ation. This is seen  in  situa-
tions  in  w hich  dorsal  in terspinous  ligam entous  instability  has
been  incurred. The  repair  of an  in terspinous  ligam ent  disrup-
tion  injury  by  applying  a  tension-band  fixation  construct  re-
duces the deform ity and  prevents further  ventral translation  by
“locking” the  in tact  facet  joints  against  each  other  (facet  en-
gagem ent). Longer constructs m ay occasionally be required (see
� Fig. 16.10).

16.5  Im aging
Although  not  of biom echanical relevance, the  im aging  charac-
teristics of spinal im plants are  of significant  clin ical concern. In
general, all m etal im plants  obscure  radiographs, computed  to-
m ography (CT) scans, and  m agnetic resonance  (MR) im ages to
one degree or another. Stainless steel perform s poorly in  th is re-
gard, part icularly w ith  CT and  MR im aging. Titanium  perform s
relatively well w ith  both  MR im aging and CT, w hereas tantalum
perform s well w ith  MR im aging but  not CT.70
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17  Quant itat ive  At t ributes of Spinal Im plants
A thorough  understanding  of  the  forces  applied  to  the  spine
and, in  turn , resisted  by spinal implants  is  essential. These  ap-
plied  forces are  often  extrem ely complex. However, if they are
broken  dow n  into  components,  the  component  force  vectors
m ay be quantitated and better understood.

The  force  vector  of  a  sim ple  compression  instrum entation
construct  is usually applied  at  a fin ite distance from  the instan-
taneous  axis  of rotation  (IAR) and  is  perpendicular  to  the  long
axis  of the  spine, thus creating a  bending m om ent  that  is  pro-
portional to the perpendicular distance from  the point  of appli-
cation  of that  force to the IAR (i.e., proportional to the lever arm
or m om ent arm ; see the follow ing, Chapter 2, and � Fig. 17.1a).

The use of distraction  as an  isolated  force to the dorsal aspect
of the spine is uncom m on. However, distraction  m ay be applied
in  the in terbody region . Thus, the distraction  is applied  “in  line”
w ith  the IAR in  the region  of the neutra l a xis. A distraction  force
that  is  applied  “in  line” w ith  the  IAR does  not  result  in  an  ap-
plied  bending m om ent, w hereas a distraction  force applied  at  a
perpendicular distance from  the IAR creates a bending m om ent
that  is proport ional to the length  of the lever arm  (� Fig. 17.1b).

Of course, m ost  spinal  im plants  can  be  placed  in  a  neutral
m ode—that  is, they apply no forces of any type to the spinal col-
um n  at  the  tim e  of surgery (see  Chapter  16). However, the  ap-
plication  of an  im plant  so that  it  never  applies (or  bears) a  load
(force) is  im possible. Even  if the  im plant  is  placed  in  a  neutral
m ode  at  the  t im e  of surgery, any m ovem ent  or  change  in  body
position  after  surgery presents stresses to the construct  that  al-
ter  its neutral m ode characteristic. Hence, an  im plant  placed  in
a  neutral m ode  resists  compression  w hen  the  patient  assum es
an  upright  posture. Thus, th is im plant, in  a  sense, is placed  in  a
distraction  m ode  (see  Chapter  16  and  � Fig. 17.2a). This  sam e
im plant  resists  forces  applied, to  one  degree  or  another, in  all

planes. In  so  doing, it  m ay  funct ion  as  a  distraction  device, a
tension-band  fixator, or  a  cantilever, and  so for th . Im plants sel-
dom  function  by only one  biom echanical m echanism  or  m ode.
In  other  words, the  m echanism  and  m ode of load  bearing vary,
depending on  the loading conditions.

Conversely, a  spinal  im plant  placed  in  a  compression  m ode
m ay be  used  to  “share” the  load  w ith  an  accom panying in ter-
body strut  (� Fig. 17.2b). If a  cant ilever  beam  is placed in  a  dis-
t ract ion mode, it  bears a ll of the load. If it  is placed in  a  compres-
sion  mode, it  shares the load with intr insic vertebra l components
or  interbody st ruts. Such an implant  placed in  compression might
even  be non–weight-bear ing in  the upr ight  posit ion  (zero weight
bear ing; see the following). These points m ust  always be consid-
ered during the clin ical decision-m aking process.

All  spinal  instrum entation  techniques  apply  forces  to  the
spine  via  one  or  a  com bination  of six  basic  m echanism s:  (1)
sim ple  dist ract ion,  (2)  th ree-point  bending,  (3)  tension-band
fixation ,  (4)  fixed  m om ent  arm  cantilever  beam  fixation,  (5)
nonfixed m om ent arm  cantilever beam  fixation, and (6) applied
m om ent  arm  cantilever  beam  fixation.  The  biom echanical
principles involved  w ith  each  of these techniques are  discussed
separately. These  strategies  m ay  be  em ployed  via  a  ventral, a
lateral, or a dorsal approach .

Fig. 17.1  (A) A compressive  force  (F) applied  at  a  finite  distance  (d)
from  the  instantaneous axis of rotation (IAR; dot). (B) A distraction
force (F) that  is applied  “in line” with the  IAR (in the neutral axis) does
not  result  in  a  bending  moment  application. A distract ion force  (F’)
that  is applied  at  some  distance  (d) from  the  neutral axis causes a
bending  moment, the  magnitude  of which  is dictated  by the
perpendicular distance  (d) from  the  IAR.

Fig. 17.2  (A) A spinal implant  placed in distraction (small solid arrows).
This implant bears the axial load (hollow arrows) with the intrinsic spinal
elements. (B) A spinal implant  placed  in  compression is unloaded
during weight bearing. If enough compression (small solid arrows) were
applied, the  spinal implant  might  conceivably bear no  load  during
assumption of the  upright  position. This would  be  the  case  if the
compression force  applied  by the  implant  (small solid arrows) were
equal to  the  weight  of the  torso  above  the  implant  itself (hollow
arrows)—that  is, the  case  of zero  weight  bearing. In  such  a situation,
the  axial load  (hollow arrows) would  equal nonimplant  distraction
forces (large solid arrows), and  the  implant  would  be  unloaded  (see
Chapter 12  and  � Fig. 12.12).
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17.1  Sim ple  Dist ract ion Fixat ion
Simple  distract ion  fixation  can  be  applied  from  either  a vent ral
in terbody or  a  dorsal  approach. Ventral  distraction  constructs
generally apply  forces  that  are  in  line  w ith  the  IAR—that  is, in
the  in terbody  region.  This  allow s  the  ventral  distraction  im -
plant  to e ect ively resist  axial loads w ithout applying a bending
m om ent  (see  � Fig. 17.1  b).  Ventral  in terbody  dist ract ion  can
cause extension  of the spine if the distraction  forces are applied
ventral to the IAR (ventral to the neutral axis; � Fig. 17.3a). The
application  of a  dorsal distraction  force  as  an  isolated  entity is
uncom m on. This  is  so  because  of its  propensity  to  pathologi-
cally exaggerate  or  cause  a  kyphotic deform ity. The  location  of
the  poin t  of force  application  dorsal to the  IAR creates a  bend-
ing m om ent  that  results in  flexion  (� Fig. 17.3b). The com bina-
tion  of  dist ract ion  and  three-point  bending  instrum entation
application  elim inates  th is  pathologic  situation  by  applying  a
ventrally directed force at  the fulcrum  (� Fig. 17.4).

Distract ion  applied  to the  spine  at  a  fin ite  perpendicular  dis-
tance from  the IAR results in  a force application  sim ilar (but op-
posite  in  direct ion)  to  that  achieved  w ith  tension-band  (com -
pression)  fixation. This  distract ion  force  application  m ight  be
term ed tension-band (distract ion) fixa t ion (see � Fig. 17.3b).

17.2  Three-Point  Bending Fixat ion
A springboard  is  a  com m on  example  of a  three-point  bending
force  application. It  consists  of  a  fulcrum  that  directs  a  force
vector in  a direct ion  opposite the direct ion  of the term inal force
vectors (� Fig. 17.4a). Three-point  bending spinal instrum enta-
tion  constructs apply sim ilar force vectors (� Fig. 17.4b), usually
w ith  an  accom panying distract ion  or  compression  force  appli-
cation  (� Fig. 17.4c). Three-point  bending constructs com m only
involve  instrum entation  application  over  m ultiple  (five  or
m ore)  spinal  segm ents,  w ith  accom panying  dorsally  directed
forces  at  the  upper  and  lower  construct–bone  in terfaces  and  a
ventrally directed  force  at  the  fulcrum  that  is  equal to  the  sum
of the  two dorsally directed  forces (see  � Fig. 17.4b). This tech-

n ique can be used to decom press the ventral dural sac follow ing
traum a by distracting the  posterior  longitudinal ligam ent  (liga-
m entotaxis  or  annulotaxis). The  desired  resultant  force  is  the
pushing of the  o ending bone  and/or  disc fragm ents  ventrally
and  away from  the  dural sac (see  Chapter  8).1,2 Because  of the
relative weakness of the  posterior  longitudinal ligam ent  and/or
the  fixed  nature  of  the  retropulsed  fragm ents,  however,  th is
technique m ay not always succeed (see Chapter 8).

Dorsal dist ract ion  force  vector  application  is  rarely  “pure.” It
is  frequently  used  in  com binat ion  w ith  the  application  of  a
three-point  bending force to the spine (see � Fig. 17.4c). The ap-
plication  of  su cien t  dorsal  distraction  so  that  the  im plant
m akes contact  w ith  the  spine  at  the  level of the  site  of pathol-
ogy (at  an  in term ediate  point  along the  construct;  i.e., at  a  ful-
crum )  results  in  three-point  bending  force  application.1,3 The
application  of a  distract ion  force  betw een  two  adjacent  spinal
levels  w here  a  fulcrum  is  not  present  is  an  except ion  (e.g., the
use  of a  Knodt  rod  in  distraction  that  spans  only  one  m otion
segm ent). In  th is case, no in term ediate point of fixation  at  a ful-
crum  is available. With  longer  constructs, flexion  occurs before
engagem ent  of the  fulcrum  because  of the  application  of the
distraction  force  at  points  dorsal to  the  IAR. This  is  m ost  com -
m on  in  the  lum bar  region, w here  a  lordotic posture  is  present
(� Fig. 17.5).

The  bending  m om ent  at  the  site  of  pathology  from  three-
poin t  bending construct  application  is  defined  m athem atically
by the follow ing equation :

Equation  (16)

M¼
 D1 Â D2 Â F3PB

D3PB

Fig. 17.3  (A) Ventral spinal distraction  (straight  arrows) can cause
spinal extension (curved arrows) if the  application  of the  distraction
forces is ventral to the instantaneous axis of rotation (IAR; neutral axis).
(B) Conversely, the  application  of distraction forces (straight arrows)
dorsal to the IAR (neutral axis) results in spinal flexion (curved arrows)—
that  is, in  tension-band  distraction.  Fig. 17.4  (A) The  force  vectors at  work when a  person  is standing  on

the  end  of a springboard. (B) These  three-point  bending  forces are
defined by Equation 1, M= (D1 ×D2 ×F3PB)/D3PB, in which D1 and D2 are
the  distances from  the  fulcrum  to the  terminal hook–bone  interfaces,
D3PB is the  sum  of D1 and  D2, and  F3PB is the  ventrally directed  force
applied  at  the  fulcrum. (C) Spinal three-point  bending  constructs
(horizontal arrows) are  usually applied  in  combination with  another
force  vector complex—commonly, distraction  (vertical arrows).
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in  w hich  M is the bending m om ent, D1 and  D2 are the distan-
ces from  the fulcrum  to the term inal hook–bone in terfaces, D3PB

is the  sum  of D1 and  D2, and  F3PB is  the  ventrally directed  force
applied at  the fulcrum  (see � Fig. 17.4).1,4

17.2.1  Term inal Three-Point  Bending
Fixat ion
A three-poin t  bending  construct  can  be  used  to  correct  a  de-
form ity  near  the  term ini  of  the  construct,  as  opposed  to  the
m idportion  of the construct  (the m ore com m on  situation). This
is term ed  termina l three-point  bending fixat ion. Usually, the im -
plant  is  positioned  so  that  the  sagittal  deform ation  is  at  the
rostral  end  of the  construct,  if  ventral  subluxation  is  present
(� Fig. 17.6).

In  reality, term inal  three-point  bending  fixation  is  sim ply  a
three-point  bending construct  in  w hich  the  fulcrum  is situated
near one end of the construct—that  is, D1 is short  and  D2 is rela-
tively long. In  light  of th is, the springboard previously discussed
is  m ore  appropriately considered  a  term inal three-point  bend-
ing structure. Of note is that  the m om ent  arm  attained  by a ter-
m inal three-point  bending construct  is less than  that  attained  if
sim ilar  ventrally and  dorsally directed  forces are  applied  w hen
the fulcrum  is in  the  m idportion  of the  construct . This m ust  be
taken  in to consideration  clin ically.

17.3  Tension-Band (Com pression)
Fixat ion
Dorsal spinal compression  (tension-band fixation) is usually ap-
plied  by w ires, clam ps, springs, or  rigid  constructs in  compres-
sion. These techniques apply spinal compression  forces at dorsal
sites  (� Fig.  17.7a).  Ventral  tension-band  fixation  constructs,
however, m ay also  be  applied  (� Fig. 17.7b). Although  one  m ay
not  th ink of a  ventral cervical plate  as  a  compression  device, it
resists  extension  of the  m otion  segm ent  w hen  the  spine  is  ex-
tended, thus functioning as a compression  fixator.

It  is em phasized  that  implants funct ion  di erently under dif-
feren t  loading conditions. A ventral cervical fixed  m om ent  arm
cantilever  (i.e., constrained  plate) functions as a cantilever  if an
axial load  is  applied. If, however, the  patient  extends the  neck,
the  implant  w ill  lim it  extension  at  the  instrum ented  segm ent
via  a  tension-band  fixat ion  (in  extension)  m echanism  (see
� Fig. 17.7b). Tension-band  fixation  applies compression  forces
at  a perpendicular  distance from  the  IAR (e.g., from  the plate  to
the IAR; see � Fig. 17.7b).

By the  nature  of the  tension-band  fixation  construct, an  ex-
tension  (dorsal) or  flexion  (ventral) bending m om ent  is applied

Fig. 17.5  The  application  of dorsal distraction  forces (arrows) to a
lordotic spine  may result  in  inadvertent  flexion. Dots represent  points
of force  application  by the  implant.

Fig. 17.6  Terminal three-point  bending. (A) A
ventral translational deformation  relative  to the
next-most-caudal segment  can be  corrected  by
(B) the  application  of three-point  bending  forces
to each of the three  segments depicted. (C) This
results in  translational deformation  reduction.
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to the spinal segm ents that  are  “com pressed.” For  tension-band
fixation  techniques, the  bending m om ent  applied  at  the  site  of
pathology is defined m athem atically by the follow ing equation:

Equation  (17)

MTBF ¼ FTBF Â DIARÀTBF

in  w hich  MTBF is the bending m om ent, FTBF is the compression
force applied  at  the upper and  lower term ini of the construct  at
the  instrum ent–bone in terface, and  DIAR – TBF is the  perpendicu-
lar distance from  the IAR to the applied force (� Fig. 17.8).1

Ven trally  posit ioned  extradural  m asses  (bone  and/or  d isc
fragm ents)  m ay  be  th rust  dorsally  in to  the  sp inal  canal  dur-
ing  the  applicat ion  of  dorsal  com pression  forces.  Therefore,
ven tral decom pression  procedures m ay be  appropriate  before
the  applicat ion  of dorsal instrum entat ion  constructs, par t icu-
larly  if ven tral  com pression  via  ret ropulsed  bone  and/or  d isc
fragm ents  exists  (� Fig.  17.9a).3 Addit ionally,  tension-band
fixators  do  not , in  and  of them selves, bear  axial  loads. They
sim ply  apply  com pression  via  a  tension  band.  Therefore,  if
axial  load–bearing  abilit y  is  inadequate, it  m ust  be  restored
(� Fig. 17.9b).

17.4  Com paring Three-Point
Bending and Tension-Band Fixat ion
Three-point  bending and  tension-band  fixation  constructs  dif-
fer  considerably.  Three-poin t  bending  fixation  techniques  re-
quire  the  use  of long constructs to  optim ize  the  e cacy of the
construct. The bending moment  applied by a  three-point  bending
construct  is proport iona l to the length of the construct. The bend-
ing moment  applied by a  tension-band fixa t ion  construct  is inde-
pendent  of the construct  length. Therefore, three-point  bending
constructs  are  usually  used  over  m ore  spinal  segm ents  than
tension-band  fixation  constructs. The bending m om ent  applied
at  the  fracture  site  by three-poin t  bending fixation  techniques
is defined m athem atically by the follow ing equation 1,4:

Equation  (18)

M3PB ¼
 D1 Â D2 Â F3PB

D3PB

Fig. 17.7  (A) Dorsal spinal tension-band  fixation. (B) Ventral spinal
tension-band  fixation.

Fig. 17.8  The  forces applied  by a  tension-band  fixation construct  are
described  by Equation (17) MTBF= FTBF Â DIAR – TBF,  where  MTBF is the
bending  moment, FTBF is the  compression  force  applied  at  the  upper
and  lower termini of the  construct  at  the  instrument–bone  interface,
and DIAR – TBF is the perpendicular distance from  the instantaneous axis
of rotation to the  tension-band  fixation applied-force  vector.

Fig. 17.9  (A) The  application of dorsal compression (hollow arrows)
may result  in  the  retropulsion of ventral disc or bone  into the  spinal
canal. (B) Decompression and  the  restoration of axial load-bearing
ability will prevent this. Tension-band fixators (hollow arrows) do not, in
and  of themselves, bear axial loads. If axial load-bearing  ability is not
present, it  must  be  restored. Solid  arrows represent  applied  loads.
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w hereas the  bending m om ent  applied  by tension-band  fixa-
tion  techniques  is  defined  m athem atically  by  the  follow ing
equation 1:

Equation  (19)

MTBF ¼ FTBF Â DIARÀTBF

If D1 is  equal to  D2 (as  it  usually is;  Fig. 17.10), then  both  D1

and  D2  are  equal  to  ½D3PB.  Solving  the  three-point  bending
equation  thus yields the follow ing:

Equation  (20)

M3PB ¼
 D1 Â D2 Â F3PB

D3PB
¼

1
2

À Á
D3PB

Â  Ã2 Â F3PB

D3PB
¼

 0:25D3PB
2 Â F3PB

D3PB
¼ 0:25D3PB Â F3PB

in  w hich  M3PB is the bending m om ent  applied  at  the fulcrum
if one  were  considering  three-point  bending  force  application
equivalents, F3PB is the hypothetical ventrally directed  force  ap-
plied  at  the  fulcrum , and  D3PB is  the  length  of  the  construct
(� Fig. 17.10).1

In  a  situat ion  w here  one  wan ts  to  com pare  tension-band
fixat ion  and  th ree-poin t  bending  fixat ion ,  an  addit ion al
m athem atical  exercise  is  required. Because  the  two  bending
m om ents  (th ree-poin t  bending  and  tension-band  fixat ion)
applied  to  a  st ructure  by  the  construct  are  equal  (since  the
net  m om ent  of a  st ructure  in  equilibrium  is  zero), the  situa-
t ion  observed  in  the  case  of a  tension-band  fixat ion  construct
(� Fig. 17.11a) is defined  by the  follow ing equat ion  (assum ing
that  Fe  –  TBF is  located  in  the  m iddle  of  the  long  axis  of  the
construct):

Equation  (21)

MTBF ¼ FTBF Â DIARÀTBF ¼ M3PB ¼ FeÀ3PB Â 0:25 Â DeÀ3PB

Equation  (22)

FeÀTBF ¼
 4 Â FTBF Â DIARÀTBF

DeÀ3PB

Fe  –  TBF is  the  “e ective” ventrally  directed  force  created  by
the  torque  associated  w ith  the force  (FTBF) and  lever  arm  (DIAR –

TBF). Because  the  product  of FTBF and  DIAR –  TBF is  fixed  by  the
characterist ics  of  the  const ruct ,  increasing  const ruct  length
(DTBF)  decreases  the  ven trally  d irected  force  applied  at  the
fu lcrum  (Fe  –  TBF).  Therefore,  because  a  ven t rally  d irected
force  at  the  fu lcrum  (Fe  –  TBF)  is  usually  a  desirable  applica-
t ion ,  the  use  of  a  long  tension-band  fixat ion  construct ,  in
fact , m ay be  associated  w ith  an  exaggerated  extension  of the
sp ine that  is due  to the  applicat ion  of w idely separated  bend-
ing m om ents, desp ite  the  lesser  Fe  –  TBF (� Fig. 17.11  b). Long
constructs  allow  the  applicat ion  of tw o  w idely  spaced  bend-
ing  m om en ts  (at  the  term in i  of the  const ruct). Th is  encour-
ages  the  developm en t  of an  exaggerated  extension-buckling
type  of deform it y.

The  bending  m om ent  arm s  of  tension-band  fixat ion  and
three-point  bending are  not  equivalen t  w ith  regard  to orien ta-
tion  (� Fig.  17.12).  DIAR  –  TBF refers  to  a  m om ent  arm  that  is
perpendicular  to the long axis of the spine (and  the instrum en-
tation  construct), w hereas  D3PB refers to  a  m om ent  arm  that  is
parallel to  the  long axis  of the  spine  (and  the  instrum entation
construct; see � Fig. 17.12). Nevertheless, a three-point  bending
techn ique  requires  a  longer  construct  than  does  a  tension -
band  fixat ion  techn ique  to  ach ieve  the  sam e  bending  m o-
m ent  at  the  fracture  site  w ith  sim ilar  applied  forces. Because
the  bending m om ent  at  the  site  of pathology is  unchanged  by
the  length  of a  tension-band  fixat ion  construct , and  because
the  ven trally d irected  e ect ive  force  Fe  –  TBF d im in ishes as  the
construct  length  is  increased, shor t  tension-band  constructs
m ay  often  be  m ore  desirable. Conversely, longer  th ree-poin t
bending  constructs  are  associated  w ith  greater  stabilit y  be-
cause  they provide  a  long m om en t  arm . Therefore, if substan-
t ial axial load-resist ing, rotat ion-resist ing, and/or  t ranslat ion-
resist ing characterist ics  are  desired, long three-poin t  bending
constructs (spann ing m ore  than  five  spinal segm ents) m ay be
m ost  appropriate.

Three-poin t  bending  fixat ion  techn iques  are  usually  used
in  com binat ion  w ith  addit ional  superim posed  forces  applied
in  d ist ract ion  (or  com pression ) at  the  term inal (and  occasion-
ally  in term ediate)  construct–bone  in terfaces.  These  add  to
the  st resses  applied  to  the  bone  (by  adding  a  d ist ract ion  or
com pression  com ponen t).  How ever,  they  do  not  alter  the
bending  m om ent  if  the  ven trally  d irected  force  at  the  ful-
crum  and  the  dorsally  directed  forces  at  the  term in i  of  the
im plan t  are  not  changed  (� Fig.  17.13).  Som e  authors  have
advocated  the  exaggerat ion  of such  forces  in  order  to  accom -
plish  spinal  colum n  reduct ion  and  spinal  canal  decom pres-
sion  (see  Chapter  8).2 Th is, however, has not  always m et  w ith
clin ical  success—often  because  of  the  excessive  forces  re-
quired  to ach ieve  reduct ion .

Fig. 17.10  If a three-point  bending construct  is symmetrically placed—
that is, if the length of the construct  above the fulcrum is equal to that
below the fulcrum—then D1 is equal to D2, both of these are equal to 1/
2D3PB, and the situation is described by Equation 5, M3PB= [(1/2D3PB)2 ×
F3PB]/D3PB= [0.25D3PB

2 x F3PB]/D3PB= 0.25D3PB x F3PB, in which M3PB is the
bending moment at  the fracture site, F3PB is the ventrally directed force
applied  at  the  fulcrum, and  D3PB is the  length  of the  construct.
0:25DD3P B
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17.4.1  The Bending Mom ent
The  use  of the  term inology associated  w ith  biom echanics  and
physics  in  the  spine  literature  has  often  been  confusing. Much
of the  confusion  has had  to do w ith  the biom echanics of injury
and  instrum entation. The  concept  of the  bending m om ent  has
been  m isrepresented and is often poorly understood.2

The  bending  m om ent  associated  w ith  instrum entation  ap-
plication  is  usually  (ideally)  greatest  at  the  level  of  the  spine
deform ity  reduct ion  (particularly  w ith  three-point  bending
techniques).2 This  is  for tuitous  regarding  deform ity  reduct ion
(i.e., the m axim um  bending m om ent  is applied at  the site of the
pathology).1

17.5  Fixed Mom ent  Arm
Cant ilever Beam  Fixat ion
A cantilever  is a beam  that  projects from  an  im m obile  object . It
is supported  at  one  end  only (� Fig. 17.14). A cantilever  is usu-
ally designed  to bear  a  load  over  a  space  w here  support  cannot
be provided or is not desired. There are three types of cantilever
beam s:  (1) fixed  m om ent  arm , (2) nonfixed  m om ent  arm , and
(3) applied  m om ent  arm . A fixed  m om ent  arm  cantilever beam
is  illustrated  in  � Fig.  17.14.  A characteristic  example  of  th is

type  of structure  am ong  spinal  instrum entation  constructs  is
the  rigid  (constrained)  pedicle  fixator.  Rigid  pedicle  fixation
techniques  (such  as  rigid  plate  or  screw –rod  com binations)
m ay compensate  for  a  short  m om ent  arm  by providing a  fixed
m om ent  arm  cantilever  beam  configuration  for  structural sup-
port. Although the in itial application  of such  a construct  m ay be
in  a  neutral  m ode  (no  distraction,  rotation ,  compression ,  or
translat ional forces applied) during the  assumption  of an  erect
posture, the  construct  resists the  axial loads by virtue  of its in-
tr insic  fixed  m om ent  arm  cantilever  beam  characteristics  (i.e.,
by  rigidly  but tressing  the  spine). Worthy  of note  is  its  lack  of
need  for  a ventrally directed  force  at  the  m idport ion  of the  im -
plant,  as  is  the  case  w ith  three-point  bending  fixation.  This
causes  a  significant  stress  to  be  applied  to  the  implant , com -
m only at  the  screw–plate  or  screw –rod  in terface  (� Fig. 17.15).
This stress m ay be  excessive, resulting in  screw  fracture  (an  in-
frequently  observed  phenom enon  w ith  m odern  construct  de-
signs). Biom echanical studies have confirm ed th is.5

17.6  Nonfixed Mom ent  Arm
Cant ilever Beam  Fixat ion
A nonfixed  m om ent  arm  cantilever  beam  does  not  e ect ively
bear  an  axial  load  w ithout  the  assistance  of other  structures

Fig. 17.11  (A) Tension-band fixation constructs may not be desirable because of the following relationship, as described in Equation 6: (4 x FTBF x DIAR–

TBF)/De – 3PB = Fe – TBF. Fe – TBF is the “effective” ventrally directed force created by the torque associated with the force (FTBF) and lever arm (DIAR – TBF). (B)
Because the product of FTBF and DIAR– TBF is fixed by the characteristics of the construct, increasing the construct length (De – TPB) decreases the effective
ventrally directed force applied at  the fulcrum (Fe – TBF). In addition, this may cause hyperextension of the spine by creating terminal bending moments.
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Fig. 17.12  The  moment  arm  applied  by three-point  bending  con-
structs (M3PB) is parallel to  the  long  axis of the  spine, whereas that
applied  by tension-band  fixation  constructs (MTBF) is perpendicular to
the  long  axis of the  spine.

Fig. 17.13  Three-point  bending  constructs are  commonly applied  in
combination with distract ion (see Fig. 17.4a). These two components,
(A) three-point  bending  and  (B) distraction, are  independent  of each
other with  respect  to the  forces they apply to the  spine

Fig. 17.14  A fixed  moment  arm  cantilever beam. In  this case, the
cantilever beam is rigidly affixed to the wall. Note the lack of a need for
an accompanying applied-force  vector during  load  bearing  (arrow).

Fig. 17.15  (A) The  stress realized  by a fixed  moment  arm  cantilever
beam  during  load  bearing  is often  maximal at  the  screw–plate  or
screw–rod  interface. (B) This may result  in  construct  failure  at  this
location following axial load  bearing  (arrows).

Fig. 17.16  (A) A nonfixed  moment  arm  cantilever beam. In  this case,
the  cantilever beam  is fixed  by a  hinge  to the  wall. Note  the
requirement  for an  accompanying applied-force  vector (opposed
arrows) during  load  bearing  (single arrow). (B) Nonfixed  moment  arm
cantilever beam  constructs may fail by screw pullout, as depicted.
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(e.g.,  vertebral  body,  bone  graft ,  etc.).  However,  it  helps  the
already-present  axial  load-supporting  structures  to  do  so
(� Fig.  17.16).  Nonfixed  m om ent  arm  cantilever  beam  con-
structs  do  not  apply  substantial  axial  load-resisting  forces  to
the spine. The toggling of the screw  on  the plate allowed by th is
technique dictates that  lit tle, if any, bending m om ent  is applied
to  the  spine  or  is  resisted  by the  im plant  during axial loading.
However,  if  th ree  or  m ore  segm ents  are  a xed,  a  nonfixed
m om ent arm  cantilever beam  fixator can  apply a three- or four-
point  bending m om ent that  resists kyphotic deform ation . These
techniques are  appropriately used  only w hen  axial load-resist-

ing capabilit ies of the spine are present . Because of their biom e-
chanical  characteristics, their  ability  to  resist  screw  pullout  is
dim inished (see Chapter 16 and � Fig. 17.16).

The  application  of  nonfixed  m om ent  arm  cantilever  beam
constructs  in  the  cervical  spine  via  lateral  m ass  screw –plate
system s  or  in  the  lum bar  spine  via  t ranspedicular  screw –plate

Fig. 17.17  Nonfixed  moment  arm  cantilever beam  constructs can
function (A) in a tension-band fixation mode by resisting flexion via the
application of a bending moment (curved arrows) or (B) in a three-point
bending  mode  (straight arrows).

Fig. 17.18  (A) Applied  moment  arm  cantilever beam  construct  in
which  a  flexion moment  is used. (B) Applied  moment  arm  cantilever
beam  construct  in  which an  extension moment  is used.

Fig. 17.19  (A) The parallelogram-like effect  of lateral translational deformation can be prevented by (B) toe-in of the screws of the construct, (C) cross
fixation, or (D) an  increase  in  the  length  of the  construct  to  incorporate  an  additional spine  segment. The  lat ter provides resistance  to three-point
bending  fixation  forces in  a  plane  that  is lateral to  the  spine  (coronal plane), as well as in  the  sagit tal plane.
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Fig. 17.20  (A) A parallelogram-like translational deformation of the spine in the sagit tal plane can occur with nonfixed moment  arm  cantilever beam
constructs. (B) This untoward occurrence can be minimized by the use of more rigid constructs or the use of a nonfixed moment  arm  construct  over
additional caudal segments. This is similar in principle to the strategy shown in � Fig. 17.6 for three-point bending constructs or in � Fig. 17.19D in the
lateral plane. In  this case, the  translational deformity was reduced  (small arrow, B).

Fig. 17.21  Terminal three-point  bending forces and moments may be
achieved  via the  employment  of a  nonfixed  moment  arm. The  long
arm  of the  construct  may be  situated  (A) caudally or (B) rostrally.

Fig. 17.22  “Pulling” of the  spinal elements to the  plate  of a  nonfixed
moment  arm  cantilever beam  construct  may lend  a  considerable
degree  of stability to  the  construct  by virtue  of the  plate’s abutment
with  the  spine  (arrows), as depicted.
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or screw–rod system s m ay create situations in  w hich they func-
tion,  at  least  in  part ,  as  tension-band  fixat ion  constructs
(see  Chapter  16  and  � Fig. 17.17a). In  th is situat ion, they resist
flexion,  thus  funct ioning  as  tension-band  fixators  in  flexion.
They  also  funct ion  as  three-poin t  bending  constructs
(� Fig.  17.17b),  especially  if  used  in  predom inantly  cort ical
bone, w ith  its  relatively good  screw  pullout  resistance. Finally,
they augm ent  stability by pulling the  bone  to the  underside  of
the  plate  (see  the  follow ing). In  the  end, the  categories of con-
struct  types cannot be completely and cleanly separated.

17.7  Applied Mom ent  Arm
Cant ilever Beam  Fixat ion
Finally, can tilever  beam  fixation  can  be  applied  w ith  either  a
flexion  m om ent  arm  (� Fig. 17.18a)  or  an  extension  m om ent
arm  (� Fig. 17.18b). These  constructs  usually are  rigid  and  are
used  to reduce deform it ies. Extension  m om ent  arm  application
is the m ost  com m on clin ical use at  present.

Fig. 17.23  Versatile implants (implants that can resist a variety of deformations) are optimal. For example, (A) a ventral cervical cantilever beam device
can resist  (B) axial loads (arrows) via distraction and (C) extension (curved arrows) via tension-band fixation. (D, E) However, it  cannot  resist  translation
well. (F) If it  cannot  effectively resist  translation; kickout  can occur as a result. (Arrows, G) If an intermediate point  of fixation is used, it  can also resist
translation via a  three-part  bending  mechanism. This provides a significant  advantage  regarding  construct  stability.
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17.8  Nuances
Although  a  fixed  m om ent  arm  cantilever  beam  can  be  applied
in  a  distraction  m ode, the  but tressing  e ect  of th is  construct
clearly  separates  it  biom echanically  from  a  sim ple  dist ract ion
construct. Sim ple distract ion  can  apply a torque about  the IAR if
it  is  applied  at  a  perpendicular  distance  from  the  IAR, w hereas
the  cantilever  beam  technique  applies  no  e ective  torque  un-
less an  applied m om ent is used.

Pedicle fixation  devices m ay fail to bear axial loads e ect ively
because  of  a  lateral  parallelogram -like  translat ional  deform a-
tion. Sim ple  toe-in  of the  screws  should  prevent  th is  m echa-
nism  of construct  failure.1,6 Rigid  cross  fixation  of the  rod  on
each  side to its counterpar t ,7 as well as an  increase in  the length
of the construct, m ay prevent th is complication  (� Fig. 17.19).

The ability of a cantilever beam  construct  to resist  translat ion
m ay be lim ited  (especially a construct  w ith  a nonfixed  m om ent
arm ). In  th is situation, a  parallelogram -like  e ect  m ay occur  in
the  sagittal  plane, part icularly  if only  one  m otion  segm ent  is
encompassed  by  the  construct  (� Fig. 17.20a). If a  m ore  rigid
construct  (e.g., a  fixed  m om ent  arm  cantilever  beam  construct)
is  used, or  if a  longer  construct  (e.g., a  nonfixed  m om ent  arm
cantilever beam  construct) is used over m ore m otion  segm ents,
sagittal  translational  deform ation  is  m ore  e ect ively  resisted
(� Fig. 17.20b). In  the  form er  case, the  rigidity of the  construct
does  not  allow  translation  unless  screw  pullout  occurs
(� Fig. 17.20c). In  the  latter, the  increased  length  of the  lever
arm , w ith  at  least  th ree  points of attachm ent  to the  spine, cre-
ates a substantial biom echanical advantage (� Fig. 17.21).

Sim ilarly, nonfixed  m om ent  arm  cantilever  beam  constructs
m ay achieve  som e  of the  rigidity  characteristics  of their  fixed
m om ent arm  counterpar ts by pulling the spine to the construct.
This restr icts  vertebral bending and  increases axial load-resist-
ing abilit ies (� Fig. 17.22). The extent  of the contribution  of th is
factor varies and is not  readily m easurable.

Finally, it  is  of extrem e  im portance  to  consider  all potential
loading  conditions  before  implant  insert ion .  For  example,  a

ventral cervical plate  funct ions  as  a  cantilever  (� Fig. 17.23  a).
However, w hen  the  upright  posture  is assum ed, it  can  bear  ax-
ial loads, thus applying distract ion  to the  spine  (� Fig. 17.23 b).
In  addition , if the  spine  is  extended, it  funct ions  as  a  tension-
band fixator in  extension  by resisting extension  (� Fig. 17.23 c).
The m ore versatile the im plant, the greater  its failure resistance
potential.  Long  bridging  im plants  resist  translation  poorly
(� Fig. 17.23d). Thus, translational forces can  result  in  degrada-
tion  of  the  screw –bone  in terface  (� Fig.  17.23  e)  and  failure
(� Fig. 17.23  f). Stability can  be  greatly enhanced  by adding an
interm ediate  point  of fixation  to the  native  spine  (in term ediate
vertebral body). This provides three-poin t  bending force  appli-
cation  and  resistance  (� Fig. 17.23g), w hich  in  turn  can  e ec-
tively  resist  translational  (pole  vaulting)  deform ation  (see
� Fig. 17.23 e).
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18  Const ruct  Design
For  the  purposes  of  the  discussion  presented  in  th is  chapter,
four  term s require  defin ition:  (1) construct, (2) implant , (3) as-
sem bly, and  (4) construct  design. Construct  is  the  com bination
of the  im plant  and  the  port ion  of the  spine  to  w hich  it  is  at-
tached. An  implant  is  an  inserted  device  that  is  used  to  m ini-
m ize or elim inate spinal segm ental m otion. An  implant  a ssembly
refers  to  an  im plant  (w ithout  the  spine)  that, via  component–
component  attachm ents,  that  can  m aintain  its  shape  w ithout
assistance  from  the  structure  of the  spine. Finally, construct  de-
sign  is  defined  as  “the  act  of craft ing an  operative  instrum enta-
tion  plan  for  a  case-specific  instability  problem  that  includes
form ulating  both  a  blueprint  for  the  instrum entation  construct
to  be  placed  and  a  strategy for  the  im plem entation  of the  blue-
print .”1 It  goes  w ithout  saying  that  the  definition  of a  m eticu-
lous preoperative strategy is vital to a successful outcom e.

18.1  Fundam ental Concepts
The  nom enclature  of  spinal  instrum entation  is  both  complex
and  confusing because of the w ide variety of available  im plants
and  im plant  components, m odes of application, and  choices of
construct  purchase  site.  The  determ inants  of  the  spinal  con-
struct  of choice  in  each  clin ical situation  m ust  be  carefu lly ad-
dressed  by the  surgeon. They include  the  indication  for  instru-
m entation,  the  fundam ental  type  of  instrum entation  to  be
used, the  m ode of application  of the implant , and  the  complex-
ity of the construct  to be implanted.

18.1.1  Indicat ions for Spinal
Inst rum entat ion
Indications  for  spine  surgery  often  depend  on  the  extent  and
type  of spinal  instability  present. The  quest  to  quantitate  the
extent  of spinal instability in  order  to optim ize its m anagem ent
should  lead  the  surgeon  to  ask  tw o  fundam ental  quest ions:
What  is  expected  from  the  im plan t?  Is  th is  expectat ion  rea-
sonable?  If  these  quest ions  are  answ ered  appropriately,  the
foundat ion  of the  construct  design  process  has  been  properly
established.1

18.1.2  Choice of Im plant  Const ruct
The  use  of a  spinal  im plant  involves  several  choices:  (1)  the
longitudinal m em ber  (rod  or  plate), (2) the  m ethod  of anchor-
ing  to  bone  (w ire, hook, or  screw ), and  (3)  the  m echanism  of
cross fixation.

18.1.3  Mode of Applicat ion of the
Im plant
The  m ode  of application  of the  implant  is  a  crit ical elem ent  in
the  construct  design  process. The surgical placem ent  of the  im -
plant  in  distract ion, compression, neutral, translation, flexion,
extension,  or  lateral-bend  m ode  a ects  the  extent  of  the
exaggeration  or  correct ion  of deform ity  and  the  extent  of the
exaggeration  or relief of neural compression.1

18.1.4  Mechanism  of Load Bearing
As was outlined  in  Chapter  17, there  are  six  fundam ental con-
struct  types: (1) sim ple distraction , (2) three-point  bending, (3)
tension-band  fixation, (4)  fixed  m om ent  arm  cantilever  beam
fixation ,  (5)  nonfixed  m om ent  arm  cantilever  beam  fixation,
and  (6) applied  m om ent  arm  cantilever beam  fixation. This im -
plies that  there  are  six fundam ental m echanism s of load  bear-
ing. These are  associated, respect ively, w ith  corresponding con-
struct  types: (1) sim ple distraction , (2) three-point  bending, (3)
tension-band  fixation, (4)  fixed  m om ent  arm  cantilever  beam
fixation ,  (5)  nonfixed  m om ent  arm  cantilever  beam  fixation,
and  (6) applied  m om ent  arm  cantilever  beam  fixation . An  im -
plant  alm ost  always funct ions di erently under  di eren t  load-
ing conditions (see Chapters 17 and 29).

18.2  Nom enclature  of Const ruct
Design
A m ethodical and  prospect ive  (preoperative) developm ent  of a
“blueprint” for  im plant  placem ent  helps  the  surgeon  plan  the
operation . It  also  facilitates  com m unicat ion  betw een  the  sur-
geon, surgeon’s assistants, nurses, and im plant  vendors.

A sim ple  schem e has previously been  presented 1 and  is  out-
lined  here. It  provides inform ation  regarding the  follow ing:  (1)
the level of the lesion  of the unstable segm ents(s);  (2) the m ost
advantageous type  of im plant  (w hich  includes the  anchor, lon-
gitudinal m em ber, and cross m em ber); (3) the m ode of applica-
tion  at  each  segm ent  level;  (4) the  m ethod  of load  bearing by
the construct; and (5) a clear defin ition  of the complexity of the
construct. This schem e “forces” the surgeon to select  the appro-
priate  implant  components  in  advance, so  that  in traoperative
com m unicat ion  betw een  the  surgeon  and  his  or  her  assistants
is  facilitated  and  the  likelihood  of a  well-conceived  operation
and a satisfactory outcom e is m axim ized.

Although  the principles that  govern  the decision-making proc-
ess regarding construct  design  are  comm on  to all aspects of spi-
nal instrum entation  surgery in  all regions of the  spine, they are
more  graphically and  clinically obvious in  the  thoracic and  lum-
bar  regions  than  in  the  cervical  region. This  is  so, in  part, be-
cause  the  correction  of cervical  deform ity  has  not  tradit ionally
been  considered  with  the  same  enthusiasm  as  that  of thoracic
and  lumbar deform ity. The principles of diagnosis and treatment,
nevertheless, are  the  same. Both  require  meticulous attention  to
detail,  both  require  a  consideration  of  adjacent  regions  of  the
spine  and  the  e ects  of surgery upon  them ;  and  both  require  a
consideration  of global sagittal and  coronal balance. The latter  is
particularly  em phasized  because  the  consideration  of  balance
(sagittal and  coronal) has not  traditionally been  a priority in  cer-
vical spine deformity surgery—as, obviously, it  should  have been.

Both  cervical  and  thoracic–lum bar  deform ity  surgery  can
em ploy  the  various  m odes  of  application  techniques  (e.g.,
compression, distract ion, neutral, distraction  followed  by com -
pression, distract ion  and  compression)  at  di eren t  segm ental
levels  of the  spine. Regardless, th is  chapter  focuses on  thoracic
and  lum bar  construct  design  strategies  for  the  portrayal  of
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principles. The  cervical spine  is  h ighlighted, w hen  appropriate,
to em phasize region-specific nuances.

18.2.1  Line-Drawing Fram ework
Simple posterior–anterior and  lateral line draw ings of the spine
provide  a  fram ework  for  the  clear  definition  of the  operative

plan  (� Fig. 18.1).  Often, only  a  posterior–anterior  draw ing  is
necessary, unless  the  operat ive  plan  includes  the  reduct ion  of
a  deform ity in  the  sagittal plane  (e.g., a  kyphotic deform ity) or
the  placem ent  of  both  dorsal  and  ventral  im plants.  Hence,
redundant  inform ation  should  not  be  depicted  on  the  lateral
view.  The  line  draw ing  provides  the  blueprin t  for  surgery.
It  should  be  clear  and  concise. It  should  also  perm it  a  specific

Fig. 18.1  A blueprint  format  for planning a construct  design strategy. A posterior–anterior view is shown on the  left, and a lateral view on the  right.
Note that  the diagram does not  include the cervical spine. If instrumentation is planned in this region, the line drawing can be extended or the spinal
segments relabeled to conform  to the  extent  of the  operative  plan. Room  at  the bottom  of the  page  allows the  inclusion of other vital information,
such as the patient’s demographic data (bottom  right) and the following: (1) the  method of load bearing (distraction, three-point  bending, tension-
band fixation, cantilever beam  with fixed moment  arm, cantilever beam  with nonfixed moment  arm, or cantilever beam  with applied  moment  arm);
(2) the longitudinal member type (rod or plate); and (3) a description of planned complex maneuvers (i.e., derotation maneuvers). (A) A cervical and
cervicothoracic, (B) a thoracic and  lumbar, and  (C) a total spine  blueprint  are  shown. A, anterior; L, left; P, posterior; R, right. (Image  obtained  from
Benzel.7)
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focus  on  either  the  cervical  and  cervicothoracic  region
(� Fig.  18.1a)  or  on  the  thoracic  and  lum bar  region
(� Fig. 18.1b). Occasionally, a  blueprint  of the  entire  spine  m ay
be required (� Fig. 18.1c).

The convent ion  for the posterior–anterior line draw ing is that
the left  side  of the  draw ing portrays the  left  side  of the  pat ient
—that  is, the  draw ing portrays  the  patient  as  viewed  from  be-
hind. This is in  accordance w ith  the  m ost  com m on  surgical ap-
proach  and, as such, reduces the chance of confusion .

18.2.2  Level of Pathology and Level of
Fusion
The  designation  of the  level  of pathology  or  spinal instability,
the  levels  to  be  fused, and  the  type  of fusion  should  next  be
placed  on  the line  draw ing. The level(s) of instability or  pathol-
ogy are  designated  by Xs and  the fusion  by a hatched  outline of
an  anatom ically correct depiction  of the fusion  (� Fig. 18.2).

An  accurate  delineation  of the  unstable  m otion  segm ent(s) is
im portan t  regarding the  definition  of the  num ber  of spinal lev-
els to be spanned, both  above and  below  the level of pathology.

For example, the instability consists of a loss of in tegrity of only
the  T12–L1  m otion  segm ent, the  instrum entation  of three  lev-
els  above places  the  upper  end  of the  im plant  at  T10, and  the
instrum entation  of two levels below places the lower end  of the
im plant  at  L2 (� Fig. 18.3a). This is designated by the nom encla-
ture  3A–2B, w hich  describes  an  im plant  extending from  three
spinal levels above to two levels below  the region  of pathology.

If, however, the  L1  vertebral body is  fractured  and  its  juxta-
posed  disc  in terspaces  are  disrupted,  the  T12–L1  and  L1–L2
m otion  segm ents  are  structurally  disrupted.  In  th is  case, the
sam e  im plant  design  designat ion  described  above  (3A–2B) re-
sults  in  an  im plant  extending from  T10  (three  levels  above  the
upper extent  of the pathology) to L3 (two levels below  the low -
er exten t  of the pathology; � Fig. 18.3b). In  the form er case, the
im plant  extends from  T10 to L2 (the lower extent  of the pathol-
ogy being the upper aspect of T12); in  the lat ter, it  extends from
T10 to L3 (the lower exten t of the pathology being the lower as-
pect  of L1).

The  m echanical e ect  of im m obilizing  any  m otion  segm ent
m ay be unnecessarily significant. Therefore, a clear definition  of
the level of instability is crit ical regarding the surgical decision-
m aking process.

Fig. 18.2  The  level of instability is designated  by Xs drawn in  both disrupted  disc interspaces and  the  injured  vertebral body, as in  this case  of an
unstable  L1  compression fracture. A planned  ventral interbody fusion  is depicted  by the  cross-hatched  area. (Image  obtained  from  Benzel.7)

Construct  Design

203



18.2.3  Type of Im plant  Com ponents
The  type  of implant  components  used  in  the  instrum entation
construct  should  be delineated clearly on  the blueprin t . The im -
plant  component  at  each  im plant–bone  in terface  (anchor)  is  a
w ire, hook, or screw. The convent ion  used  here is to designate a
hook by a  righ t-angled  arrow, w ith  the  arrow head  poin ting in
the  direct ion  of  the  orientation  of  the  hook  (i.e.,  toward  the
bone purchase side of the hook). Each  screw  is designated by an
X surrounded  by a  circle. Wire  is depicted  as a  loop.1The  inser-
tion  sites  of these  components  are  indicated  by  placem ent  of
the  previously  described  sym bols  at  the  appropriate  levels  of
the spine on  the line  draw ing, w ith  accom panying designations
to specify anatom ical sites of purchase:  P for  pedicle, L for lam i-
nar  or  sublam inar,  T for  transverse  process,  and  I  for  iliac
(� Fig. 18.4).1

Im plant components that funct ion  as anchors to bone include
screws, hooks, and  w ire. Hooks m ay be  placed  in  a  sublam inar,
transverse process, or  pedicle location. Wires can  be placed in  a
sublam inar, in terspinous, and  a  variety of other  locations. Care
m ust  be  taken  w ith  sublam inar  placem ent  of hooks or  w ires to
prevent  neural compression  or  injury. This  is  particularly rele-
vant  in  the  m idthoracic  region,  w here  the  spinal  cord  blood
supply  is  relat ively  tenuous  and  the  spinal  canal  relatively
sm all.

18.2.4  Mode of Applicat ion at  Each
Segm ental Level
The m ode of axial load  application  (distract ion, compression, or
neutral)  at  each  im plant–bone  in terface  is  indicated  by an  ar-
row  pointing in  the direct ion  of force application  for dist ract ion
and compression, or by a horizontal line for neutral application .

Bending m om ents are di cult  to depict accurately on the line
draw ing;  hence, they are  described  in  the  notat ion. For  exam -
ple, the rods are placed  in  a concave left  configuration, w hich  is
then  followed  by a  90-degree  counterclockw ise  rotat ion  (dero-
tation  m aneuver)  to  convert  the  scoliotic  deform ity  to  a  ky-
photic deform ity.

The  m odes  of  application  at  each  segm ental  level  are  de-
picted w ith  the arrows and lines, as described  previously. These
are  draw n  lateral  to  the  designat ions  for  im plant  type
(� Fig.  18.5a).  If  force  applications  in  the  sagittal  plane  are
planned,  they  are  depicted  on  the  lateral  line  draw ing
(� Fig.  18.5b).  Finally,  cross  m em ber  (cross  fixator)  locations
can  be  designated  by  elongated  rectangles  w ith  circles  (see
� Fig. 18.5a).

18.2.5  Mechanical At t ributes of Spinal
Im plants: Const ruct  Type
The  m echanism  by w hich  a  construct  bears  loads  is  also  speci-
fied. There  are  six  m ethods  of load  bearing associated  w ith  six
construct  types (see Chapter  17): (1) distract ion, (2) three-point
bending, (3) tension-band fixation, (4) fixed  m om ent  arm  canti-
lever  beam , (5) nonfixed  m om ent  arm  cantilever  beam  fixation,
and  (6) applied  m om ent  arm  cantilever  beam . Because  this  in-
form ation  is  di cult  to  depict  on  the  line  draw ing, it  is  sim ply
recorded  in  the space  provided  at  the bottom  of the page.

18.3  Const ruct  Design
Considerat ions
There  are  m any factors to  be  considered  in  the  design  of a  spi-
nal instrum entation  construct. Attention  should  be  paid  specif-
ically to  bony in tegrity, the  location  of the  unstable  spinal seg-
m ent, im plant  length , the need for cross fixation, the axial load-
bearing  capacity  of the  instrum ented  spine, the  orien tation  of
the  instability, the  need  for  dural  sac  decompression, and  the
arm am en tarium  of the  surgeon. Each  of these  factors  m ust  be
adequately addressed if the outcom e is to be optim ized.

18.3.1  Osteoporosis
Osteoporosis creates a surgical dilem m a in  the form  of reduced
integrity of the  implant–bone  in terface. Hooks and  sublam inar
w ires resist  pullout  better than  screws and therefore are advan-
tageous in  the patien t  w ith  osteoporosis. Hooks and sublam inar
w ires apply forces to the  spine  at  a  considerable  perpendicular
distance from  the instantaneous axis of rotat ion  (IAR). In  gener-
al, it  is optim al to use as m any anchors as possible in  the patient
w ith  osteoporosis. This  strategy allow s  the  surgeon  to  “share”
the load betw een components of the construct , thus m aking in-
dividual single-component failure less likely.

Fig. 18.3  An illustration  of the  changes in  instrumentation  length
caused by changes in the definition of the  specific location of the area
(s) of instability. (A) A T12–L1 translational deformity, with  the  T11–
T12 and L1–L2 disc interspaces and end plates left  unharmed. A 3A–2B
construct  extends from  T10 to  L2. T10  is three  segments above  the
T12–L1 disc interspace, and L2 is two segments below this interspace.
(B) An unstable  L1 compression fracture. Both the  T12–L1 and  L1–L2
disc interspaces have  been violated. A 3A–2B construct, in  this
situation, extends from  T10 above  to L3 below. This construct  is one
segment  longer than that  shown in  (A). The  difference  resides in  the
definition of the  lower extent  of the  instability; in  (A) it  is at  T12–L1,
whereas in  (B) it  is at  L1–L2. (Image  obtained  from  Benzel.7)
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18.3.2  Pivot ing Bending Mom ents
Hooks  and  polyaxial  screw  anchors  are  subject  to  pivoting
bending  m om ents. The  pivoting  bending  m om ent  created  by
dorsal distract ion  constructs is  exaggerated  w hen  shorter  con-
structs are  used. Short  constructs, therefore, are  m ore  prone to
the ill e ects of th is pivoting m ovem ent  than  longer constructs.
Thus, in  th is regard, longer constructs are m ore e cacious than
shorter constructs. This is part icularly so in  pat ien ts w ith  osteo-
porosis. The  di erence  m ay be  m inim ized  by the  placem ent  of
shorter  constructs  in  a  compression  m ode  (� Fig.  18.6a–c).  2

The  aforem entioned  negative  e ects  of dorsal  distraction  can
be  neutralized  by  em ploying  m ultisegm ental  fixation  and
three-point  bending fixation , w ith  accom panying in term ediate
points  of  fixation  (� Fig.  18.6d).  The  application  of  th ree-  or
four-point  bending forces (Fig. 18.6e) can  accom plish  the  sam e

by resisting the pivoting bending m om ents seen  in  Fig. 18.6a, b.
The  rigid  three-colum n  fixation  that  results  from  m ultilevel
pedicle  screw  fixation  elim inates the  aforem entioned  concerns
by controlling angulation  and  pivoting at  each  m otion  segm ent
via the application  of fixed  m om ent  arm  cantilever beam  forces
and  m ultilevel  (th ree-  or  four-point  bending)  fixation
(� Fig.  18.6f,  g).  Fixed-head  screws  (as  opposed  to  polyaxial
screws)  essentially  elim inate  pivoting  bending  m om ents  as
well. Such anchors cause linear and parallel dist ract ion, w ithout
angulation  of the screw.

18.3.3  Locat ion of the Unstable  Spinal
Segm ent
The  nearer  the  pathologic  process  or  unstable  spinal segm ent
to  the  occiput  or  sacrum , the  less  the  leverage  applied  by  the

Fig. 18.4  The  types of implant  components (anchors) and  their locations are  illustrated  in  this hypothetical and  somewhat  unconventional 3A–2B
construct, in which hooks, sublaminar wire, and pedicle  screws are  at tached to a rod. Many fixation modalities are  depicted for illustrative purposes.
Hooks are designated by right-angled arrows, with the arrowheads pointing in the direction of the orientation of the hooks (i.e., the side of the hook–
bone  interface). Screws are  designated  by circled  Xs and  wires by loops. The  location of each is defined  by P for pedicle, L for laminar, or I for iliac.
(Image  obtained  from  Benzel.7)
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term inus  of  the  im plant  (i.e.,  a  short  lever  arm  is  applied).
Therefore,  rigid  im plant–bone  in terfaces  (e.g.,  fixed  m om ent
arm  cantilever)  are  often  desirable  at  the  term inal end  of the
construct,  particularly  at  the  sacrum ,  unless  term inal  th ree-
point  bending forces are  applied  (see  Chapter  17 and  Fig. 15.6).
The  use  of fixed  m om ent  arm  cantilevers  e ectively perm its  a
shorter  construct. This  is  so  because  short  fixed  m om ent  arm
cantilevers  are  as  e ect ive  as  long  fixed  m om ent  arm  cantile-
vers  at  axial  load  bearing,  and  they  are  m uch  less  prone  to

screw–bone  in terface  failure  via  t ranslation  (see  Chapter  19).
This e ect  is m om ent arm  (construct  length)–related.

18.3.4  Im plant  Length
The extent of the instability largely dictates the length  of the in-
strum entation  used. All other factors being equal, longer  three-
or  four-point  bending  constructs  are  m ore  e ect ive  at  m ain-
tain ing alignm ent  than  shorter constructs.

Fig. 18.5  The totality of forces applied to the spine by the implant  (i.e., the mode of application) is depicted. This force distribution can be created by
distraction and compression maneuvers performed intraoperatively. The axial forces thus at tained are supplemented by deformity correction with the
application of four-point bending forces to the spine (right). The placement of a cross-member is designated by elongated rectangles with open circles
(left). (Image  obtained  from  Benzel.7)
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18.3.5  Inst rum entat ion–Fusion
Mism atch
An  instrum entation–fusion  m ism atch  is a discrepancy betw een
the  num ber  of spinal levels incorporated  w ithin  an  instrum en-
tation  construct  and  the  num ber  of spinal levels fused  (i.e., be-
tween  the num ber of fused  segm ents and  the [greater] num ber
of  instrum ented  segm ents;  � Fig.  18.7a).  Long  spinal  fusions
often  im m obilize an  excessive length  of the spine (� Fig. 18.7b).
This reduces the  chance for  the  acquisit ion  of spinal fusion. On

the  other  hand,  the  fusion  of  on ly  the  unstable  spinal  seg-
m en ts,  w ith  a  long  instrum entat ion  construct  used  to  gain
the  leverage  needed  for  a  solid  fusion  (instrum entat ion–fu-
sion  m ism atch), creates  the  poten t ial for  the  im plan t  even tu-
ally to  “w ork out” of the  unfused  but  in strum ented  segm en ts
(see  � Fig. 18.7a).

For these reasons, rigid  shorter im plants that  incorporate on-
ly  the  segm ental  levels  fused  are  often  preferred.  The  use  of
such  short  im plants  is  term ed  short-segment  fixa t ion
(� Fig. 18.7c).2,3

Fig. 18.6  (A) The  placement  of a short  construct  in  a distraction  mode  causes an  excessive  pivoting  moment  to be  placed  at  the  implant–bone
interfaces. (B) A similar pivoting motion has less effect  on the unstable spinal segment of a longer construct. (C) The placement of such a construct  in
a compression mode  allows the  spine  and  the  construct  to  share  the  axial load. Long fixation constructs that  use  multiple  intermediate  points of
fixation (e.g., laminae) can minimize the untoward effects of distraction observed in (A) and (B). They do so (D) by using multiple intermediate points
of fixation or (E) by applying and by resisting three- or four-point  bending forces (arrows). The application of three- or four-point  bending forces can
accomplish  the  same by resisting  the  pivoting  bending  moments, as seen  in  (A) and  (B). (F, G) The  rigid  three-column fixation  that  results from
multilevel pedicle  screw fixation eliminates the  aforementioned  concerns by controlling  angulation and  pivoting  at  each motion segment  via the
application  of fixed  moment  arm  cantilever beam  forces and  multilevel (three- or four-point  bending) fixation.
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In  cases  in  w hich  instrum entation–fusion  m ism atch  exists,
som e  tolerance  of m ovem ent  at  the  unfused  implant–bone  in-
terfaces is  m andatory. Hooks and  w ires allow  som e  m ovem ent
at  th is  in terface;  screws do not. The  fact  that  screws do  not  al-
low  m ovem ent  w ithout  becom ing overtly incompetent  (at  least
in  the  sense  of screw  pullout)  im plies  that  if an  instrumenta-
t ion–fusion  mismatch is planned, screws perhaps should be ser i-
ously  considered  a s  not  being  the  implant–bone  interface  of
choice  in  the  unfused  segments. Screws  cannot  m aintain  their
rigid  fixation  if bony fusion  is not obtained at  all levels in  w hich
screws  are  used. This  results  in  progressive  screw –bone  in ter-
face failure as wear and  tear occurs. A very important  except ion
exists, though. Patien ts w ith  a  lim ited  life  expectancy (e.g., pa-
tien ts w ith  m alignant  neoplasm s) m ay be  considered  appropri-
ate  candidates for  rigid  (screw –rod) fixation  of the  spine  w ith-
out  fusion.  Their  short  life  expectancy  lim its  the  durat ion  of

tim e  in  w hich  the  rigid  screw–bone  in terfaces w ill be  exposed
to  loading  and  unloading  fluctuat ions. In  these  circum stances,
screws m ay be  considered  the  m ost  appropriate  anchor, based
on  the  t im e-related  expectations  and  their  superior  poten tial
for short-term  fixation.

18.3.6  Long-Im plant  Configurat ion
As a general rule of thum b, w hen long constructs are used (usu-
ally three-  or  four-poin t  bending constructs or  universal spinal
instrum entation  system s), an  additional spinal level above  the
unstable  spinal segm ent  should  be  incorporated  by the  instru-
m entation  construct. This  allow s  the  use  of sim ilar  lengths  of
instrum entation  construct  above and  below  the unstable spinal
segm ent. The points of attachm ent for hooks or w ires are at  the
lower  extent  of the  ver tebral body (i.e., about  one-half of a  spi-
nal segm ent  lower  than  the  m iddle  of the  vertebral body). This
is  illustrated  in  � Fig. 18.8a. Therefore, a  2A–2B construct  m ay
be  m ost  appropriate  if  screws  are  em ployed.  Screws  provide
rigid  fixation  and  can  obviate the need  for excessively long con-
structs,  thus  perm it ting  shortening  of  the  overall  construct
length .

When  a long dorsal thoracic and  lum bar rod instrum entation
system  fails, the rostral fixation points m ost com m only fail. This
failure  is often  due, particularly w ith  hook–rod  constructs, to a
lever  arm  of inadequate  length  and  to  the  relatively poor  fixa-
tion  achieved. This  m ay  be  the  case  w hen  a  2A–2B hook–rod
construct  (two  segm ents  above  and  two  segm ents  below  the
unstable  segm ent)  is  used  (� Fig. 18.8b). Therefore, the  exten-
sion  of the construct  rostrally by one segm ent (3A–2B) provides
a  longer  and  m ore  e cien t  m om ent  arm , w hich  strengthens
this  weaker  link  (� Fig.  18.8c–e).2 It  is  em phasized  that  the
aforem entioned  applies  only  to  hook–rod  constructs.  Screw –
rod  constructs  provide  a  strength  and  security  of fixation  ad-
vantage not provided by hooks and w ires. In  addition , the longi-
tudinal placem ent  of a  screw  through  the  pedicle  positions the
screw  in  the  m iddle  or  upper  half  of  the  vertebral  body
(� Fig.  18.8f).  This  fact  alone  perm its  shortening  of  the  con-
struct  at  the  rostral  segm ent.  The  greater  rigidity  of  fixation
(compared  w ith  hooks  or  w ires/cables)  provided  by  pedicle
screw  fixation  further  facilitates  shortening  of  the  construct
(� Fig. 18.8g). In  cases of extrem e  or  m ultilevel instability, lon-
ger constructs m ay be  appropriate. A 4A–3B construct  is an  ex-
am ple of such  an  approach  (� Fig. 18.8). Short-segm ent  fixation
is  an  increasingly  popular  alternative, especially w hen  applied
in  a compressive, load-sharing m anner (� Fig. 18.9).2,3

18.3.7  Cross Fixat ion
Cross fixat ion  is usually not  considered necessary for short-seg-
m ent  fixation  unless it  helps to reduce a  deform ity or  m aintain
reduct ion. However, cross fixation  m ay be  used  to  provide  the
foundation for enhancing the t riangulation  e ect  by providing a
platform  from  w hich  fixed  m om ent  arm  screws m ay be  toed  in
or  out  (see Chapter  15). Furtherm ore, it  increases sti ness, par-
ticularly  in  torsion.4,5 Fatigue  life, however, is  dim inished. This
is  related  to  a  stress  concentration  at  the  cross  fixator–rod
interface  during axial loading.6 For longer  constructs, especially
hook–rod  system s,  cross  fixation  m ost  certainly  assists  in
the  stabilization  process  by  creating  a  quadrilateral  fram e

Fig. 18.7  (A) Instrumentation–fusion  mismatch  is depicted  by a
situation  in  which a  fusion is performed from  T12 to L2 (for an  L1
lesion) and  instrumentation  is placed  from  T10 to  L3. T10–T11, T11–
T12, and L2–L3 are  thus instrumented, but  not  fused. (B) If the  entire
length of the construct  is fused, a mismatch is not present (note dorsal
fusion). This is accomplished  in  this case  with  a ventral T12–L2 fusion
and a dorsal fusion over the entire length of the construct. (C) A short-
segment  fixator (e.g., pedicle  fixation) from  T12 to  L2 eliminates the
mismatch by instrumenting the  same spinal segments as those fused.
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construct. Th is resists torsional deform at ion  of the  rods about
each  other  (� Fig.  18.10a,  b)  and  helps  to  m in im ize  the
chance  of  hook–bone  in terface  failure.  The  lat ter  benefit  is
ach ieved  via  m in im izat ion  of the  chance  that  hook–bone  in -
terfaces w ill fail one  at  a  t im e. Because  all anchors are  r igid ly
in terconnected  by  the  cross  m em ber(s),  several  anchors
w ould  be  required  to  fail  sim ultaneously  for  the  system  to
fail  at  the  im plan t–bone  in terface.  The  likelihood  of  th is  is
sm all (� Fig. 18.10c).

It  is  em phasized  that  the  aforem entioned  benefits  of cross
fixation  m ust  outweigh  the  disadvantages  associated  w ith

its use—such  as the  creation  of “dead  space” (and  the  resultan t
increased  risk for  infect ion), the tim e needed  to insert  the cross
fixators, and the stress risers created at  the junct ion  of the cross
fixator and the rod.

With  long  constructs,  two  cross  m em bers  are  better  than
one. Three  or  m ore  cross m em bers o er  no  significant  advant-
age  over  two. Term inal  cross  m em bers  are  not  as  e ect ive  as
m ore  in term ediately placed  cross m em bers. In  general, the two
cross m em bers should  be placed  roughly at  the junct ions of the
m iddle  th ird  of the  construct  w ith  the  two  term inal  th irds  of
the construct.

Fig. 18.8  The points of at tachment  of hooks or wires are  at  the  caudal portion of the  spinal segment. (A) This is about  one-half of a spine  segment
below the  centroid  of the  spinal segment. This discrepancy becomes clinically manifest  regarding  the  definition of the  length  of the  moment  arm
applied by the construct. (B) If a 2A–2B construct is used, an insufficient moment arm may be achieved, resulting in failure at  the rostral end. The lever
arm (moment  arm) rostral to the unstable segment  is shorter than the caudal moment arm. (C) Extending the construct  rostrally another level causes
the rostral and caudal moment arms to be of roughly equal lengths. Note that the implant extends equally rostrally and caudally from the injured level.
These concepts are further illustrated by lateral radiographs of a 3A–2B construct  for (arrow, D) a fracture and (arrow, E) a dislocation. Note that  the
former is one motion segment longer than the lat ter, despite the fact  that  they are both 3A–2B implants. The aforementioned applies only to hook or
wire/cable fixation. (F) The longitudinal placement of a screw through the pedicle positions the screw in the middle or upper half of the vertebral body.
This fact  alone permits shortening of the construct  at  the rostral segment. (G) The greater rigidity of fixation (compared with hooks or wires/cables)
provided  by pedicle  screw fixation further facilitates shortening  of the  construct.
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18.3.8  Axial Load-Bearing Capacit y of
the Inst rum ented Spine
The  need  for  surgical  reconstruct ion  of  spinal  in tegrity  is  an
extrem ely  im portan t  consideration  w hen  instrum entation
constructs  are  chosen. Of prim e  im portance  in  th is  regard  is
the  ability  of  the  spine  to  bear  axial  loads.  If  adequate  axial

load-bearing  capacity already exists  or  has  been  surgically  re-
created, the  load-bearing  responsibilit ies  of the  spinal im plant
are less than  if adequate axial load-bearing capacity had not ex-
isted preoperatively.

In  cases  in  w hich  axial  load-bearing  capacity  exists, as  in  a
grade  1  degenerative  L4–L5  spondylolisthesis  (glacial  instabil-
ity),  the  role  and  thus  the  design  requirem ents  of  the  spinal

Fig. 18.9  A line  drawing  of a 4A–3B construct  used  for an  extremely unstable  fracture.
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Fig. 18.10  A short-segment  pedicle  screw fixation  construct  used  for an  unstable  fracture. (A) The  device  was initially placed  in  a distraction mode
(arrows) during ventral interbody bone graft  placement  to provide room for the bone graft. (B) It  was then placed in a compression mode (arrows) to
secure the bone graft  and to cause axial load-resisting capacity and the instrumentation construct. Construct  failure occurs less often if the spine and
bone  graft  are  arranged  to assume  only a  portion  of the  axial load-bearing  responsibilities (see  Chapter 8). The  line  drawing  of such  a construct  is
depicted  in  (C).
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im plant  are  m uch  di erent  from  those  associated  w ith  an
overtly  unstable  spine. In  the  form er  case, the  spinal  im plant
serves  two  m ain  purposes. First , it  theoretically  increases  the
rate  of fusion . Second, it  theoretically m inim izes the  chance  of
translat ional  deform ation .  In  the  latter  case,  besides  serving
these two purposes, it  also assists in  axial load bearing.

If axial load-bearing capacity is inadequate, the  instrum enta-
tion  construct  m ust  both  prevent  translational deform ation  and
provide  axial load-bearing support. The provision  of axial load-
bearing  support  by  the  spinal  implant  dictates  that  the  con-
struct  w ill do  som e  or  all of the  load  bearing for  the  unstable
spinal segm ent  during the  acquisition  of arthrodesis. Long dis-
traction,  three-  and  four-poin t  bending  constructs, and  short
fixed  m om ent  arm  or  applied  m om ent  arm  cantilever  beam
constructs are suitable for th is task.

If  adequate  axial  load-bearing  capacity  exists, a  substan tial
portion  of the axial load  m ay be borne by the rem ain ing in t rin-
sic  strength  of the  spine. The  surgeon  m ay  take  advantage  of
th is.  By  definition,  in  th is  situation  the  instrum entation  con-
struct  need  not  bear  all of the  axial load. Therefore, it  need  not
apply an  excessively long m om ent  arm  to  the  spine  to  achieve
stability. In  other  words, in  th is  situat ion  a  shorter  construct
m ay be  su cient . Furtherm ore, the  instrum entation  construct
m ay be placed in  a compression  m ode, w hich  allow s the load to
be  shared  betw een  the  spine  itself  and  the  instrum entation

construct.  This  perm its  the  use  of  a  shorter  construct .2,3 The
placement  of a  spina l implant  in  a  compression  mode  requires
tha t  the  dura l  sac  be  adequa tely  decompressed  and  tha t  any
exist ing neura l impingement  be immune to exaggera tion  by the
applica t ion  of  compression  forces  to  the  spine.2,7 Cantilever
beam  and  tension-band  fixation  constructs can  be  used  for  th is
purpose.

18.3.9  Orientat ion of the Instabilit y
The  orientation  of the  instability  largely  dictates  the  choice  of
construct  type.  Translational  instability  in  the  sagittal  plane
often  dictates  that  a  three-  or  four-point  bending construct  be
used  to  reduce  the  deform ity  or  m aintain  spinal  alignm ent
(usually w ith  universal spinal fixation  techniques). Screws, sub-
lam inar w ires, or hooks m ay be used.

The  use  of short-segm ent  screw  fixation  to  reduce  or  “hold”
a  t ranslat ion  deform ity  in  any  plane  requires  that  the  screw –
bone  in terface  be  solid. Screw –bone  in terfaces  are  notoriously
weak in  th is sense. Furtherm ore, bicort ical screw  purchase m ay
not  provide  a  significant  advantage  in  th is  regard  (see  Chapter
15).8 Hooks  and  sublam inar  w ires  resist  pullout  m ore  e ec-
tively  than  screws.  Long  fixation  techniques  (e.g.,  th ree-  or
four-point  bending fixation  strategies) are  optim al w hen  signif-
icant  translation  deform ation  exists.

Flexion  (kyphotic),  extension  (lordot ic),  or  lateral-bending
(scoliotic)  deform it ies  often  require  complex  instrum entation
techniques, as well. These  include  the  use  of compression  fixa-
tion  (tension-band  fixation) on  the  convex side  and/or  distrac-
tion  fixation  on  the  concave  side  of the  deform ation. Alterna-
tively, spinal  derotat ion  m aneuvers  m ay  be  appropriate. Long
constructs are usually desirable.

True  axial-loading  injuries  (burst  fractures)  m ay  be  t reated
w ith  a variety of construct  types, assum ing appropriate applica-
tion.  The  surgeon’s  preference  and  arm am entarium  dictate
w hich is used.

18.3.10  Short - versus Long-Segm ent
Fixat ion
The  importance  of (1) translat ion  deform ation, (2) angular  de-
form ation, and  (3) the in trinsic load-bearing ability of the spine
is  significant.  McCorm ack  and  Gaines  provided  insight  in to
these  components  in  a  clin ical study. It  is  worth  em phasizing
the lessons learned from  their study.9

A postt raum atic thoracic or  lum bar  t ranslation  deform ity of
m ore  than  3 or  4 m m  in  any plane  usually requires the  use  of a
long  m om ent  arm  to  m aintain  deform ity  correction .  For  a
translat ional deform ity to have occurred  acutely, significant  in-
tersegm ental  soft  t issue  disruption  m ust  have  occurred.  This
disruption  often  cannot  be  “contained” w ith  a  short-segm ent
fixator  because  of  the  suboptim al  bending  m om ents  applied
(� Fig. 18.12a). A long fixator  that  applies  th ree-  or  four-poin t
bending  fixation  forces  (or  resists  them )  and  a  long  m om ent
arm  is optim al (� Fig. 18.12b).

These  translat ional  deform ation  factors  also  apply  to  acute
post traum atic angular  deform ation  in  any plane. If a  short-seg-
m ent  post traum atic angular  deform ity exceeds 25 degrees, it  is
likely to progress. Furtherm ore, such  a  deform ity is likely asso-
ciated w ith  circum ferential soft  t issue (ligam entous) injury. In  a

Fig. 18.11  The  effects of cross fixation. (A, B) Torsional stresses that
result  in the rotation of one rod about  the other are effectively resisted
by (C) rigid  cross-linking  of one  rod  to the  other. When hook–bone
interfaces fail, they usually fail one  at  a time. The rigid  cross-linking of
one  rod  to the  other minimizes the  chance  of failure  by requiring
multiple  hook–bone  interfaces to  fail simultaneously, which  is much
less likely. (C) With  long-rod  systems, the  two cross-links should  be
placed  approximately at  the  junctions of the  terminal thirds of the
construct  with  the  middle  third.
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sim ilar  m anner  to that  used  to resist  t ranslat ional deform ation ,
short-segm ent  fixators  use  a  short  m om ent  arm  that  m ay  be
insu cient  to  correct  or  m aintain  deform ity  correct ion
(� Fig. 18.14a). Long-segm ent  fixators  m ay  therefore  be  desir-
able in  such  circum stances (Fig. 18.13b).

Finally, the surgeon  m ust  determ ine w hether stability w ill be
achieved  through  the  natural healing process. Significant  com -
m inution  of the vertebral body results in  its inability to bear ax-
ial  loads  (� Fig. 18.14a). The  excessive  dispersion  of the  frag-
m ents  im plies  that  bony healing is  unlikely;  thus, vertebral in-
tegrity  and  axial  load-bearing  ability  w ill  never  be  achieved
(� Fig. 18.14b). This  is  so  because  soft  t issue  scars  (not  bony
healing)  w ill  fill  the  “gaps” betw een  the  excessively  dispersed
fragm ents. This dim inishes the in tegrity of the ver tebral body. If
the aforem entioned  is the case, an  in terbody load-bearing strut
should  be  considered  (� Fig. 18.14c). A very  rigid  and  strong
dorsal fixator, com bined w ith  a very robust dorsal fusion , is also
a  consideration  (� Fig.  18.14d).  One  should,  however,  infre-
quently “count  on” th is strategy. The  vertebral body m ay never
be  reconstituted  and  regain  the  ability  to  adequately  share  in
the load-bearing process.

18.3.11  Axial Segm ental Force Applica-
tors
The placem ent of hooks and  screws w ith  a dorsal long-segm ent
fixator is complicated. Even  m ore complicated, however, is con-
sideration  of the axial forces (loads) applied  by such  constructs.
This  is  of greater  concern  w ith  hook–rod  constructs  than  w ith
screw–rod  constructs, although  the  use  of polyaxial  screws  is
associated  w ith  sim ilar  geom etric dynam ics. It  is also of greater
concern  w ith  thoracic  and  lum bar  spine  constructs  than  w ith
cervical spine  constructs. Therefore, th is  discussion  focuses  on
hook–rod fixation  of the thoracic and lum bar spine.

The  configuration  of the  spine  plays  a  role  in  the  decision-
m aking  process.  The  natural  thoracic  kyphosis,  for  example,
presents  a  unique  geom etry  that  m ust  be  considered  during

the  application  of forces  to  the  spine  by the  hooks  of a  hook–
rod  assem bly. The  distract ion  of hooks  along  a  kyphosis  m ay
exaggerate  the  kyphosis  because  the  point  of force  application
by  the  hook  is  dorsal  to  the  IAR (thus  creating  a  bending
m om ent;  � Fig.  18.15a,  b).  Therefore,  som e  surgeons  recom -
m end  that  the  in term ediate  hooks  be  arranged  in  a  compres-
sion  configuration,  thus  dim inishing  the  kyphotic  posture
(� Fig. 18.15c).

Other  factors, however, m ust  also  be  considered. For  exam -
ple,  hooks  orien ted  in  compression  cannot  bear  axial  loads

Fig. 18.12  (A) The  bending  moment  associated  with  a moment  arm
(d) applied  by a short-segment  fixator cannot  effectively resist
translation. (B) A long fixator is more effective in this regard as a result
of the use of a longer moment arm (d’) and the application of three- or
four-point  bending  forces (arrows).

Fig. 18.13  (A) The bending moment  (curved arrows) associated  with a
moment  arm  (d) applied  by a short-segment  fixator cannot  effectively
reduce  a  deformity or resist  deformation. (B) A long  fixator is more
effective  in  this regard  because  of the  use  of a  longer moment  arm
(d’).

Fig. 18.14  (A) Comminuted vertebral body fractures cannot effectively
bear axial loads. (B) The  excessive  dispersion of fragments diminishes
the  chance that  bone fragments will heal. This is caused by soft  tissue
barriers (inset). (C) An interbody strut  will eliminate  this problem. (D)
Similarly, a  rigid  strong  implant  combined  with  a robust  dorsal fusion
may compensate  for inadequate  vertebral body axial load-bearing
ability. It  is emphasized  that  a  reliance  on this strategy may not
infrequently result  in  failure.
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(� Fig.  18.16a).  Furtherm ore,  in term ediate  hooks  placed  in  a
distraction  posture  can  still  be  com bined  w ith  other  hooks  to
provide overall compression  to the spine. For  example, a term i-
nal one-level claw  can  be com bined w ith  a distract ion  hook ap-
plied  one  level  in term ediate  to  the  claw  (a  three-hook  claw ;
� Fig. 18.16b). In  th is situation , the term inal claw  and  the in ter-
m ediate  distract ion  hook  can  be  considered  as  a  unit  (three-
hook claw ) and  be  m oved  along the  rod  to  apply compression
to the in term ediate portion  of the rod  (region  of the pathology;
� Fig. 18.16c). This construct essentially can  be considered to be

a  term inal one-level claw  (� Fig. 18.16d) com bined  w ith  a  ter-
m inal two-level claw  (� Fig. 18.16e). The term inal compression
hook  thus  applies  the  compression  force  to  the  spine
(� Fig. 18.16f).

Moving groups  of hooks together  along the  rod  can  be  used
to apply sim ple forces to the  spine  (e.g., dorsal compression, as
previously  described). It  behooves  the  surgeon  to  at  least  con-
sider  groups  of hooks  and  their  force  application  to  the  spine.
Considering  single  hooks  alone  m ay be  short-sighted. What  is
perhaps of greater  importance regarding th is discussion  are the
forces  applied  to  the  spine  that  are  perpendicular  to  the  long
axis  of  the  spine  (e.g.,  three-  and  four-point  bending  forces;
� Fig. 18.17). These are  m uch  m ore  relevant  in  m ost  cases than
the forces applied along the long axis of the spine. When  m ulti-
ple  in term ediate  poin ts  of fixation  are  used, even  w hen  three-
or  four-point  bending  forces  are  not  applied  in traoperatively,
such forces can  be m ore e ect ively resisted.

Fig. 18.16  (Arrows, A) Hooks oriented in compression cannot bear axial
loads. (B) A three-hook claw. (Arrows, C) The  three-hook claw can be
moved  as a  unit  into  compression. The  three-hook claw may be
considered to be a combination of (dark hooks, D) a terminal claw and
(dark hooks, E) a  two-level claw. (Arrows, F) A terminal one-level
compression hook–claw complex can  be  used  to apply compression
forces.

Fig. 18.17  Long fixators must  apply and/or resist  forces and loads that
are  applied  perpendicular to the  long axis of the  spine  (arrows) rather
than forces applied along the long axis of the spine (dotted line). In this
case, four-point  bending  forces are  applied.

Fig. 18.15  (A) Applying a distraction with hooks along a kyphosis may
exaggerate (B) the kyphosis. This is due to the application of a bending
moment  related  (and proportional) to the  length of the  moment  arm
(d). (C) Conversely, applying a compression with hooks diminishes the
kyphosis.
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18.3.12  Load Sharing and Load Bearing
The o -loading of a spinal im plant  by load  sharing betw een  the
im plant  and  in t rinsic  (and  in tact)  spinal structures  or  another
im plant  (e.g.,  an  in terbody  bone  graft)  should  decrease  the
chance  of im plant  failure  via  im plant  fracture  or  failure  at  the
im plant–bone  in terface. Also, th is  should  increase  bone  heal-
ing–enhancing stresses  (compression). This, in  turn , should  in-
crease the fusion  rate. It  is appropriate to think of the fract ion  of
the  load  that  is  transm it ted  through  the  im plant,  compared
w ith  exist ing spinal structures (� Fig. 18.18a, b). Axially dynam -
ic im plants provide the ultim ate in  axial load  o -loading by the
im plant  (� Fig. 18.18  c). In  its  dynam ic state, lit t le  or  no  axial
stresses are applied  to the im plant, although  the im plant  is able
to resist  deform ations in  other planes (e.g., kyphosis or  t ransla-
tion).  This  principle  is  depicted  in  � Fig.  18.18d  and  in
� Fig. 18.19 (see Chapter 28).

18.3.13  Mult ilevel Fixat ion
Although  instrum ented  in term ediate  spinal  segm ents  are
com m on, they are  not  com m only applied  w ith  in terbody strut
fixation  follow ing  corpectomy.  The  addition  of  in term ediate
screws  in to  the  parent  spine  to  provide  three-segm ent
fixation  forces  increases  sti ness  and  translat ion  resistance
(� Fig. 18.20).4 The placem ent  of screws in to an  in terbody strut
is  not  biom echanically  sound.  Furtherm ore,  it  weakens  the
bone graft  (see Chapter 19).

Fig. 18.18  (A) A fixed  moment  arm  cantilever may bear 100% of an
axial load (dark arrows) if ventral load-bearing ability does not exist. (B)
If an  axial load-bearing  strut  is present, it  may bear most  of the  load
(dark arrows; density of arrow depicts fraction of load borne). (C, D) An
axially dynamized  implant  that  is combined  with  a  ventral interbody
strut  may result  in  no actual axial load  bearing  by the  implant  (via
subsidence; arrows).

Fig. 18.20  A three-segment  pedicle  screw fixation  construct  (A) in
which  the  intermediate  segment  is not  instrumented  and  (B) that  is
not  as stiff as a  construct  in  which the  intermediate  segment  is
instrumented. (C) This may be related in part  to intermediate-segment
motion (i.e., snaking).

Fig. 18.19  Axially dynamic implants permit  (A) axial (arrows) but  not  (B) rotational (curved arrow) deformation. (C) This in  turn  allows the  interbody
bone  graft  or strut  to  “see” compression (bone healing–enhancing forces) via the  interbody bone  graft’s (theoretical) acceptance  of the  entire  axial
load  (large arrow) when the  implant  is in  its dynamized  state  (small arrows). This off-loads axially derived  implant  loads and  stresses that  would
otherwise  be  applied  to the  implant.
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18.3.14  The Need for Dural Sac Decom -
pression
As  a  ru le,  adequate  dural  sac  decom pression  before  the
p lacem en t  of  a  com pression  const ru ct  is  m an datory  (see
Chapter  17).  Both  ven t ral  and  dorsal  decom pressive  opera-
t ions,  how ever,  are  perform ed  at  the  expense  of  st ruct ural
stabilit y.

18.3.15  The Arm am entarium  of the
Surgeon
The  arm am en tarium  of the  su rgeon  m ay be  a  m ajor  factor  in
the  im plan t  select ion  an d  im plem en tat ion  process.  For  ex-
am ple,  the  inabilit y  to  decom press  ven t ral  com pressive  le-
sions  ru les  ou t  th e  use  of  a  dorsal  com pression  const ru ct .
The  inabilit y  to  p lace  pedicle  screw s  d ictates  that  hooks  or
w ires  be  used . Lim itat ion s like  th ese  are  obviously liabilit ies.
Thus,  surgeons  are  rewarded  for  their  surgical  and  clin ical
acum en .
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19  Const ruct  Failure and Failure Prevent ion
Constructs can  fail because  of im plant  failure  (e.g., fracture  of a
plate), failure of the bone at  the im plant–bone in terface, or  fail-
ure  at  a  component–com ponent  juncture.1,2 Each  of  these
m echanism s of failure is addressed in  th is chapter.

19.1  Im plant  Failure
Im plant  failure  is, in  a  sense, a  poor  choice  of term s. Im plants
fracture  and  surgeons fail. Regardless, the  term  implant  fa ilure
is used  herein  to describe the fracture of an  im plant  or  im plant
com ponen t  or  degradat ion  of the  in terface  betw een  the  im -
plan t  and  the  “native” bone. Im plan ts  fail  at  poin ts  of m axi-
m um  stress  (θ)  applicat ion . To  be  absolu tely  clear, im plan t s
a lw a ys  fa il  a t  t h e  poin t  of  m axim u m  st ress  app licat ion .
Stress is a  fun ct ion  of bending m om en t  (M) and  sect ion  m od-
ulus  (Z).  Stress  (θ)  is  defined  by  the  equat ion  θ = M/Z,  In
w hich  Z defines  the  abilit y  of an  object ,  such  as  a  screw  or
rod , to  resist  bending. Z is  propor t ional to  the  th ird  pow er  of
the  d iam eter  of a  rod  or  the  th ird  pow er  of the  inner  d iam e-
ter  of a  screw  (see  Chapter  2). Exam ples  of tw o  scenarios  re-
gard ing fixed  m om en t  arm  can t ilever  beam  screw s, one  w ith
a  constan t  inner  d iam eter  and  the  other  w ith  a  “ram ped”
(“tapered”  or  con ical)  inner  d iam eter  are  por trayed  in
� Fig. 19.1.

The  point  of failure  of a  fixed  m om ent  arm  cantilever  beam
screw  w ith  a  fixed  inner  diam eter  is usually at  the  screw –plate
juncture  (poin t  of m axim um  stress application;  � Fig. 19.1a, b).
The point  of failure of a screw  w ith  a ram ped (or  tapered) inner
diam eter  is  som ewhere  betw een  the  tip  of the  screw  and  the
plate, usually closer  to the  t ip  (� Fig. 19.1c, d).3 In  the  example
depicted  in  � Fig. 19.1, the  bending m om ent  increases  linearly
along the  screw  (dotted  line)  in  both  scenarios. The  solid  lines
depict  the  stress  (bending  m om ent/sect ion  m odulus, or  M/Z),
w hich  is  unchanged  along the  length  of the  screw  for  a  fixed-
inner-diam eter  screw  but  rises  exponentially  (to  the  th ird
power) for  a  tapered-inner-diam eter  screw. Again , it  cannot  be
em phasized  enough  that  im plan ts ALWAYS fail at  th e  poin t  of
m axim u m  st ress applicat ion .

The  longitudinal m em ber  (i.e., plate  or  rod) itself can  fail by
fracture. Long m om ent arm s and bending m om ents that are ap-
plied  to  regions  of an  im plant  w ith  a  relatively  sm all  sect ion
m odulus (Z) result  in  the application  of sign ificant  stress (θ = M/
Z). This has been  show n  to be the case w ith  the Harrington  dis-
traction  rod  system  (Zim m er;  Warsaw,  IN;  � Fig.  19.1e).  In
� Fig. 19.1e, two versions of the  Harr ington  distraction  rod  are
portrayed:  an  11-ratchet  rod  and  a 7-ratchet  rod. The 11-ratch-
et  rod  was  rem oved  from  the  m arket  because  of a  h igh  inci-
dence  of fracture  at  the  lowest  ratchet  (not  the  case  in  th is  ex-
am ple), w hich  was  a  consequence  of the  fact  that  hooks  were
com m only placed near the term inus at the first  or second ratch-
et. Thus, the  application  of a  long  m om ent  arm  and  bending
m om ent  to the  m ost  caudal or  lowest  ratchet  resulted  in  a h igh
incidence  of fracture. Nonfixed  m om ent  arm  cantilever  beam
screws  (screws  that  toggle  in  the  plate)  also  fail  at  points  of
m axim um  stress application. Nonfixed  m om ent  arm  cantilever
beam  screws  are  often  exposed  to  forces  very  di erent  from
those  applied  to  their  fixed  m om ent  arm  counterpar ts. Fixed

m om ent  arm  cantilever  beam  screws are  exposed  to fixed  m o-
m ent  arm  cant ilevered  m om ent  arm s  and  loads  that  are  per-
pendicular  to the  long axis of the  screw  (see  � Fig. 19.1), along
w ith  their associated stresses. Nonfixed m om ent  arm  cantilever
beam  screws are  exposed predom inantly to three-point  bending
m om ent  arm s and  loads, w hich  also are orien ted  perpendicular
to the long axis of the screw  (� Fig. 19.2a), poten t ially resulting
in  screw  fracture  (� Fig. 19.2b). As an  axial load  is  applied  to a
nonfixed  m om ent  arm  cantilever  beam  screw –plate  construct ,
the screw  “sees” di eren t  force vectors (in  both  m agnitude  and
orientation) at  various points along the screw  (� Fig. 19.3). This
can  result  in  fracture  (see  � Fig. 19.2b). These  are  usually three
or  four  in  num ber  and  relate  both  to  the  loads  applied  and  to

Fig. 19.1  A fixed  moment  arm  cantilever beam  screw-plate  construct
with fixed inner diameter screw is more likely to fracture  at  the screw-
plate  junction, while  a  conical inner diameter screw is more  likely to
fracture at  the tip or middle portion of the screw if transverse loads are
applied to the tip  of the  screw. This is so because  the  stress applied  is
maximum at  the point of fracture, as depicted by line drawing in A and
C and  radiographically in  B and  D (see  Chapter 2). The  dotted  lines
represent  the  bending  moment  (M). The  solid  line(s) represent  the
applied  stress (bending  moment/strength  [section modulus; Z]). In  C,
note  that  the  applied  stress is maximal near the  trip  of the  screw.
(E) A radiograph of a patient  with  a 7 ratchet  and  11 ratchet  Harring-
ton distraction rod. The  11 ratchet  rod  is associated  with  a significant
failure/fracture rate at  the proximal ratchet if the hook is at tached near
the  rostral end of the rod (ie, the first  or second ratchet) as a result  of
the  significant  moment  arm  and  hence  bending  moment  applied  to
the most caudal ratchet (11th ratchet). Hence, the stress applied at  this
juncture  can  be  excessive, resulting  in  fracture. Of note, such  a  hook
placement  was not  employed  in  this case.  The  chance  of fracture  is,
thus, siginificantly diminished.
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the  varying  consistencies  and  in tegrit ies  of  the  m aterials
through  w hich  the screw  passes. The latter  vary from  the m etal
of a plate to cancellous bone and  can  cause a  “shear” e ect  that
results from  a three-  or  four-poin t  bending m ode of load  appli-

cation. This  results  in  a  bending  m om ent  that  stresses  a  fixed
m om ent  arm  cantilever  beam  screw  (alm ost  always  w ith  a
fixed  inner  diam eter)  m axim ally  at  the  point  of  m axim um
bending m om ent application (see � Fig. 19.2a, lower), w hich oc-

Fig. 19.2  The  three-point  bending  forces (solid
arrows) applied to a nonfixed moment  arm  screw
cantilever beam  screw–plate  construct  are  ex-
posed to an axial load (hollow arrow) as the spine
subsides. These  forces are  applied  in  opposing
directions. (A) This is related to the differences in
integrity of the  materials through which  the
screw passes or with  which it  is in  contact  (e.g.,
cortical bone, cancellous bone, metal) and  the
resistance  to the  loads applied. The  bending
moment  (depicted  below the  line  drawing) is
maximum  at  the  fulcrum. A screw fracture
resulting  from  such  a subsidence-based  mecha-
nism  is shown in  (B).

Fig. 19.3  The  relative  forces that  a screw may
“see” are  situated in a transverse  (perpendicular)
orientation to a subsiding nonfixed moment  arm
cantilever beam  screw, as depicted. The  magni-
tude  of the  force  is proportional to the  length of
the  arrows.
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curs  at  the  point  of  in term ediate  force  application  w here  the
bending m om ent  is greatest . Such  is m ore figuratively depicted
in � Fig. 19.3.

The  toggling  of  a  nonfixed  m om ent  arm  cantilever  beam
screw  in  bone degrades the in tegrity of the bone, as well as the
in tegrity  of the  screw–bone  in terface, by  its  “w indshield-wip -
ing” (sweeping) m otion. It  m ay result  in  the  screw  itself abut-
ting the end  of the bone graft , thus obliterating a port ion  of the
surface  area  of contact  between  the  bone  graft  and  ver tebral
body (� Fig. 19.4).

The  strength  characteristics  of plates are  defined, in  par t , by
their  sect ion  m odulus  (Z). With  plates, the  sect ion  m odulus  is
a  funct ion  of  cross-sect ional  area  and  geom etry.  Although  a
plate  m ay appear  to be bulky, it  is no stronger  than  its weakest
link (� Fig. 19.5). Like  screws or  rods, plates fail at  the  point  of
m axim um  stress  application  (θ = M/Z).  This  is  the  point  at
w hich  the  ratio  of the  applied  bending m om ent  to  the  sect ion
m odulus  (M/Z)  is  m axim um  (� Fig. 19.6).3,4 A plate, screw, or
rod  is  m ost  vulnerable  at  the  point  of m axim um  bending m o-
m ent  application  if  the  sect ion  m odulus  is  unchanged. If  the
sect ion  m odulus  (Z)  is  not  adequate, fracture  w ill  occur  (see
� Fig. 19.6).

Rigid  (fixed  m om en t  arm ) m ult isegm en tal con st ru cts t en d
to  load  th e  caudal screw s m ore  th an  th e  rost ral screw s. Th is
can  cause  failu re  of  th e  caudal  screw s  (� Fig.  19.7a).  Long
fixed  m om en t  arm  can t ilever  beam  screw  im p lan ts, in  gen -
eral,  are  associated  w ith  a  relat ively  h igh  failu re  rate.5 In
th is  situat ion , th e  use  of a  sh or ter  im plan t  (if clin ically  ap -
prop riate)  is  associated  w ith  th e  app licat ion  of  a  sh or ter
ben d in g  m om en t  to  th e  screw s, th us  decreasin g  th e  ch an ce
of failu re  (� Fig. 19.7b, c). A corollary of th is  ph en om en on  is
observed  in  th e  low  cervical  sp in e  an d  th e  cervicoth oracic
jun ct ion ,  w h ere  th e  region al  an atom y  an d  geom et r y  app ly
add it ion al  st resses  to  th e  caudal  screw –bon e  in terface
(� Fig. 19.7d , e).6

Screw  fracture  m ay pose  unique  problem s related  to  extrac-
tion. A variety  of strategies  have  been  em ployed  for  th is  pur-
pose.7 It  should  be  rem em bered, though, that  screw  extract ion
m ay be di cult  and is often  not  necessary.

19.2  Im plant–Bone Interface
Failure
Im plant–bone  in terface  failure  can  be  obviated  by not  em ploy-
ing im plants.1 In  the  cervical spine, th is  has  been  show n  to  be

Fig. 19.4  (A) Ventral nonfixed  moment  arm  cantilever beam  screws
that  permit  subsidence  via toggling  may abut  the  strut  graft. (Shaded
area, B) This process also  results in  degradation of the  bone  of the
vertebral body via a “windshield-wiping” mechanism. (C) Furthermore,
the  screws may partially obscure  the  strut–end  plate  interface, thus
diminishing  the  chance  of achieving  a solid  arthrodesis.

Fig. 19.5  The  strength  of a  plate  depends on its geometry, as well as
its cross-sectional area. In  regions of lesser cross-sectional area, the
section  modulus is less (in  general) than  it  is in  regions where  the
cross-sectional area is greater. Although a plate may appear to be very
strong, it  is no stronger than its weakest  link. It  is, indeed, most
vulnerable  at  the  site  of greatest  stress application. If it  is weak
(decreased  strength  or section  modulus) at  this point, failure  by
fracture  may occur.

Fig. 19.6  Plates always fail (fracture) at  the  point  where  the  stress (θ)
application is greatest, as depicted.
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relatively prudent  in  selected  circum stances.8–11 More  m odern
clin ical  strategies, however, obviously  m ay  cause  one  to  chal-
lenge  th is  “philosophy.”  Ult im ately,  decreasing  m otion  by
m eans of an  im plant has a positive e ect on  fusion.4

The in tegrity of the im plant–bone in terface  can  be optim ized
in  m any ways. The  ability  of the  im plant  to  resist  failure  is  in
part  related  to  its  ability  to  distr ibute  loads  (load  sharing), so
that  no single portion  of the im plant or spine bears an  excessive
portion  of the  load  (load  bearing). In  other  words, it  is  optim al
if applied  loads  are  distr ibuted  over  m ultip le  im plant  compo-
nents  and  m ultiple  points  of  contact  w ith  the  spine  (load
sharing). This can  be  accom plished  by (1) im proving the  in teg-
rity of the existing im plant  -bone in terfaces, (2) providing addi-
tional  im plant  -bone  in terfaces, (3)  improving  the  in tegrity  of
the  bone,  and  (4)  norm alizing  geom etry.12 Additionally,  any

strategy  that  o -loads  an  implant  obviously  m inim izes  the
chance  of im plant  failure. This  has  been  accom plished  via  the
use  of dynam ic implants (see  Chapter  29). Axially dynam ic im -
plants  rarely  fracture,  thus  lending  further  credence  to  the
aforem entioned  not ion  that  any st ra tegy tha t  o -loads the  im-
plant  obviously minimizes the chance of implant  fa ilure. Axially
dynam ic implants, by the  nature  of their  application, bear  very
lit t le axial load. They substantially resist  t ranslation and angula-
tion, but  not axial loading.

19.2.1  Im proving the Integrit y of
Exist ing Im plant–Bone Interfaces
Screw  geom etry can  be  altered  so that  pullout  resistance  is en-
hanced  (see  Chapter  15). Sim ilarly, the  concept  of t riangulation

Fig. 19.7  (A) Long rigid (fixed moment  arm cantilever beam) screw–rod multisegmental fixation tends to load the most  caudal screws more than the
rostral screws, as depicted  in  a  clinical example. (B, C) In  this situation, the  use  of a  construct  that  extends one  less segment  caudally would  have
applied  a  lesser moment  arm  (d and  d’) and  a  lesser bending  moment. (D, E) This principle  (i.e.,  the  lower or most  caudal portion of an  implant  is
exposed the greatest  stress) is shown in a cervical example. Note that  the implant  and strut  kick-out (kick-through in this case) occurred at  the caudal
aspect  of the  construct. This is related  to geometric and  mechanical (physical) factors. (Data  obtained  from  Sacco et  al.6)
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can  be  used  to  a  pullout  resistance  advantage  (see  Chapter
15).12–14 Spine  configuration  m ust  also  be  taken  in to  account.
For example, cervical spine lordosis causes screw –bone in terfa-
ces  at  the  ventral  cervicothoracic  junct ion  to  be  exposed  to
loads that m ay be associated w ith  an  increased chance of failure
(see Chapter 29).6

Additional  innovative  strategies  include  expanding  the
screw  t ip  (e.g., like  a  m olly bolt  or  drywall screw ), but tressing
the ver tebral body m argin  (see the follow ing), and  augm ent ing
the  screw  hole  (e.g., w ith  bone  ch ips  or  polym ethylm ethacry-
late;  see  Chapter  15  and  below ). An  appreciat ion  of the  chang-
ing  angular  relationships  of  the  lower  cervical  spine  as  the
spine  is  descended,  par t icularly  at  the  cervicothoracic  junc-
tion, is  im perative  (see  � Fig. 19.7d, e). These  cause  sign ifican t
loading  of  the  caudal  screw –bone  junct ion  and  can  lead  to
failure,6 especially  at  the  caudal  end  of  long  ventral  cervical
constructs. However, it  is also related  to the  angle  of the  screw
in  relat ion  to  the  axis  that  is  perpendicular  to  the  floor  (see
� Fig. 19.7d, e).

19.2.2  The Provision of Addit ional
Im plant–Bone Interfaces
The  provision  of additional  fixation  poin ts  provides  a  biom e-
chanical  advantage  via  two  m echanism s:  (1)  the  provision  of
additional points of fixation  and  (2) the  provision  of the  ability
to resist  deform ation  in  m ore than  one plane and  by m ore than
one  m echanism . Regarding the  form er, the  in tegrity of fixation
is  proportional to  the  num ber  of “high-quality” fixation  points
in  “native bone” (load sharing). The ability to resist  spinal defor-
m ation  in  m ore  than  one  plane  and  by m ore  than  one  m echa-
n ism  is  illustrated  in  � Fig. 19.8  by the  example  of a  rigid  ven-
tral  construct  act ing  as  a  fixed  m om ent  arm  cantilever  beam
(� Fig. 19.8a). In  th is situat ion , in  w hich  two screws are  used  at
each  term inus  of the  implant , axial  loads  are  borne  relatively
well, in  fact  arguably equally as  well as  is  observed  w ith  a  sin-
gle-level  anterior  cervical  decompression  fusion  w ith  plating
(see � Fig. 19.8a). However, im plants and  im plant–bone in terfa-
ces  rarely  fail follow ing sim ple  one-dim ensional loading. They
usually  fail  follow ing  repetit ive  loading  (fatigue)  via  m ultiple
orientations. This  has  been  show n  to  occur  w ith  regard  to  im -
plants that  are  applied  w ithout  in term ediate  points  of fixation
to the  “native spine.”15 The loads are  usually applied  from  a va-
riety of angles and  orien tations. These  include  transverse, rota-
tional,  and  shear  loads.  The  im plant  depicted  in  � Fig.  19.8a
bears axial loads well, as already stated. However, it  does not ef-
fect ively  resist  t ranslat ional  and  rototat ional  loads
(� Fig. 19.8b). This  is  so  because  the  long m om ent  arm  associ-
ated w ith  the long im plant applies significant  stress to the spine
w hen such  loads are applied. This m ay cause degradation  of the
screw–bone in terface  (� Fig. 19.8  c), and  ultim ately failure, as a
result  of axial loading (� Fig. 19.8d). The longer the im plant, the
m ore  prone  the  im plant  becom es to these  e ects. The  addition
of in term ediate  points  of fixation  allow s  the  im plant  to  resist
these  translational  loads  via  a  th ird  fixation  point  and  three-
poin t bending m echanical strategies (� Fig. 19.8e). Thus, the ad-
ditional fixation  points not  only perm it  axial loads to be  borne
m ore  e ect ively but  also  increase  the  resistance  to  translation ,
rotat ional, and  shear forces. This has been  show n  to be the case
in  the  lum bar  spine  w ith  the  em ploym ent  of pedicle  screws.16

Axial loads can  be borne  m ore e ect ively w ith  additional in ter-
m ediate fixation points in to the  “native spine,” as well. Consider
the fact  that  m ost  im plants are flexible (� Fig. 19.8f). The extent
of deform ation  (bow ing)  of  a  flexible  im plant  is  sign ificantly
lim ited  by  the  use  of  an  in term ediate  fixation  point
(� Fig. 19.8g).16 These  in term ediate  poin ts  of fixation  m ust  be
to  the  “native  spine.” Bone  graft  attachm ent  sites provide  lit t le
overall stability and  in  fact  weaken  the bone  graft  (� Fig. 19.9).
Stability is not enhanced by adding an  in term ediate point of fix-
ation  to  a  bony strut. In  fact, stability  is  actually lessened. The
flexibility-related  bow ing of the implant , as alluded  to above, is
not  im peded  by th is strategy. Instead, it  causes harm ful ventral
and  dorsal  loads  to  be  applied  to  the  strut  that  m ay  increase
m otion  at  the  m ortise–strut  in terface  by  a xing  the  strut  to
the  im plant  (see  Chapter  29). Finally, in  th is  regard, w hen  an
im plant  is  not  used  w ith  m ultiple-level discectom ies, they are
associated w ith  a h igh  failure rate via pseudarthrosis.17 This ob-
servation  further  underscores the  im portance  of m ultip le-level
fixation  to the  “native bone.”

Fig. 19.8  A rigid fixed moment  arm  cantilever beam  implant  with two
screws at  each end. (A) This is a  bridging  implant, a  construct  that
resists axial loads (vertical arrows) well. However, loads are  usually
applied  from  a  variety of orientat ions—in  addit ion  to  simple  axial
loading. (B) Shear loads (horizontal arrows) can  cause  t ranslat ion.
(Shaded area, C) This m ay cause  the  screw–bone  interface  to
degrade  and  (D) ult im ately to  fail,  usually as a  result  of axial
loading. (Arrows, E) The  addit ion  of a  third  (intermediate) point  of
fixat ion  causes the  im plant  to  m ore  effect ively resist  these  loads
(e.g., t ranslat ion) via a three-point  bending m echanism. The three-
point  bending  effect  resists shear-producing  loads in  all planes.
Axial loads can  also  be  resisted  more  effect ively by using  an
interm ediate  fixat ion point . (F) The flexibilit y of an im plant  bearing
an  axial load  is significant ly diminished  by (G) using  an  addit ional
interm ediate  point  of fixat ion. (Data  obtained  from 16) The
interm ediate  fixat ion point  m inimizes flexibilit y (as depicted by the
dashed  im plant  in  F and  G).
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In  the  case  of a long ventral corpectomy w ith  decompression
operation, attain ing an  in term ediate  point  of fixation  to the pa-
rent  spine m ay be achieved  in  the cervical spine by “leaving” an
interm ediate  vertebral body. For  example, if one  were  to  leave
the  C5  vertebral body in tact  for  a  C4–C6  decompression  and  a
C3–C7 fusion , C5 could  be  used  as an  in term ediate  poin t  of fix-
ation, thus  em ploying  C3–C5  and  C5–C7  interbody fusions  in-
stead  of  a  single  C3–C7  interbody  strut–graft  fusion
(� Fig. 19.10). This  m ay  (and  probably  does)  o set  the  disad-
vantages associated  w ith  the  increased  num ber  of fusion  in ter-
faces  that  m ust  heal. Another  m ethod  of ach ieving  the  sam e
biom echan ical  advan tage  (i.e.,  in term ediate  poin ts  of  fixa-
t ion )  is  to  em ploy  a  ven tral  and  a  dorsal  operat ion  (ven tral
corpectom ies  plus  dorsal  lateral  m ass  fixat ion ).18 The  lateral
m ass  fixat ion  poin ts,  how ever,  are  not  as  solid  as  an  in ter-
m ediate  ver tebral  body. A second  operat ion  is  also  required ,
w ith  its  associated  m orbidit y  and  even  poten t ial  m or tality.
Never theless,  corpectom ies  at  th ree  or  m ore  levels  w ith
strut–graft  fusion  m ay  be  e ect ively  augm ented  by  adding  a
dorsal im plan t .19

Other  fixation  poin ts  include  spikes  (e.g., the  tet ra  spikes  of
the  Kaneda  system  [DePuy-AcroMed,  Raynham ,  MA])  and  a
but tress poin t of fixation  (e.g., using fins) at  the end plate in  the
region  of the  cort ical m argin  (� Fig. 19.11). This  takes  advant-
age  of the  “boundary e ect” w hereby the  edge of the  end  plate
and  the  cort ical  wall  of  the  vertebral  body  bear  axial  loads
m uch  m ore  e ect ively than  the  in terstices of the  end  plate  and
vertebral body.

The  use  of additional  vertebral  body  screws  (e.g., three  in-
stead  of two) m ay provide  a  theoretical biom echanical advant-
age. However, the  volum e  of bone  displaced  by  the  m etal and
its e ect on bony purchase and bone in tegrity m ust  also be con-
sidered (� Fig. 19.12a, b).

Of  particular  note  regarding  the  m ajority  of  spine  fixation
strategies is the em phasis on  the im portance of optim izing each

individual fixation  point. For example, the surgeon  m ust ensure
that  optim al im plant–bone  contact  is achieved, lest  suboptim al
im plant–bone  in terface  contact  result. The  carefu l craft ing and
contouring of the im plant  “seat” on  the vertebral body is critical
(� Fig. 19.13a, b).

Fig. 19.10  (A) A long  cervical decompression (e.g., C4–C6 inclusively)
can be accomplished with a C4 and C6 corpectomy accompanied by a
C3–C5 and a C5–C7 interbody fusion. (B) This provides a solid vertebral
body site  (C5) for intermediate  screw fixation  in  “native  bone” while
providing  (dashed arrows, C) adequate  visualization for dural sac
decompression.

Fig. 19.9  Intermediate bone graft at tachment sites are effective only if placed in (A) a vertebral body (“native spine”) rather than in (B) the bone graft.
The bone graft  does not  provide a biomechanically sound foundation for the screw. Furthermore, the bone graft  is weakened by the screw, with the
screw taking up a significant  cross-sectional area of the graft. (C) Finally, the strut  graft, in such a construct, is forced to move with the implant. This
can cause  excessive  motion at  the  strut–vertebral mortise, further degrading  the  integrity of the  construct. This is addressed  in  greater detail in
Chapter 29.
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Interm ediate  points  of fixation  m ay also  be  provided  by the
use  of the  in terference  screw  technique  (see  Chapter  37). Pass-
ing a  screw  betw een  an  in terbody strut  graft  and  the  “native”
vertebral body rem nant  at  the  m argin  of the  trough  follow ing
the  perform ance  of a  cervical  corpectomy  m ay  provide  a  sur-
face  for  solid  contact  of  the  screw  w ith  the  parent  ver tebral
body. Both  the strut  and  the trough  can  be  “gripped” by the in-
terference  screw. An  interference  screw  is  sim ply a  screw  that
captures  two  separate, but  juxtaposed,  bony  surfaces. In  th is
case, it  captures the bone  graft  and  the  rem nant  of the  “native”
vertebral body at  the  m edial border  of the  corpectomy trough.

Although  the form er  provides lit t le  support  via  “capture” of the
bone  graft , the  lat ter  m ay  provide  a  significant  advantage  re-
garding an  in term ediate point of solid fixation  w ith  the  “native”
spine. Furtherm ore, the  bone  graft  m ay  be  forced  or  wedged
against  the contralateral (to the in terference screw ) corpectomy
wall, thus augm enting stability (� Fig. 19.14).

19.2.3  Im proving Bone Integrit y
Im proving  bone  in tegrity  is  obviously  of  value. Bone  density
studies  can  guide  bone  in tegrity optim ization  therapies  in  ap-
propriate patients.

Fig. 19.11  (A) A but tress in  which a  fin  applied  at  the  end  plate  in  the  region of the  ventral vertebral body cortex or (B, C) a spike  placed  into  a
vertebral body provides “extra” points of fixation and  hence  security. A small (short) fin  or spike  is all that  is required. A fin or spike  need  only pass
through or past  the cortical bone to provide most of its advantage in this regard. Such takes advantage of the  “boundary effect,” discussed in Chapter
29. This “effect” provides enhanced axial load–resisting capabilities associated with capturing or engaging the periphery of an end plate or the cortical
margin of a vertebral body. (D) This is portrayed when the fin of an implant  is used to capture the edge of a vertebral body—in this case, (E) a plastic
lid. (Arrow, D, E) This allows the  device  to  more  effectively bear axial loads.
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19.2.4  Norm alizing Geom etry
Deform ity correction  and  prevention  strategies and  techniques
(see  Chapters  26  and  27)  dim inish  the  stress  to  be  applied  to
im plants, im plant–bone in terfaces, and  bone–bone in terfaces.20

This  decreases  the  chance  of failure. Therefore, sign ificant  at-
ten tion  should  be  paid  to  deform ity  correction  as  a  clin ical
strategy (see the follow ing).

19.3  Bone–Bone Interface Failure
The  in terface  betw een  the  in terbody  bone  graft  or  st ru t
and  the  ver tebral  body  is  prone  to  failure.  As  d iscussed  in
Chapter  29,  subsidence  and  nonun ion  are  encouraged  by  a
poor  fit  betw een  the  bone  graft  and  the  ver tebral  body
(� Fig.  19.15a).  Sm all  (in  cross-sect ional  area)  bone  grafts
subside  m ore  than  larger  grafts  (� Fig.  19.15b).  Grafts  that
are  posit ioned  in  the  cen ter  of the  ver tebral body w ill p iston
m ore  than  grafts  posit ioned  m ore  laterally  (� Fig. 19.15c, d).
Th is  has  been  show n  in  hum an  sp ine  biom echan ical  stud-
ies.21 Wider  grafts  that  abut  the  cort ical  m argins  circum fer-
en t ially are  very stable  in  th is regard  (� Fig. 19.15e).22 Finally,
fin s  m ay  be  used  to  augm en t  ver tebral  body  cortex  region
purchase  via  use  of  the  “boundary  e ect”  principle  (see
� Fig. 19.15e).

Lateral abutm ent  (close  lateral fit)  using the  rem aining por-
tion  of the  parent  vertebral body is also im portant  both  for  lat-
eral stability augm entation  via butt ressing and  for bone healing
at  each  segm ental level (� Fig. 19.16a). If the  diam eter  of an  in-
terbody  bone  graft  or  strut  is  sm all, it  w ill  be  suspended  be-
tween  the  lateral  m argins  of  the  corpectomy  trough
(� Fig. 19.16b), thus  negating both  e ects. Care  m ust  be  taken
w ith  excessively  w ide  approaches  from  a  vascular  (ver tebral
artery) injury perspective, as  well as  from  the  aforem entioned
biom echanical perspective.23

19.4  Other Com plicat ions
19.4.1  Infect ion
Com plicat ions  related  to  im plant  in tegrity  are  com m on. How -
ever, other  complications  also  exist . Heading  th is  list  is  infec-
tion. Traditionally, wound  infect ions in  pat ients w ho had  previ-
ously undergone spinal instrum entation  inser tion  were t reated,
in  part ,  by  rem oval  of  the  im plant.  Recently, im plant  salvage
strategies  have  been  developed,  thus  significantly  advancing
the field.24

19.4.2  Pseudarthrosis
The presence  of fusion  failure (pseudarthrosis) is di cult  to as-
sess  and  quantify.25 Fusion  failure  (pseudarthrosis)  follow ing

Fig. 19.13  (A) Careful bone  preparation is mandatory, lest  suboptimal
contact  be achieved between the implant  and the vertebra. (B) Careful
sculpting  of the  contact  surface  (“gardening”) should  maximize  the
surface  area of contact.

Fig. 19.12  Additional vertebral body screws may provide an advantage. (A) A radiograph of such a strategy. (B) The disturbance, or “consumption,” of
excess “native” vertebral body bone  is demonstrated  in  a  computed  tomographic scan. This may not  be  desirable.
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cervical corpectom ies  is  not  m itigated  by ventral bridging im -
plant  plating. This  has  been  corroborated  in  m ultiple  studies,5,

26–32 although  conflict ing  inform ation  and  opinion  indeed  ex-
ist,32,33 particularly  for  single-level  disc  surgery.34,35 Of  note,
though, is that  uninstrum ented  m ultiple-level discectomy w ith
fusion  operations  compare  poorly  w ith  uninstrum ented  cor-
pectomy and fusion.11,17,28 The reason  for such should  be clearly
delineated.  Multiple-level  discectom ies  w ith  plating  (w ith
screws  placed  at  each  level)  present  a  biom echanically  very
sound  construct, w hereas m ultiple-level consecutive  corpecto-
m ies w ith  strut  fusion, w ith  or  w ithout  bridging im plant  plat-
ing, do not.

In  a  discussion  of fusion  failure, the  need  to  understand  all
the  variables that  can  adversely a ect  fusion  acquisit ion  is em -
phasized. For example, fusion  is significantly impeded by agents
that adversely a ect  healing, such  as cort icosteroids.36

Fig. 19.14  An interference  screw between the  bone  graft  and  a  corpectomy wall (parent  vertebral body) may be  used  with  a  long  ventral cervical
corpectomy fusion and instrumentation technique. This is portrayed in (A) a diagram, (B) an anteroposterior radiograph, and (C) a lateral radiograph.
Note the purchase, or rather engagement, by the screw at  both the parent  vertebral body bone and the bone graft. In addition, the screw may force
the  bone  graft  toward  the  opposite  side  of the  corpectomy trough, thus increasing  integrity and  vertebral body–bone  graft  contact. Care  must  be
taken  not  to  cause  retropulsion of the  bone  graft. This strategy provides augmented  fixation  to the  intermediate  vertebral bodies when  a bridging
implant  is used. Only selected  implants permit  such lateral screw placement.

Fig. 19.15  Interbody bone–bone  interface  failure  can be  minimized by considering  factors that  predispose  to  subsidence  (see  Chapter 29).  “Fit” is
important. (Shaded area, A) A careful consideration of mortise  geometry and  precise  “carpentry” should  minimize  gap  formation. (B) Small cross-
sectional area grafts piston more than large cross-sectional area grafts. (C, D) Grafts positioned in the center of the vertebral body piston more than
those  positioned at  the  edge, nearer the  cortical margin. This is a manifestation of the  “boundary effect.” In fact, grafts that  are  wide  and abut  the
cortical margin  circumferentially are  optimal. (E) Implant  fins may assist  in  resisting  subsidence  by taking  advantage  of the  boundary effect.

Fig. 19.16  Interbody bone–bone  interface  failure  (cervical spine) can
be  minimized by optimizing  the  lateral fit  of the  bone  graft  or cage
with  the  wall of the  corpectomy trough. (A) This creates a lateral
but tressing effect. Lateral bone healing at  intermediate vertebral body
segments is encouraged by this process if a bony strut is used. (B) If the
bone  graft  is smaller in  diameter, it  is suspended  without  trough wall
contact, thus eliminating  the  aforementioned  but tressing  and  healing
advantage.
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19.4.3  End-Fusion Accelerated Degener-
at ive Changes
Accelerated  end-fusion  degenerative  changes  (transition  syn-
drom e) are  com m on. This phenom enon  is related  to the length
of the fusion  and the configuration  of the spine after fusion. The
loss of norm al spinal alignm ent  (loss of sagittal balance) signifi-
cantly a ects  th is  process. Adjacent-level deform ity (deform ity
that  occurs at  a  level adjacent  to  a  prior  fusion) and  segm ental
degeneration  occur  w ith  m uch  less  frequency  w hen  norm al
alignm ent  (e.g., kyphosis)  is  present  follow ing  a  fusion. Spinal
im plant  sti ness, as was tradit ionally thought, does  not  appear
to substan tially a ect  th is process.37

19.5  Im proving Bone and Bone–
Im plant  Interface Integrit y
The in tegrity of bone (i.e., the vertebral body) m ay be enhanced,
or  rather  the  loss  of  in tegrity  dim inished, by  several  factors.
Tapping cort ical bone im proves the in tegrity of the screw –bone

in terface, although  tapping cancellous bone  weakens it . Sim ply
drilling cancellous bone, w ithout tapping, provides greater pull-
out  resistance  than  that  achieved  w ith  tapping (� Fig. 19.17a).
Sim ilarly, using an  aw l to prepare the hole compresses the  “are-
olar” cancellous  bone, thus  improving its  in tegrity, as  opposed
to  drilling  and  rem oving  the  bone  debris  and/or  tapping
(� Fig.  19.17b).  Placing  bone  chips  (sh im s)  in  the  hole
(� Fig.  19.17c)  or  using  pressurized  polym ethylm ethacrylate
(� Fig. 19.17d)  can  augm ent  in tegrity, as  well. Nonpressurized
polym ethylm ethacrylate  does  not  increase  in tegrity. In  fact, it
m ay lessen  it  (� Fig. 19.17e, f). Expanding-tip  screws have been
show n  to  augm ent  pullout  resistance38 (� Fig. 19.17g). Of note
is  that  an  oxygen  deprivation  anode, w hich  m ay  theoretically
be harm ful to the bone at  the im plant–bone in terface, can  result
from  coat ing the tip  of the screw  w ith  acrylic. This e ect , how -
ever, is  m ost  certain ly  negligible  in  the  vast  m ajority  of cases.
Finally, m aterials other  than  polym ethylm ethacrylate  m ay pro-
vide  additional  advantages.  Such  m aterials  include  ceram ics
and  biological  glasses.  Osseointegration  of  these  m aterials
m ay  occur  (osseoin tegration  of  polym ethylm ethacrylate  does
not). This  creates  a  positive  load  sharing and  load  distr ibution
environm ent .

Fig. 19.17  (A) The  integrity of a screw–bone  interface  in  medullary
bone  can be  enhanced by tapping, not  drilling, or by (B) using  an awl
instead  of a  drill. This strategy compresses the  soft  medullary bone,
which  strengthens it,  as opposed  to  removing  the  bony debris with  a
drill. (C) Bone chip(s) placed into a hole can increase bone compression
and  screw–bone  interface  integrity. (D) Pressurized  polymethylme-
thacrylate injection can force acrylic into the interstices of the bone, as
depicted. This can increase screw–bone interface integrity and be used
to  increase  pullout  resistance. (E) The  use  of nonpressurized
polymethylmethacrylate  does not  result  in  as much penetration into
the medullary bone. (F) It  therefore does not augment, and in fact  may
diminish, pullout  resistance by diminishing thread purchase in bone. In
a sense, this strategy effectively converts a  screw to a nail. (G)
Expanding-tip  screws may also  be  used  to  increase  pullout  resistance.

Fig. 19.18  Moment  arms created  by fixed  spine  deformities that  are
perpendicular to  the  long  axis of the  spine  increase  the  incidence  of
adjacent-segment  degenerative  changes. This is so  because  the
moment  arm  associated  with  the  deformity, particularly when the
deformity is rigid, can cause both eccentric and exaggerated loading of
the  adjacent  disc interspaces. This is exemplified  by a  loss of lordosis
caused  by an instrumented  lumbar fusion in  flexion (kyphosis), which
in  turn  has a  destabilizing  defect  at  the  next  most  rostral segment.
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19.6  Com ponent–Com ponent
Interface Failure
Com ponent–com ponent in terface failure can  occur as a result  of
(1) improper  surgical techniques (e.g., im proper  im plant  instal-
lation), (2)  acute  failure  of a  properly  installed  im plant, or  (3)
failure  via  fatigue  of a  properly installed  im plant  in  w hich  a  fu-
sion was not acquired (see Chapter 14). All, to one degree or an-
other, are  surgeon-related  failures. Either  the  surgeon  improp-
erly installed  the im plant  or  the surgeon  asked  too m uch  of the
im plant–bone in terface. It  is indeed the surgeon’s responsibility
to understand  w hat  to expect  from  the im plant—and  not  to ask
too m uch of the implant .

19.7  Adjacent -Segm ent  Deform it y
The  e ect  of postoperative  spine  deform ity  and  fusion  on  the
fur ther  progression  of  deform ity,  as  well  as  degenerative
changes, is substantial. This in  part  is related to the e ect  of the
deform ity  and  m om ent  arm  length  on  adjacent  m otion  seg-
m ents (� Fig. 19.18).20,39

19.8  Lam inoplast y
The  e ect  of lam inoplasty on  spinal in tegrity has not  been  ad-
equately  investigated.  Although  spinal  sti ness  m ay  be  in-
creased (compared w ith  sti ness after lam inectomy), deform ity
progression  m ay  not  be  im peded, part icularly  if a  kyphosis  is
present  preoperatively.40 The relative spinal sti ness associated
w ith  lam inoplasty (e.g., versus that  after  lam inectomy w ithout
fusion) is not  know n  and, as such, should  not  be assum ed  to be
greater  than  that  associated  w ith  lam inectomy. Deform ity pro-
gression  is  expected  on  the  basis  of the  bending m om ent  cre-
ated by existing kyphosis. Hence, neither lam inectomy nor lam -
inoplasty  is  an  optim al strategy  in  the  face  of an  existing  ky-
phosis, regardless of its extent .
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20  Craniocervical and Upper Cervical Const ructs
The  anatom ical  and  associated  clinical  complexit ies  of  the
upper  cervical  spine  and  craniocervical  junct ion  pose  signifi-
cant  challenges  for  the  m anaging  surgeon 1,2:  (1)  the  high  risk
for  treatm ent  failures, (2) the  significant  m ultiplanar  forces af-
fect ing  th is  region, and  (3)  the  di culties  associated  w ith  at-
tain ing a  solid  fusion  in  the  upper  cervical spine–occiput  (cra-
niocervical junct ion) region. This  chapter  focuses  on  the  “old,”
and  m erges in to the  “new,” regarding im plant  construct  design
and im plem entat ion .

It  goes w ithout  saying that  traum a to the  upper  cervical spi-
nal cord  and  region  of the foram en  m agnum —w hether  surgical
in  nature  (iatrogenic), the  result  of spinal instability, secondary
to  extrinsic neural compression, or  the  result  of t raum a—is as-
sociated  w ith  significant  m orbidity  and  m ortality,  as  well  as
w ith  significant  clin ical confusion.3 For  example, a  sim ple  pro-
cedure, such as the passage of transar t icular screws, places pha-
ryngeal soft  t issues and the vertebral ar teries, as well as the spi-
nal cord, at  risk. Sim ilarly, occipitocervical fusion  is  associated
w ith  its  ow n  set  of significant  complications. Regardless  of the
risk of surgery, however, the best predictors of outcom e are pre-
operative  clin ical  m etrics. For  example, the  best  predictors  of
outcom e  follow ing  occipitoatlan tal  disclocation  include  severe
brain  and upper cervical spine injuries at  presentation.4

The aforem entioned  challenges are, at  least  in  part , related  to
the significant  m ultiplanar forces that  impinge upon the cranio-
cervical region, and  the  som etim es extrem e  m eans required  to
resist  them . Axial, angular, translational, and  com binations  of
force  vectors  can  result  in  a  variety  of craniocervical  injuries.
The actual injury to bony and  soft  tissue structures depends on
the orientation  of the injury force vector, its m agnitude, and the
intr insic strength  of the  m ultitude  of involved  spinal elem ents
(see Chapter 6 and � Fig. 20.1 ).

Like Chapter 16, th is chapter  focuses on  principles. Therefore,
a  knowledge  of h istorical  techniques  and  applications  is  rele-
vant. They are  presented  here  for  illustrative  purposes. The  in-
tent  is not  to encourage their  use, but  to use  the  m echanics in-
volved in  their application  as a tool for learning.

Solid  ar throdesis is, relatively speaking, di cult  to achieve in
the  cran iocervical  region. This  is  prim arily  related  to  two  fac-
tors:  (1)  the  m ultiple  m otion  orientations  that  m ust  be  re-
stricted by the im plant and (2) the geom etry and characteristics
of the ligam entous soft  t issue  and  bone in  th is region.5 Flexion,
extension, and  rotation  (about  the  long  axis  of the  spine)  are
extensive  in  the  upper  cervical spine  (� Table  20.1). Sim ply re-
strict ing  flexion  and  extension  m ay  not  be  enough.  Rotation
m ay  interfere  w ith  the  fusion  process  enough  to  render  it

Fig. 20.1  The mechanism  of injury (orientation of injury force  vector) partly dictates the type of injury incurred. (A–H) Sagit tal plane injuries. (E, I, J)
Coronal plane  injuries.
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unsuccessful. For example, dorsal C1–C2 w ire fixation  strategies
can  resist  flexion  and  extension  relatively e ect ively. However,
they resist  rotation  and  t ranslation  poorly (� Fig. 20.2a–c). This
m ay  result  in  failure  of arthrodesis. In  addition , rotation  m ay
adversely a ect  rates of cran iocervical arthrodesis. Both  m ay be

aided  by the  use  of transar t icular  screws, w hich  resists  C1–C2
rotat ion  very  e ectively  (� Fig. 20.2d). The  flexion  and  exten-
sion  resistance  of translational screws is enhanced  by the  addi-
tion  of a w ire fixation  component (� Fig. 20.2e, f).

The  geom etry  and  characteristics  of the  native  bone  of the
craniocervical region  im pose additional challenges, part icularly
in  patien ts  w ith  congenital and  genetic disorders.6,7 Bone  graft
recipien t  beds are often  separated significantly (e.g., occiput–C1
and  C1–C2). These  gaps create  significant  barriers  to  arthrode-
sis.  The  compact  (cort ical)  nature  of  the  bone  of  the  occiput
(m em branous  bone)  also  m akes  early  un ion ,  and  therefore
ult im ate  ar th rodesis, less  likely  (� Fig. 20.3). An  appreciat ion
of the  size  and  caliber  of im plan t  anchor  sites  of a xat ion  is
crit ical, par t icularly  w hen  screw  fixation  is  being  considered
in  ch ildren .8

Finally, the  in tegrity of a  dorsal fusion  is  threatened  by flex-
ion  m om ents. These place bone grafts under  tension  and  create
gaps  betw een  fusion  beds  and  bone  graft .  Older  techniques
(� Fig. 20.4) are particularly prone to th is.

Table 20.1  Movements allowed in the craniocervical region

Joint  Motion  Range of motion (degrees)

Occiput–C1  Combined  flexion and
extension

25

Lateral bending  (unilateral)  5

Axial rotation (unilateral)  5

C1–C2  Combined  flexion  and
extension

20

Lateral bending  (unilateral)  5

Axial rotation  40

Fig. 20.2  (A, B) Dorsal C1–C2 wire fixation strategies resist  rotation and translation poorly. (C) However, they resist  flexion well. In addition, extension
is resisted if a dorsal bone graft (spacer) is included in the construct. (D) Pars interarticularis screws act  as a cantilever and resist rotation relatively well.
(E) Pars interarticularis screws may be  augmented  by C1–C2 wire  fixation. This adds to the  flexion and  extension  resistance. Such a  construct  is
depicted  in  (F).
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20.1  Surgical St rategies: Overview
In  general, the  optim al arthrodesis  uses  both  cort ical and  can-
cellous bone. The  cort ical bone  provides early structural in teg-
rity. This is m ost  im portant  w ith  respect  to ventral load-bearing
fusion. The cancellous bone prom otes early fusion  by increasing
the contact surface area and by facilitating early vascularization.
Early structural in tegrity m ay be im portant  w ith  regard  to dor-
sal fusions, so that  the  cort ical portion  of the bone graft  is clin-
ically significant  (� Fig. 20.5). A spinal im plant  can  provide  the
early  stability  that  the  cort ical  port ions  of bone  grafts  would
norm ally provide, thus  m aking the  cort ical portion  less  neces-
sary. In  th is  latter  situation, in  w hich  the  implant  provides the
initial  structural  in tegrity,  m orselized  bone  m ay  be  adequate
and in  fact  m ay be optim al (� Fig. 20.6).

According  to  Wol ’s  law  and  its  corollaries, bone  heals  best
under  compression. Com pression  creates  a  negative  charge  on
the  surface  of bone, w hich  is  conducive  to  healing  via  the  sti-
m ulation  of osteoblast act ivity. Therefore, compression between
healing  bone  segm ents  should  be  sought  w hen  possible. This
can  be  achieved  via the  lag screw  e ect , such  as that  em ployed
w ith  odontoid  screw  fixation  (� Fig.  20.7),  or  via  axial  load
bearing  and  compression  of the  bony fusion  w ith  the  applica-
tion  of  compressive  loads—for  example,  dorsal  cran iocervical
constructs  in  a  compression  (tension-band  fixation)  m ode
(� Fig. 20.8).

Care  m ust  be taken  to perform  the  individual steps of a com -
plex operation  in  the  appropriate  order. For  example, if C1–C2
transar t icular  screws  are  placed  before  a  dorsal  C1–C2  w ire
tightening, the dorsal bone graft  m ay in itially be placed in  com -
pression . However, as the w ires relax or  “cut” in to bone, the rig-
id  nature  of  the  transar t icular  screws  and  their  fixation  m ay

cause the C1 and C2 lam inae to resum e their prew ired (relaxed)
position . This can  result  in  tension  and the form ation  of a gap at
the  dorsal bone  graft  site, w hich  in  turn  m ay result  in  a  failed
arthrodesis (� Fig. 20.9).

Craniocervical surgery is not  w ithout  complications, part icu-
larly  in  the  aged  and  the  otherw ise  m edically  comprom ised.
Therefore, nonoperative  strategies  should  always  be  carefully
considered  during the  decision-m aking process.9–11 Som e com -
plications  are  not  im m ediately  obvious. For  example, subaxial
cervical  alignm ent  and  spinal  balance  can  be  a ected  by
the  C1–C2 fixat ion  angle.12,13 A hyperlordotic or  hyperkyphot ic
C1–C2  fixat ion  angle  results  in  a  relative  subaxial kyphosis  or
hyperlordosis,  respect ively  (� Fig.  20.10).  Such  alignm ent

Fig. 20.3  The  consistency of the  bone  of the  occiput  is strikingly
different  from  that  of the  upper cervical laminae  and  spinous
processes, particularly with  regard  to the  cortical-to-cancellous ratio,
as depicted.

Fig. 20.4  (A) Dorsal occipitocervical constructs are  hampered  by (B)
flexion. (B) Note  the  space  created  between the  bone  graft  and  the
occiput. This is particularly so  when less rigid  implants are  employed,
as depicted  here.
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derangem ents  can  result  in  degenerat ive  changes, as  well.13 Of
note, Mukai et  al observed  no  consistent  relat ionship  betw een
C1–C2 fixation  angle and subaxial spine deform ation in  patients
w ith  rheum atoid  arthritis.14 Such  biom echanical factors, never-
theless, should  be taken  in to considerat ion  in  the  planning and
perform ance of such operations.

The correction  of upper cervical and skull base deform ity and
other  aggressive  pathologies (e.g., neoplasm ) can  be  addressed
w ith  a variety of strategies. Most, but  not  all, involve fixat ion  to
the occiput.15–17 Goel has m anaged such  deform it ies w ith  an  at-
lan toaxial  join t  dist ract ion  technique.18 The  biom echanics  of
th is technique have been  studied and are favorable.19

Surgical strategies, from  a  biom echanical perspective, can  be
studied  in  the  laboratory. A comparison  of techniques  is  thus
m ade possible.11,20–28

Fig. 20.7  The  lag  screw effect  causes compression between healing
bone  segments, as depicted.

Fig. 20.5  The  early structural integrity of upper and  occipital fusions
may be  imparted  by the  bone  graft. The  cortical portion of the  bone
graft  contributes a substantial portion  of the  initial integrity, as
depicted  by a  (A) line  drawing  and  (B) radiograph in  this prior-
generation  surgical construct.

Fig. 20.6  A spinal implant  may provide  the  early stability that  the
cortical bone of a dorsal bone graft might initially provide, thus making
the  cortical portion of the  bone  graft  less necessary, as depicted  by a
line  drawing  (A) and  a  radiograph  (B) in  this prior-generation  surgical
construct.
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20.2  Ventral Const ructs
Ventral  craniocervical  and  upper  cervical  constructs  include
odontoid  screw  fixation, ventral  short  fusion  strategies, plate
fixation,  and  t ransar ticular  screw  fixation .  Ventral  surgical
strategies  are  complicated  by  location  because  oral  or  h igh

Fig. 20.8  Compression may be achieved with the lag screw effect  (see
Fig. 20.7) or with  axial load  bearing, which may be  enhanced  by
applying  tension-band  fixation  forces, as depicted  in  this prior-
generation  surgical construct.

Fig. 20.9  The  order of placement  with  regard  to  C1–C2 wire  and
transarticular screw fixation is important. For example, (A) if trans-
articular screws are  placed  first  and  (B) a  C1–C2 dorsal tension-band
force  is then  applied, the  tension-band  forces are  resisted  by the
cantilever effect  of the  transarticular screws. This places the  hyper-
extended  C1–C2 motion segment  and  the  wires under tension. Once
the  wire–bone interface relaxes, some of the tension-band  effect  may
be  lost, resulting  in  a  separation  at  the  junction of the  dorsal bone
graft/lamina  and  the  spinous process. (Arrow, C) Note  the  gap. This
may result  in a nonunion of the dorsal bone graft. A case in which this
occurred, with ventral fusion nevertheless acquired, is depicted.
(Arrow, D) Note  the  gap. The  placement  of an  oversized  graft  would
minimize  the  risk for this complication.

Fig. 20.10  The effect  of a C1–C2 fixation angle on subaxial spinal alignment. (A) Preoperative subaxial alignment  can be altered by placing the C1–C2
joint  in  hyperlordosis. Note  the  loss of subaxial lordosis in  (B). (C) The  converse  also  can occur.12
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extrapharyngeal surgical approaches are  required  to access the
pathology. Although  there  is  an  obvious  advantage  to  decom -
pression  and  stabilization  through  the  sam e  approach, biom e-
chanical  and  anatom ical  restrict ions  often  lim it  the  ut ility  of
such a strategy (� Fig. 20.11).

20.2.1  Odontoid Screw  Fixat ion
Odontoid  screw  fixation  is  a  viable  m eans  of m anaging  acute
type II odontoid  (dens) fractures (of Anderson  and  D’Alonzo). It
is  by far  the  m ost  com m on  and  popular  ventral craniocervical
and  upper  cervical spine  stabilizat ion  technique.29 It  takes  ad-
vantage of the lag screw  e ect, w hich  can  be  achieved  by over-
drilling the proxim al bone fragm ent  (C2 body) and  using a fully
threaded screw, or by using a lag screw  (� Fig. 20.12). Com pres-
sion  of  the  separated  dens  in to  the  C2  body  can  thus  be
achieved. Care m ust  be taken  to avoid  three situations w ith  th is
technique:  (1)  Old  fractures  in  w hich  a  fibrous  nonunion  has
developed  are  associated  w ith  suboptim al arthrodesis rates; (2)
diagonal  fractures  predispose  to  angulation  and  translation  of
the  bone  fragm ents  during  com pression  (� Fig.  20.13);  and
(3)  sign ifican t ly com m inuted  fractures  do  not  allow  a  proper
com pression  e ect .  Their  com m inuted  nature,  com bined
w ith  m otion ,  increases  the  incidence  of  ar th rodesis  failure
(� Fig. 20.14).

Fig. 20.12  A lag  effect  can  be  achieved  (A, B) by using  a  partially
threaded screw (lag screw) or (C) by overdrilling the proximal bone and
using  a  fully threaded  screw, as depicted.

Fig. 20.11  Ventral fixation in  the  upper cervical region  poses signifi-
cant  challenges to the surgeon. These include (A) the risk for infection
with  transoral approaches, (A, B) the  suboptimal trajectory with
transoral and  extrapharyngeal approaches, (C) the  juxtaposition  of
vascular and neural structures, and (D) the adequacy of bone in which
to  place  screws.

Fig. 20.13  Diagonal C2 fractures (slanted  caudally in  a dorsal to  ventral direction) are  predisposed  to  angulation  and  translation  if compression is
applied  via the  lag  effect  with  odontoid  screw fixation.
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Fig. 20.16  It  is difficult  to  place  two screws in  a precisely appropriate
position. An appropriate placement of the first  screw may necessitate a
less than optimal placement  of the  second  screw, as depicted.

Fig. 20.15  Two screws placed  in a parallel manner for odontoid  screw
fixation provide lit tle  biomechanical advantage  for rotation resistance.
This is so  because  of the  short  moment  arm  that  is applied  (d), as
depicted.

Fig. 20.14  In  comminuted  fractures of the  dens
or rostral C2 body, significant  compression forces
cannot be applied to the solid components of the
bone  fragments because  they are  displaced
rather than compressed, as depicted.

Fig. 20.17  Occipitocervical stresses present  significant  obstacles to a  ventral upper cervical-to-occiput  arthrodesis (dashed structure). They are
relatively ineffective  at  (A) resisting  rotation, (B) flexion and  extension, and  (C) translation.
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There  is  controversy  over  the  vir tues  of  using  one  or  two
screws for  odontoid  screw  fixation .30 Proponents  of using two
screws  cite  a  rotat ion-lim iting  e ect  that  the  m om ent  arm
created  by the two screws provides. There are several problem s
associated  w ith  th is  rationale  for  the  use  of two  screws. First ,
rotat ion  of the  dens on  the body of C2 is likely of m inim al con-
cern  in  m ost  clin ical situations. The irregular  surfaces of contact
lim it  rotation  via compression  created  by the lag e ect . Second,
the  two  screws  m ust  be  placed  close  together.  Any  e ect  to

prevent  rotat ion  is  created  by  the  bending  m om ent  related  to
the  two screws. This, in  turn , is  related  to the  applied  m om ent
arm , w hich  depends  on  the  separation  of (distance  betw een)
the screws. Because the screws are juxtaposed, th is e ect  is es-
sentially n il (� Fig. 20.15). Third, the use of two screws potent i-
ates  a  less  than  optim al  placem ent  for  one  or  both  screws
(� Fig. 20.16)  and  also  results  in  the  im plant  occupying  tw ice
the  volum e  of  bone, thus  further  decreasing  fusion  potential
and  ultim ate  construct  strength . This is particularly true  as the
screws becom e fatigued follow ing repetitive loading (cycling).

20.2.2  Ventral St rut  Fusion Strategies
Ventral  craniocervical  and  upper  cervical  in terbody  and  strut
graft ing  present  unique  advantages  and  disadvantages.31 The
advantages  are  obvious.  The  opportunity  to  decom press  and
fuse  and/or  apply an  implant  through  a  single  approach  is very
appealing. The m ain  disadvantage, however, is that  th is is rarely
feasible. Problem s  w ith  infect ion  and  the  logistics  of  surgery
are also m ajor draw backs.

From  a  biom echanical  perspect ive, ventral  struts  are  associ-
ated  w ith  significant  obstacles in  the craniocervical region. They
are  very ine ect ive  at  resisting rotat ion  (� Fig. 20.17a), flexion–
extension  (� Fig. 20.17b), and  translation  (� Fig. 20.17c). They
interface  w ith  bone  of w idely disparate  densities and  m oduli of
elasticit ies.  The  relatively  soft  bone  of  the  vertebral  bodies  of

Fig. 20.18  Ventral upper cervical instrumentation  options. (A) A
rudimentary construct  is depicted. Modern  techniques provide  more
viable  options. These  include  (B) the  Harms plate, (C) the  subarticular
atlantoaxial plate  (SAAP), (D) the  transpedicular atlantoaxial plate
(TAAP), and (E) the subarticular atlantoaxial locking plate (SAALP). The
SAALP has been shown to be biomechanically superior to the others.11

(F) A C1–C2 transarticular screw fixation is also  a  viable  option.

Fig. 20.19  (A) Wires and  cables can  “cheese  cut” through bone. (B)
This is related  in  part  to  their relatively small surface  area of contact
with  bone, which can effectively be  doubled  if parallel wires or cables
are  used. (C) If the  wires are  crossed  at  their point  of contact  with
bone, the  effect  is diminished.

Craniocervical and Upper Cervical Constructs

237



the  axis and  subaxial cervical spine  contrasts  significantly w ith
the  relatively hard  bone of the  clivus. Therefore, the select ion  of
a  bone  graft  strut  is complex. Should  a  relatively soft  tricortical
iliac crest, w hich  has approxim ately the  sam e  density and  cort-
ical-to-cancellous  ratio  as  the  axis  and  subaxial  vertebral
bodies, be  used, or  should  a  fibula, w hich  m ore  closely approx-
im ates  the  density  of  the  clivus,  be  used?  Other  issues  that

Fig. 20.20  Occipital wire fixation by means of a cable  must  be carefully
conceived. It is imperative to consider the angle of exposure of the wire to
the bone. (A, B) A significant  angle of exposure greatly enhances the
extent  of “cheese cutting” and so wire loosening at  the wire–bone–rod
interface, as depicted. (C) Alesser angle of exposure minimizes this effect.

Fig. 20.21  Spinous process wire  fixation  can result  in  spinal canal
compromise if the wire  is placed too far ventrally, so that  it  enters the
spinal canal, as depicted.

Fig. 20.22  (A) Care must  be taken not  to allow gaps to occur between
the  rod  and  the  lamina or spinous process. This can be  achieved  by
carefully contouring  the  rods so  that  they sit  precisely on  the  lamina
when the  wire  or cable  is tightened. (B) The  optimal location is the
trough between  the  spinous process and  the  lamina. These  principles
may apply to  current-generation  surgical constructs, as well.

Fig. 20.23  (A–C) Rotation prevention is relatively limited with wire and
cable  short-segment  sublaminar occipitocervical fixation, as depicted.
Current-generation surgical constructs, which are more rigid, minimize
this risk.

Fig. 20.24  Although sublaminar hook fixation  provides a  greater
surface  area of contact  and  so  a  better fixation  potential, spinal canal
encroachment  and  neural impingement  are  of concern, as depicted.
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m ust  be  addressed  include  the  follow ing:  (1) the  extent  of dor-
sal  elem ent  integrity  and  its  ability  to  resist  excessive  m otion,
such  as  translation;  (2)  the  risk  for  dorsal graft  m igration  w ith
neural elem ent  im pingem ent; and  (3) infect ion.

20.2.3  Vent ral Plate  Fixat ion
A num ber  of  ventral  upper  cervical  plating  techniques  have
been  devised.  A  rudim entary  technique  is  portrayed  in
� Fig. 20.18a. Such  techniques are  complicated  by two predom -
inant  clin ical  factors:  (1)  the  relatively  weak  screw  fixation
points and  (2) the risk for  infect ion  secondary to t ransoral con-
tam ination. The  form er  have  been  addressed  w ith  a  variety of
strategies  (� Fig.  20.18b–e).  Each  provides  advantages  and
disadvantages  from  a  biom echanical  perspective.11 The  subar-
ticular  atlantoaxial locking plate  (SAALP) appears to provide  an
optim al  biom echanical  advantage.11 However,  the  relatively
weak screw  fixation  and  risks for  contam ination  and  infect ion
lim it  its  use.32 Of fur ther  note  in  th is  regard  is  that  t ransoral
upper  cervical plate  fixation  is  less  stable  than  com bined  ven-
tral and  dorsal reconstruct ion  procedures. This lim its its use  as
a “free-standing” stabilization  strategy.33,34

C1–C2  ven tral  cervical  p lates  d ictate  the  screw  en tr y
poin t , w h ich  m ay provide  subopt im al fixat ion . Hence, a  solid
know ledge  of the  anatom ical relat ionsh ips  between  the  fixa-

tor  and  the  in t rin sic spine  anatom y on  a  case-by case  basis  is
essen t ial. Th is has been  corroborated  by anatom ical data.35

20.2.4  Ventral Transart icular Screw
Fixat ion
Ventral transarticular  screw  fixation  strategies (� Fig. 20.18f) are
lim ited  predominantly  by  the  risk  associated  with  screw  viola-
tion  of adjacent  vascular  and  neural  structures, as  well  as  the
risk for infect ion. Their  use, therefore, is significantly restricted.36

20.3  Dorsal Const ructs
Dorsal cran iocervical and  upper  cervical constructs include  oc-
cipitocervical fixation, C1–C2  fixation, and  m ore  caudal exten-
sions of both . Wires, screws, clam ps, and  hooks m ay be used  to
anchor to bone.

Dorsal craniocervical and  upper  cervical constructs, in  gener-
al, pose  fewer  problem s  and  are  associated  w ith  fewer  or  less
significant  complications than  their  ventral counterparts.37 They
provide  m uch  greater  stabilization  potential,38 as  well, particu-
larly if three  points of fixation  are  used.39 Because the strategies
used  w ith  dorsal techniques are  very di erent  from  those  used
ventrally, and  because  dorsal strategies  are  m uch  m ore  fam iliar
to spine  surgeons, a di erent  approach  to their  description  than
that  used  for  the  ventral  approaches  is  undertaken  here. Fixa-
tion  strategies and  length  of construct  considerations are specif-
ically  addressed.  Wire,  cable,  hook,  clamp,  screw,  and  button
fixation  are  addressed  separately, as is length  of fixation.

20.3.1  Wire and Cable Fixat ion
Wire  and  cable  fixation  to  the  occipital bone, laminae, and  spi-
nous  processes  is  a  “tried  and  true” method  of bone  anchoring.
In  general, cables  are  stronger  and  more  resistant  to  notching
and fatigue failure than wires. Stainless steel is stronger than  tita-
nium. Polyethylene cables have as much tensile strength  as stain-
less  steel cables  but  are  much  more  susceptible  to  stretching or
creep.40 Some  surgical  techniques  are  better  than  others. Obvi-
ously, these are, at  least  in  part, dictated  by circumstance. For ex-
ample, the  Gallie  technique  is relatively poor  at  rotation, flexion,
extension,  and  lateral  bending  resistance,  compared  with  the
Brooks technique, clamps, and transarticular screw  fixation.41

Wires and  cables tend  to loosen  via  “cheese  cutt ing” through
bone. Significan t  complications  can  subsequently  arise.42 This
e ect  is  due  predom inantly to the  relatively sm all surface  area
of contact  between  the  bone  and  the  w ire  or  cable, w hich  can
be  increased  by using parallel double  w ires or  cables. Crossing
or  overlapping the  w ires  negates  the  double-w ire  surface  area
of contact  strategy (� Fig. 20.19). Care m ust  be taken  to prepare
occipital  bone  sites  m eticulously  so  that  a  perpendicular  (or
lesser) angle of exposure to bone is achieved. A greater  angle of
exposure  enhances  the  chances and  exten t  of “cheese  cut ting”
and so loosening (� Fig. 20.20).

Spinous process w iring is not  as strong as, but  possibly safer
than , sublam inar  w iring. However, care  m ust  be  taken  to  pre-
vent  w ire passage through the canal (� Fig. 20.21).

Gaps  betw een  a  rod  and  bone  are  not  desirable. Therefore,
careful  rod  or  plate  contouring  is  strongly  recom m ended.

Fig. 20.25  (A) Clamps for upper cervical fixation, which  have  a large
surface area of contact, are more effective for rotation prevention than
less rigid  implants, (B) which  have  a smaller surface  area of contact
with  bone. The  principles applied  are  relevant  to  more  rigid  current-
generation  constructs, as well.
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Ideally, rods for  sublam inar  w ire or cable  attachm ent  should  be
placed in  the t rough lateral to exist ing spinous processes so that
gaps  betw een  the  lam inae  and  rods  are  elim inated  bilaterally
(� Fig. 20.22). Cables  significantly  increase  sti ness.43 In  addi-
tion , cables  encroach  less  on  the  spinal canal than  w ire  during
insertion.43,44 Rotation  and  translation  prevention , par ticularly
w ith  short  (e.g., occiput–C2) constructs, is lim ited (� Fig. 20.23).
Nevertheless, cabling techniques m ay be  useful for  occipitocer-
vical fixation .45

Wire  m ay  also  be  used  for  fixat ion  w ith  polym ethylm etha-
crylate. This increases the failure load.46

20.3.2  Hook Fixat ion
Hook  fixat ion  provides  the  advan tage  of  a  greater  surface
area  of con tact  (com pared  w ith  w ire  or  cable). Th is  increases
pullout  resistance  and  therefore  im plan t–bone  in terface  in -
tegrit y. Dural and  neural im pingem ent , because  of suboccip i-
tal  or  sublam inar  (in tracanalicu lar)  m etal  volum e,  is  obvi-

ously  a  concern  regarding  neural  elem ent  encroachm ent
(� Fig. 20.24).

20.3.3  Clam p Fixat ion
Clam p fixation  is m ost  com m only used  for upper cervical appli-
cations  (e.g., C1–C2). Rigid  clamps  w ith  w ider  surface  areas  of
contact  provide  greater  rotat ion  prevention  than  that  of  less
rigid  im plants w ith  less surface  area of contact  and  exposure to
bone. Both, however, are far superior  to w ire or cable in  th is re-
gard (� Fig. 20.25).

20.3.4  Screw  Fixat ion
Screws  provide  optim al  anchorage  in  the  occiput  and  dorsal
upper  cervical  spine.  The  possible  sites  of  screw  a xation
include  the  occiput, C1  lateral  m ass, and  C2  pedicle  and  pars
interart icularis, as  well as  the  C1–C2  transar t icular, C2  crossed
translam inar, and C2 and subaxial facets.

Fig. 20.26  (A) Midline  occipital screw fixation  provides solid  fixation but  less than optimal rotation prevention. Because  a single  implant  is used, a
precise  fit  to lateral cervical spine fixation points may not  be  possible. Rotation limitation is also suboptimal (curved arrow). This can be enhanced by
using the lateral occipital projections from the midline points of screw fixation, as is now frequently done. (Rods; (B, C) This provides rotational stability
and lateral points of fixation for the longitudinal members. (B) The lateral extent  of the  plate  provides a site  for rod at tachment. (C) It  also provides
lateral points of stabilizing  contact, as seen  in  a  tangential view. (D, E) Lateral and  anteroposterior radiographs illustrate  this point. (F) An axial
computed  tomographic scan that  includes the  occiput  can be  helpful for determining  the  location  of midline  keel screw placement  and  length  of
screws. (G) If a craniectomy is present, the medullary portion of the occipital bone itself can provide a purchase site for screw fixation. Bone fusion can
be  subsequently accomplished.
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Occipital Bone Screw  Fixat ion
Midline  (m uch  m ore  so  than  lateral)  occipital  screw  fixation
provides  significant  im plant–bone  interface  in tegrity.38,47,48

With  m idline  occipital  fixation,  however,  a  dim inished  resist-
ance  to  rotat ion  of the  im plant  is  observed  (� Fig. 20.26a). This
requires a balancing of lateral contact  surfaces w ith  the  m idline
points of fixation  (� Fig. 20.26b–e). Via use  of the  now  available

robust  fixation  sites, significant  reduct ion  of deform ity is  m ade
possible.  This  is  particularly  relevant  regarding  the  decision-
m aking process and  surgical intervention  in  patients w ith  basi-
lar  invagination  and  related  deform ities.18,49 An  in-depth  under-
standing of anatomy is im perative  if one  expects to achieve  op-
t im al fixation.18,23,50–54 This includes ligam entous anatomy.55,56

An  appreciation  of the  case-specific anatomy of the  occipital
bone  (keel)  can  provide  substan tial  in traoperative  “guidance.”
The  “m idline” keel is best  characterized  by computed  tom ogra-
phy (CT). The  “m idline” or  “o -m idline” keel (as preoperatively
identified  by  CT)  is  w here  the  screws  should  optim ally  be
placed  because  of  the  relative  robust  nature  of  th is  site  for
screw  purchase (� Fig. 20.26f).

Finally, prior  occipital region  surgery, or surgery for  tum or or
Chiari  m alform ation,  m ay  obligate  occiptocervical  fusion.
Standard  lateral  occipital  fixation  points  m ay  be  unavailable.
Nishikawa et  al have  presented  a  strategy to deal w ith  such  si-
tuations, including fusion  over a craniectomy site (� Fig. 20.26f,
g).57 As an  aside, the occipital bone can  be a source of bone graft
for  such  applications. This  m ay  be  particularly  relevant  in  the
pediatric population .58

Patients  w ith  type  III occipital condyle  fracture  and  selected
patients  w ith  unstable  rheum atoid  involvem ent  of the  cranio-
cervical  junct ion  and  occiptoatlantal  dislocation  m ay  require
occipitocervical screw  fixation w ith  fusion.4,59,60 Fusion  and sta-
bilization , however, are  not  un iversally m andatory.55 However,
neurologic complications m ay ensue w ith  or w ithout surgery.62

C1 Lateral Mass Fixat ion
C1  lateral  m ass  fixat ion ,  originally  described  by  Magerl  and
Seem an,63 provides  solid  fixation  to  C1.  Although  som ew hat
technically  challenging, it  is  generally  safe  and  provides  solid
fixation.

The  technical  aspects  involve  determ ination  of  the  entry
point  and  trajectory64,65 and  m eticulous  attention  to  detail
(� Fig. 20.27). The working area for dorsal C1 lateral m ass screw
placem ent, as related  to safe  zones and  angles of approach , has
been  analyzed.66 In  order  to  optim ize  screw  placem ent,  the
working area  m ay need  to  be  expanded  by  drilling  the  caudal
insertion  of the dorsal arch  of C1.66

Occipital Condyle  Screw  Fixat ion
Grob  has described  a  dorsal transar t icular  screw  fixat ion  tech-
n ique  for  atlanto-occipital  dislocation.67 Other  strategies  have
been  also been  devised,68 including polyaxial condyle screw  fix-
ation .69 Such  strategies are very technically challenging. If these
endeavors  are  to  be  undertaken, an  in-depth  understanding of
the anatomy is essential.70 Regardless, the techniques should  be
em ployed  only by those  well versed  in  the  anatom ical nuances
of the region. They are therefore m entioned  here for  the sake of
completeness.

C2 Pedicle and Pars Interart icularis Screw
Fixat ion
A di eren tiation  of the pedicle  and  pars in terart icularis of C2 is
worthy  of note  (see  Chapter  6.71 Ram persaud  and  Foley  eval-
uated  the anatom ical di erences and  the im plicat ions for  screw

Fig. 20.27  (A) Axial view and  (B) lateral view of the  C1 lateral mass
screw fixation  technique. Preoperative  axial computed  tomographic
(CT) cuts can be  very illuminating  regarding  definition of the  relevant
vascular anatomy and the potential need for altering the starting point
and  trajectory. (C) CT scan  depicting  normal anatomy and  normal
relationship  between the  lateral mass of C1 and  the  vertebral artery.
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placem ent. Pedicle screws do not  have a significant  biom echan-
ical  advantage  over  pars  in terart icularis  screws. A 15-  to  16-
m m  pars screw  w ill alm ost  un iversally fall shor t  of the  ver te-
bral  ar tery,  w hereas  a  9-  to  10-m m  pedicle  screw  w ill  fall
shor t .72,73 The  C2  pedicle  is,  in  general,  m ore  forgiving  that
the  pars  in terart icu laris.74 Th is  is  not  to  say,  however,  that
the  pedicle  is  a  un iversally  safe  site  for  screw  fixat ion—it  is
not .  Never theless,  C2  pedicle  screw  fixat ion  is  enhanced  by
an  appreciat ion  of anatom y, w hich  is  m andatory  in  order  to
m in im ize  risk  for  vascular  injury and  augm en t  the  chance  of
solid  fixat ion .71,75,76 C2 pedicle  screw  and  pars in terart icu laris
fixat ion  anchors  can  be  com bined  w ith  a  variety of adjacen t-
segm en t  fixat ion  options.77–79

C1–C2 Transart icular Screw  Fixat ion
Transart icular  screw  fixation  is associated w ith  significan t  rota-
tion  and  translation  resistance  at  the  C1–C2  m otion  segm ent.
This  is  useful  in  a  variety  of situations, including  traum a  and

rheum atoid  arthrit is,80–83 but  it  is not  w ithout  risk.82,84 Various
strategies  have  been  developed  to  reduce  th is  risk.85,86 One
m ust  rem em ber,  however,  that  str ict  attention  to  anatom ical
detail  provides  optim al  results  w ith  transar ticular  screw
fixation  if the anatomy is not deranged by pathology. Transgres-
sion  of the vertebral artery groove and vertebral artery can  oth-
erw ise  result  (� Fig.  20.28a–d).  Transar ticular  screw  fixation
provides  a  better  resistance  to  all  m otion  compared  w ith  all
other C1–C2 fixation  techniques.41,87

The safety of C1–C2 transar t icular  screw  fixation  is enhanced
by  using  strategies  that  avoid  the  vertebral  ar tery.10,88–90 A
knowledge  of anatomy and  geom etry can  assist  w ith  th is  (see
� Fig. 20.28). Safety com es first  in  th is dom ain . In  both  the adult
and  pediatric  populations  of  patients  being  considered  for
upper cervical spine stabilization procedures, careful pat ient se-
lect ion  and  m eticulous preoperative planning are of param ount
im portance.91 Optim al  room  (� Fig.  20.28e)  and  suboptim al
(� Fig. 20.28f) room  for  pars  in terart icularis  screw  passage  are
depicted. There  is  sim ply less  room  for  screw  passage  through

Fig. 20.28  The  C2 pedicle  provides a  relatively safe  site  for C2 screw fixation. An appreciation of its anatomy is critical. (A) An axial view of the  C2
pedicle  illustrates the anatomy. (B) The safety of C1–C2 transarticular screw fixation can be augmented by aligning three points in the sagit tal plane
(dots): (1) the  insertion  site, (2) the  dorsal–rostral aspect  of the  C2 facet, and  (3) the  upper one-third  of the  ventral C1 arch. (C) However, if these
points are  not  linear (in line), the first  two points (screw trajectory) instead of the  first  and third  points (dashed line) should  be  used. (D) This avoids
infringement  of the vertebral artery foramen by the screw (screw trajectory), which will not occur if the first  two points have been used (dashed line).
The surgeon should also keep in mind that  the vertebral artery foramen is usually more laterally than medially situated. Therefore, a relatively medial
trajectory is generally safer. (E, F) Parasagittal computed tomographic cuts demonstrate  the  vertebral artery groove  anatomy and  its relationship  to
the  proposed  screw trajectory, with  more  than adequate  room  for pars interarticularis screw insertion (E) and  suboptimal room  for insertion  (F).
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Fig. 20.29  (A) A depiction of the  crossed translaminar screw fixation technique for C2 fixation in the axial plane. (B) The screw entry points must  be
staggered in the  rostral–caudal plane  so that  the  first  screw will not  obstruct  the  passage  of the  second screw. (C) An axial computed tomographic
scan demonstrating  the  crossed  translaminar screw fixation  technique, with  one  screw “in  plane” and  the  other not  because  of the  rostral–caudal
staggering of entry points illustrated in (B). (D) A modification of the  crossed translaminar screw fixation technique, with use of a steeper trajectory
and  shorter screws, has been  described.97 (E, F) A lateral and  an anteroposterior radiograph  of a  crossed  translaminar screw construct. Note  the
asymmetry of the screws and the screw head–rod relationships. (G) The crossed translaminar screw fixation technique can also be applied to C1. First,
the  dorsal midline  cortex of the  C1 lamina is removed. (H) Then, the  polyaxial screws are  inserted.101
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the  pars  in  Fig. 20.28e  than  in  Fig. 20.28f. Other  m odifications
of technique, w ith  regard to safety, have been  em ployed.92

Transarticular atlantoaxial screw  passage presents a reasonable
clinical option. Gluf et  al, in  a  review  of a  large  series of patients
undergoing  atlantoaxial  transarticular  screw  fixation,  observed
that  such  a  strategy is  highly e ect ive  in  achieving fusion. They
also observed  that  the  complication  rate  is low  when  the  techni-
que is performed by surgeons well versed in  its use.93 Other com-
bination  techniques are  also  amenable  to  enhancement  by C1–2
transarticular  screw  fixation.94 C1  lateral  mass  and  C2  pedicle
screw  fixation  provides a  relatively safe  alternative  to transartic-
ular  screw  fixation  and  can  be  applied  to  a  broader  spectrum  of
patients.74 Finally, the  consideration  of bicort ical versus unicorti-
cal purchase is worthy of consideration. Although  there is a slight
advantage with  bicort ical screw  fixation, it  may not be significant
in  patients  w ith  good  bone  quality.95 Partial  versus  sequential
fixation  seems to matter lit tle,96 downplaying the  need  for  inter-
mediate points of fixation  in  the subaxial spine.

Transart icular  screw  fixation  provide  superior  fixation  m e-
chanics  and  clin ical  results  in  comparison  w ith  other  strat-
egies.21,24,25,97–99

C2 Translam inar Screw  Fixat ion
Crossed  t ranslam inar  C2  screw  fixation  techniques  provide
sound  and  relatively safe  sites  of fixation  to  the  upper  cervical
spine (� Fig. 20.29a–c). Modifications have also been  described,
including  pediatric  applications  (� Fig.  20.29d).93,100–103

Although  som ew hat  technically challenging from  the  perspec-
tive  of  longitudinal  m em ber  connect ion ,  the  utilit y  of  these
techniques  should  not  be  underest im ated.  They  provide  a
substantial  t riangulation  e ect ,  the  ability  to  em ploy  long
screws (28 to 32 m m ), an  elem ent  of safety not  associated  w ith
pedicle and pars in terart icularis approaches, and  the absence of
a  need  for  im age  assistance  or  guidance  during  insertion  (in-
serted  under  direct  vision  and  palpation). On  anteroposterior
and  lateral radiographic im ages, though, the  hardware  appears
asym m etrical  and  som ew hat  nonconvent ional. As  w ith  m any
spine  operat ions, the  surgeon  m ust  “take  w hat  the  anatomy of
the  pat ient  allow s.” In  other  words, the  surgeon  m ust  use  the
bony anatom ical structures as they lie for  optim al fixation. This
m ay  not  always  result  in  a  pleasing  and  sym m etrical  im age
(� Fig. 20.29e, f).

Translam inar fixation  can  also be applied  to levels other  than
C2. A technique for C1 t ranslam inar screw  fixation  has been  de-
scribed (� Fig. 20.29g, h).104

C2 and Subaxial Lateral Mass Screw  Fixat ion
One  m ust  be  leery  of lateral m ass  fixat ion  poin ts  w hen  they
are  used  w ith  occipitocervical  fixat ion , par t icu larly  in  osteo-
porot ic  bone.  Long  applied  m om en t  arm s  and  substan tial
loads  place  sign ifican t  st ress  on  these  screw –bone  in terfaces.
Hence,  a  st rategy  that  includes  a  long  im plan t  and  pedicle
fixat ion  m ay provide superior  construct  in tegrit y, w hen  feasi-
ble. If shor ter  constructs  are  ind icated , the  elim inat ion  of C1–
C2 rotat ion  via  C1–C2 transar t icular  screws or  C1 lateral m ass
and  C2  pedicle  screw s that  are  rigidly at tached  to  the  occiput
by  m eans  of  a  rod  or  p late  m ay  provide  opt im al  fixat ion
(� Fig.  20.30a–f).105 The  im portance  of  the  C1  lateral  m ass
m orphology  and,  in  par t icular,  an terior  tubercle  geom etry
and  depth  is  crit ical for  accurate  screw  placem ent . An  appre-
ciat ion  of  anatom ical  variabilit y  is  of  prim e  im portance
(� Fig. 20.30f).106,107

Occasionally, standard  C2  fixation  poin ts  m ay not  be  readily
available. The  lateral m ass  of C2  can  provide  a  safe, albeit  less
robust , C2  fixation  alternative. The  standard  start ing  point  for
the  C2  facet  screw  is  sim ilar  to  that  of  subaxial  facet  screws
(just  m edial to the  m iddle  of the  facet  join t). However, the  tra-
jectory  di ers. If  the  screw  were  to  be  directed  laterally  and
rostrally, the  vertebral ar tery  would  be  placed  in  peril. There-
fore, a lateral and  caudal t rajectory is optim al. Bony purchase is
usually m ore than  adequate. The C2–C3 facet  joint  m ay be  “vio-
lated”  by  the  dow nward-  and  outward-facing  screw;  hence,
drilling in to  the  C3  facet  m ay be  required  if C3  fact  joint  pur-
chase  is  desired.  With  a  proper  “dow n  and  out”  t rajectory,
though,  12 m m  of  C2  facet  purchase  is  usually  achievable
(� Fig. 20.31).

Fig. 20.30  (A) Occipital fixation  can  apply significant  loads to  more
caudally placed lateral mass screws. (B) Sublaminar wire fixation and/or
(C) C7–T1 pedicle  fixation  may provide  better options in  selected
circumstances. (D) C1–C2 transarticular screws or (E) C1 lateral mass
and  C2 pedicle  screws that  are  rigidly affixed  to the  occipital rods or
plates eliminate  C1–C2 rotation and  provide  significant  stability if
short-segment  fixation  is required. Care  must  be  taken regarding  the
depth of C1 screw penetration for lateral mass screw fixation. This is
determined  with  intraoperative  lateral radiographic imaging. (F) The
surgeon should be keenly aware of anatomical variants. A preoperative
perusal of an  axial computed  tomographic scan should  identify the
ventral extent  of C1 on  a  lateral view (dashed lines). Significant
variance, as depicted  (F), should  be  taken into consideration.
Penetration of a  screw, for example, to  a  depth  of the  dashed  line  on
the  right  might  pose  significant  risk to ventral vascular and  visceral
structures.
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Screw  Fixat ion: A Com m entary
C1–C2 transar ticular  fixation  or  C1  lateral m ass and  C2  pedicle
fixation, com bined  w ith  occipital fixation  by m eans of a  single
im plant, perm its  a  biom echanically sound  m ethod  of shorten-
ing a construct  (e.g., occiput–C2). This has been  corroborated  in
an  eloquent  biom echanical  study.108 Martin  et  al  have  show n
that  screws that  cross the  C1–C2 ar t iculation  provide increased
stability w ith  occipitocervical constructs, w hereas the  addition
of subaxial fixation  does not .108 This observation  is not  necessa-
rily  consistent,  however,  w ith  conventional  w isdom —that  is,
the longer the m om ent arm , the greater the fixation  and stabili-
zation  advantage. Further study is needed in  th is regard.

Often tim es,  surgeons  fix  on  an  “optim al”  surgical  strategy.
There often  is no optim al strategy; several strategies m ay be ac-
ceptable or m ore than  acceptable, w ith  di erences am ong them
very  di cult  to  ascertain . This  observation  has  been  corrobo-
rated  by laboratory and  fin ite  elem ent  studies regarding upper
cervical spine instability and fixation .20,22,109

20.3.5  Occipital But ton Fixat ion and
Related Techniques
Occipital button  fixation  provides a significant  lateral skull sur-
face area of contact. Pullout  and other form s of failure are m uch

Fig. 20.31  (A, B) A lateral and and an anteroposterior radiograph of the cervical spine of a patient  whose C2–T1 construct  employs a C2 facet  screw as
its most  rostral point  of fixation. (C, D) Observe  the  outward  and  downward  trajectory of the  C2 facet  screw (arrows) in  magnified  lateral and
anteroposterior views.
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less  likely  th an  w ith  oth er  sku ll  fixat ion  tech n iques.110

Direct  dural visualizat ion  m in im izes  the  ch an ce  of excessive
dural  com pression  (� Fig.  20.32a–g).  Faure  et  al  have  p re-
sen ted  a  un ique  inver ted-hook  occip ital  clam p  techn ique,111

w h ich  o ers  a  viable  op t ion  w hen  m idline  keel  screw  fixa-
t ion  or  the  occip ital  bu t ton  techn iques  are  n ot  feasible
(� Fig. 20.32h –k).

20.3.6  Length of Fixat ion
The  caudal  extent  of occipitocervical  fixation  constructs  is  of
significant  concern.  As  discussed,  C1–C2  transar ticular  screw
fixation  or  the  use  of C1 lateral m ass and  C2 pedicle  screws fa-
cilitates the term ination  of an  occipitocervical construct  at  C2.

Con com itan t  path ology, such  as  a  tum or  or  degen erat ive
ch ange,  m ay  m an date  caudal  exten sion  of  th e  con st ruct .

As  a  general  ru le ,  such  con st ruct s  m ay  be  exten ded  cau-
dally  to  C5  or  C6  w ith ou t  sign ifican t  con cern .  How ever,
exten sion  to  C7  p laces  sign ifican t  st ress  at  t h e  cer vico-
th oracic  jun ct ion .  Th is  region  is  p ron e  to  jun ct ion al
st resses, as  is  t h e  th oracolum bar  jun ct ion  (� Fig. 20.33). In
th ese  situat ion s,  exten sion  of  occip itocervical  con st ruct s
to  T2  or  T3  m ay  facilit ate  fixat ion  in tegr it y  (by  allow ing
pedicle  fixat ion  or  sublam inar  fixat ion  to  C7–T1, T2, and  pos-
sibly  T3, as  w ell as  by spann ing  the  vulnerable  cervicothora-
cic junct ion ). Th is  st rategy, how ever, is  associated  w ith  a  sig-
n ifican t  restrict ion  of m otion  (� Fig. 20.34). Review s  that  ad-
dress  the  clin ical  opt ions  provide  addit ion al  in form ation  in
th is regard.112

The  m ost  appropriate  length  of an  occipitocervical construct
m ay  be  di cult  to  determ ine,  particularly  in  patien ts  w ith
rheum atoid  ar thrit is.  Matsunaga  and  colleagues  have  show n

Fig. 20.32  (A–E) Occipital but ton fixation provides significant  resistance to pullout  and security of fixation. (F, G) A postoperative  example. (H–K) An
alternative  technique, the  inverted-hook occipital clamp technique.
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that  subluxations  develop  in  segm ents  in  w hich  abnorm al
buckling  is  observed  before  surgery, particularly  if  the  fusion
does not  incorporate the buckled segm ents.113

Cross fixation  for occipitocervical constructs should  provide a
biom echanical advantage. However, th is has not  been  show n  to
be the  case.114 Therefore, clin ical acum en  and  rational th inking
should prevail.

Other  st rategies for  occip itocervical fixat ion  have  been  em -
ployed. They include  occipital condyle  to  cervical sp ine  screw
and  rod  fixation  techn iques.115 Although  unconven t ional,
they  m ay  provide  u tility  as  m odificat ions  arise  in  years  to
com e.

In  sum m ary,  in  pat ients  requiring  occipitocervical  fixation ,
screw–rod  constructs  are  associated  w ith  the  m ost  favorable
outcom es.116 Wire–cable  fixation  and  hook–clamp  fixation  are
far inferior  to screw–rod fixat ion.

20.4  Bracing
Collars  and  other, m ore  extensive  spine  bracing strategies m ay
be  used  for  a  variety of craniocervical and  upper  cervical path-
ologies.  These  include  Je erson  fractures,  odontoid  fractures,
and  hangm an’s fractures.117–119 For  further  inform ation  regard-
ing bracing, see Chapter 26.

Fig. 20.33  (A) Occipitocervical constructs can  be  extended  caudally to  C5 or C6 without  significant  concern. (B) However, extension  to  C7 places
significant  stress on the cervical thoracic junction, potentially resulting in junctional instability. (C) This concept  is illustrated by the case of a 20-year-
old  man who was “instrumented” to C7. A progressive  kyphosis ensued.
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21  Ventral Subaxial Spine Const ructs
21.1  History
Historically, attempts at  the clin ical application  of ventral spinal
instrum entation  m et  w ith  varying degrees of success.1,2 Each  of
these  devices  was useful in  its  day and  helped  m ove  the  art  of
spine  fixation  forward. One  of the  first  attempts at  ventral spi-
nal instrum entation  was m ade  by Milgram  in  1953;  it  was un-
successful.3 This  was  soon  followed  by  Cloward’s  report:  “The
Anterior  Approach  for  Rem oval  of  Ruptured  Cervical  Discs.”4

Then, Hum phries and  colleagues, in  1961, reported  the  unsuc-
cessful use of a ventral in terbody fusion  clamp.5

Dw yer was am ong the first  to insert  an  instrum entation  con-
struct  surgically  in  the  ventral  thoracic  and  lum bar  spine. His
technique  was used  to  instrum ent  m ultiple  spinal levels6–8 but
often  m et  w ith  less  than  optim al  success  (� Fig.  21.1).  The
Zielke  technique, developed  subsequently, was  designed  to  fix
fewer  spinal segm ents  e ect ively  in  a  m ore  rigid  fashion  than
could  be  achieved  w ith  the  Dw yer  technique.9 Harr ington  then
reported  on  the  com binat ion  of Knodt  rods  or  Harrington  dis-
traction  rods w ith  acrylic augm entation  for  ventral spinal use.10

This was followed  by the  developm ent  of the  Kostuik-Harring-
ton distract ion  system .3

Kaneda  and  colleagues  developed  a  technique  of  attaching
spiked  vertebral  plates  to  vertebral  bodies  w ith  screws  in ter-
connected  by rigid  rods.11,12 The  Kaneda  device  ushered  in  the
era  of m odern  ventral thoracic and  lum bar  fixation  via  its abil-
ity  to  fix  the  spine  rigidly  over  a  short  segm ent, w ith  relative
ease  of  inser t ion.  A w ide  variety  of  techniques  have  subse-
quently been  em ployed clin ically.3,13–18

The  Rezaian  device  was  developed  for  in terbody  dist ract ion
fixation  (see  Chapter  23).19 It  provided  ventral  spinal  distrac-
tion, as  did  the  Kaneda, Kostuik, and  related  devices. The  Re-
zaian  device  provided  sim ple  distraction  only, w hereas the  Ka-
neda device  o ered  the  option  of applying compression  or  dis-
traction  and  a  m ethod  of  applying  cantilever  beam  fixation
forces to the spine via a ventral approach.

Only  relatively  recently  have  ventral  instrum entation  con-
structs  been  routinely applied  to  the  cervical region. Caspar  et
al developed  a  sem iconstrained  (sem irigid  or  dynam ic) ventral
cervical plate  system  that  was preferably used  w ith  screw  pur-
chase of the dorsal ver tebral body cortex (bicortical purchase).20

Morcher  subsequently  developed  a  constrained  (r igid)  plate
system  that  used a screw –plate locking m echanism .21 The latter
did  not  require  bicortical purchase, w hich  opened  the  door  for
a w ide variety of rigid, and  subsequently dynam ic, devices that
are in  use today.

21.2  Surgical Exposures
Ventral  approaches  to  the  spine  for  the  application  of instru-
m entation  are  the sam e as those  used  routinely for  vent ral spi-
nal surgery (see  Chapter  10). In  the  cervical region , if extensive
longitudinal exposure is required, a diagonal rather than  a hori-
zontal skin  crease incision  helps to increase the length  of expo-
sure. Ventral  exposure  for  the  cervicothoracic  region  m ay  be
gained  through  the  thoracic in let, w ith  a  m anubrium -split t ing
or  a  sternum -split t ing approach, or  w ith  the  lateral extracavi-

tary  or  transcavitary  approach. In  the  m idthoracic  region, the
ventral spine  m ay be  accessed  via  the  ventral t ransthoracic ap-
proach, the  extralateral  thoracotomy  approach, or  the  lateral
extracavitary approach.

The  thoracolum bar  region  presents  significant  anatom ical
barriers  because  of the  confines  of the  diaphragm  and  associ-
ated  structures. Nevertheless, w ith  appropriate  dissection  and
an  appropriate  considerat ion  of anatom y, th is  region  can  be
exposed  ven trally. It  can  also  be  accessed  w ith  the  lateral ex-
t racavitary  approach .  From  L2  caudally,  the  ven tral  lum bar
sp ine  can  be  accessed  th rough  the  ven trolateral or  lateral ex-
t racavitary  approach ,  or  even  the  transperitoneal  approach .
The  lum bosacral  region  can  be  accessed  by  m eans  of  the
transperitoneal  approach  for  low  (sacral)  lesions,  the  Pfan-
nensteil extraperitoneal approach , the  ven trolateral extraper-
itoneal  approach ,  or  the  lateral  ext racavitary  approach.  The
lat ter  requires  substan t ial  iliac  crest  resection  to  gain  access
to the  sacrum .

21.3  Im plant  Types
Spinal instrum entation  constructs are discussed here from  a bi-
om echanical  view poin t.  Although  m uch  inform ation  is  pro-
vided  about  clin ically used  spinal im plants, th is  inform ation  is
m ost  certainly not  complete, nor is it  in tended to be so. It  is de-
signed  to place the final touches on  a clin ically practical under-
standing of spinal biom echanics as applied to spinal instrum en-
tation.

Specifically,  ventral  distraction,  ventral  compression  (ten-
sion-band), and  ventral cantilever  beam  fixation  strategies  are
discussed  in  th is chapter. The  nuances of each  are  em phasized.
However,  it  is  essential  to  understand  that  im plants  respond
di erently  under  di erent  loading  conditions. For  example, a
ventral cantilever  beam  fixation  device  is usually thought  of as
a cantilever  (� Fig. 21.2a). Under  axial loading conditions, it  re-
sists  compression  and  therefore  funct ions  as  a  distraction  de-
vice  (� Fig. 21.2b). However, if an  extension  m om ent  is applied
to the  spine, it  resists segm ental extension, thus funct ioning as
a  compression  (tension-band  fixation)  device  (� Fig.  21.2c).
Three-point  bending forces can  be applied  or  resisted  by a m ul-
tisegm ental im plant  (� Fig. 21.2d). This m ode of load  resistance
very  e ect ively  resists  translation  ()  (see  Chapter  29  and
� Fig. 21.2e).

This  par t  of the  chapter  comprises  three  sect ions. Each  fo-
cuses on  the  m echanism s of force  application  or  resistance  via
the  im plant .  Adm ittedly,  the  organ ization  is  som ew hat  arbi-
trary  and  art ificial,  in  par t  because  ventral  distract ion  fixa-
t ion ,  com pression  (tension-band)  fixation ,  and  cant ilever
beam  fixation  in  m any regards have  overlapping physical and
m echan ical  characterist ics.  Vent ral  distract ion  and  compres-
sion  devices  are  often  cant ilever  beam  constructs, as  well. In
th is  chapter,  the  biom echan ical  and  clin ical  discussion  is
found  principally  in  the  can t ilever  beam  sect ion . Vent ral  dis-
tract ion  and  compression  fixation  are  d iscussed  only  w hen  a
considerat ion  of the  application  of ven t ral distraction  or  com -
pression  forces  is  relevant—from  either  a  clin ical  or  a  biom e-
chan ical perspective.
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21.3.1  Vent ral Dist ract ion Fixat ion
Biom echanics
Ventral  spinal  distract ion,  for  the  purposes  of  the  discussion
here, is achieved  w ith  the placem ent  of either distract ion  forces
or  a  neutral  construct  at  the  t im e  of surgery. With  the  place-
m ent  of  an  im plant  in  a  neutral  m ode,  the  construct  subse-
quently bears  an  axial load  w hen  the  pat ient  assum es  upright
posture. This  essentially  results  in  the  im plant  resisting  com -
pression  and, hence, e ectively distract ing the  spine  by apply-
ing a  resistance  to compression  (see  Chapter  17). Therefore, for
the purposes of m ost  discussions (including the  discussion  pre-
sented  herein), the  term  ventra l distract ion  fixat ion  applies  to
distraction  and neutral fixation  unless otherw ise specified.

Ventral  spinal distract ion  is  sim ilar  in  m any  respects  to  the
application  of dorsal force  by tension-band  fixation  (compres-
sion), but  opposite in  orien tation . The application  of dist ract ion
forces  to  the  spine  does  not  always  result  in  the  sam e  type  of
force  application . The  characterization  of the  force  application
is determ ined  by the location  of the  instantaneous axis of rota-
tion  (IAR)  in  relation  to  the  poin ts  of instrum entation-related
force  application.  If  the  point  of  application  of  a  distraction
force by an  im plant  is vent ral to the  IAR, forces opposite  in  ori-
en tation , but  sim ilar  in  nature, to  dorsal tension-band  fixation
are  applied  (� Fig. 21.3a). These  are  usually applied  via  cantile-
ver beam  constructs (see Chapter 17).

If the  poin t  of application  of the  force  by the  construct  is  in
line  w ith  the  IAR, the  aforem entioned  dist ract ion  and  tension-
band like forces (bending m om ents) are not applied to the spine
(� Fig. 21.3b). Such  constructs are  sim ple  dist ract ion  (butt ress)
constructs  (see  Chapter  17).  Tension-band  forces  necessitate
the  use  of an  applied  m om ent  arm  to  achieve  their  desired  re-
sult . The  length  of th is  m om ent  arm  is  the  perpendicular  dis-
tance  from  the  point  of application  of the  forces  (by  the  con-
struct) to the  IAR. If th is type  of force  is applied  in  the  opposite
direct ion  (i.e., in  a distraction  m ode), either distraction  w ith  ex-
tension  (� Fig. 21.3c) or  a  th ree-point  bending type  of fixation
is achieved  (� Fig. 21.3d). The  form er  can  be  thought  of as ten-
sion-band  distract ion  fixat ion, or  rather dist ract ion  fixation  ap-
plied  at a perpendicular distance from  the IAR (see Chapter 17).

Fig. 21.1  An anteroposterior radiograph of the Dwyer device. Multiple
subsequent  operations were required to achieve stabilization. This was
often  the  case  with  early-generation ventral spine  fixators.

Fig. 21.2  An example  of the  variable  responses of implants to different  loading  conditions. (A) A fixed  moment  arm  cantilever beam  applied  to the
ventral cervical spine. (B) If an  upright  posture  is assumed, axial loads are  applied  (larger arrows). Therefore, the  implant  resists compression  by
applying  distract ion  forces (smaller arrows). (C) If an  extension  moment  is applied, the  implant  functions as a  compression (tension-band  fixation)
device. This resists extension at  the  segments spanned  by the  implant. (D) Three-point  bending  forces may also  be  applied  or resisted  by using
multisegmental force  application. (E) These  forces resist  translation, as well. Straight  arrows denote  loads and applied  forces. Curved arrows denote
applied  bending  moments.
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For  vent ral  in terbody  distract ion  (or  neutral)  fixation  to  be
e ect ive as a technique, in t rinsic or surgically created resistance
to  distract ion  and/or  spinal  bracing  is  required. For  example,
ligam entous resistance  to distraction  (tensioning) causes an  in-
tr insic compression  of the bone graft  in to both  ends of the m or-
tise, thus  providing  greater  securit y  to  the  strut  graft–m ort ise
relationship. This  can  be  applied  by cantilever  beam  im plants,
as well.

In terbody  implants  that  exert  m echanical  influence  in  line
w ith  the  IAR cause, as m entioned, pure  dist ract ion. A variety of
constructs have been  em ployed. Expandable cages are  m odern-
day  versions  of  such  in terbody  constructs.  Expandable  cages
have  been  compared  m echanically  w ith  nonexpandable  cages
and  bone  graft  struts. None showed  superiority over  any of the
others  from  a  m echanical  perspect ive,22 likely  because  of the
lim ited  extension  and  rotat ion  sti ness  related  to  all implants
studied.  Expandable  cages, however,  are  expensive, have  less
capacity  for  bone  graft  volum e, provide  suboptim al  end  plate
contact  for bone fusion purposes, and are associated w ith  great-
er  technical challenges than  their  nonexpandable  counterpar ts.
Titanium  m esh  cages  for  cervical  spine  stabilization  after  cor-
pectomy  have  been  show n  to  be  associated  w ith  significant
clin ical utilit y.23 Greene et al dem onstrated that in terbody cages
m echanically  perform  equivalently  to  structural  bone  grafts.24

Finally, expense of operat ion, as well as follow -up  costs, should
play at  least  som e  role  in  the  pre-  and  postoperative  decision-
m aking  process.  Som e  strategies  and  technologies  are  m uch
m ore expensive than  reasonable alternatives.25,26

Distract ion, as applied by a sem iconstrained (sem irigid  or dy-
nam ic) screw–plate device, requires that  adequate dorsal spinal
stability  be  present . A screw –plate  construct , regardless  of the
m ode of application , is e ect ive in  resisting axial loads and  spi-
nal  extension, but  it  is  not  as  e ect ive  in  resisting  flexion. In
this situat ion, plate bending or fracture or screw cutout  m ay oc-
cur  follow ing flexion . If dorsal spinal stability is present  or  cre-
ated, these complications are less likely (� Fig. 21.3).

Techniques
The  two  fundam ental types of ventral distraction  im plants are
(1) in terbody struts that  butt ress the  spine(see  Chapter  23  and
� Fig. 21.5), and  (2) cantilever  beam  constructs that  use screws
in  either a fixed  m om ent  arm  or a nonfixed  m om ent  arm  m ode
(� Fig. 21.6). Bone, acrylic27 (see Chapter 23), or  m etal and  non-
m etal equivalent  im plants  can  be  used  for  the  first  type. They
can  be  inser ted  through  a  true  ventral  or  lateral  approach, as
well  as  via  the  transpedicular  approach  dorsally.28 Cantilever
beam  constructs  can  be  applied  by  a  variety  of screw –rod  or
screw–plate system s.

One  m ust  appreciate  the  often  unexpected, but  usually pre-
dictable, consequences of force applications to the spine. For ex-
am ple,  distraction  w ith  a  nonfixed  m om ent  arm  cantilever
beam  implant , w ithout  an  in tervening poin t  of fixation , can  re-
sult  in  untoward bending m om ent application  (see � Fig. 21.6).

Clinical Applicat ions
The  decision  to  use  an  in terbody butt ress or  a  cantilever  beam
technique  w ith  a  fixed  m om ent  arm , a  nonfixed  m om ent  arm ,
or  an  applied  m om ent  arm , or  as a  dynam ic im plant, is of crit-

ical  im portance. All  too  often, instrum entation  techniques  are
chosen  and  applied  in  a  som ew hat  cavalier  m anner, w ith  too
lit t le  attention  paid  to biom echanical principles. Questions that
should  be  asked  before  the  insert ion  of an  im plant  include, but
are not  lim ited to, the follow ing:
1. Is a spinal implant  indicated, and if so, w hat  is the specific in-

dication  for surgery?
2. Is a rigid  or dynam ic im plant desired or required?
3. Is deform ity reduct ion , or sim ply deform ity prevent ion, re-

quired?
4. Is subsidence a m ajor issue?
5. What are the loading conditions that  w ill be applied to the

im plant and construct during routine pat ient activities?

These  quest ions  are  not  always  easily  answered, nor  are  they
readily addressed. Their  routine  preoperative  consideration  en-
sures  that  the  surgeon  is  at  least  placing  physical and  biom e-
chanical principles  in  a  position  of h igh  priorit y—that  is, they
are  h igh  on  the  list  of preoperative  considerat ions. The  afore-
m entioned  quest ions  can  perhaps  be  better  addressed  by  m e-
thodically considering the involved  m echanics portrayed  in  th is
and  subsequent  chapters.  In  th is  regard,  each  region  of  the
spine  is  associated  w ith  unique  anatom ical and  biom echanical
challenges. Hence, each  region  is  considered  separately  in  the
sect ions that follow.

Cervical Spine
In  the  cervical  spine, in terbody  strut  but tressing  and  fixed  or
nonfixed  m om ent  arm  cant ilever  beam  fixation  techniques are
frequently used  together  (e.g., the  sim ultaneous use  of a  canti-
lever  beam  construct  w ith  an  in terbody  bone  graft  or  cage).29

Preoperatively, the  surgeon  m ust  consider  the  technique  that
he or she deem s the m ost  appropriate for  the situation  at  hand,
using in tuit ion, experience, and  the best  available evidence (i.e.,
existing clin ical and biom echanical inform ation).30

Several  quest ions  related  to  the  overall  decision-m aking
process  m ust  be  specifically  answered  during  im plant  selec-
tion :
1. The actual indication  for surgery itself m ust  be addressed. An

assessm ent of the available evidence regarding the results of
surgery versus those of nonoperative m anagem ent is crit ical.
Such evidence m ay be sparse in  m any instances but  is m ost
robust  in  the traum a arena.31

2. Is posterior colum n in tegrity adequate? If not, it  should be
rect ified.

3. Is a butt ress strategy alone adequate? Anterior cervical dis-
cectomy and fusion, for example, can  be perform ed w ith  or
w ithout  instrum entation. The insert ion  of an  implant  m ay or
m ay not  be associated w ith  a significant  increase in  the fu-
sion  rate, but  it  is m ost certain ly is associated w ith  an im -
proved m aintenance of segm ental lordotic posture and disc
interspace height .32

4. If greater stabilit y is required from  the implant , is a rigid con-
struct , rather than  a m ore dynam ic construct, m ore appro-
priate (see Chapter 29, � Fig. 21.6, and � Fig. 21.7a)?

Several nuances m ust  additionally be  considered. For  example,
nonfixed  m om ent  arm  cantilever  beam  im plants  transfer  a
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greater  percentage  of an  axially applied  load  through  the  spine
than  do their  fixed  m om ent  arm  counterpar ts.33 This is related
to  their  relatively  dim inished  sti ness34–36 and  to  im plant  de-
sign  characteristics, as  well.37 This  m ust  be  considered  in  the
select ion  of a  rigid  (fixed  m om ent  arm  cantilever  beam ) versus
a  m ore  dynam ic (nonfixed  m om ent  arm  cantilever  beam ) im -
plant. Additionally, ventral plates  cause  unloading of an  in ter-
body strut  in  flexion  and  loading  in  extension.38–40 This  is  re-
lated  to  the  fact  that  the  IAR m oves  toward  the  im plant, thus
resulting in  the  aforem entioned  phenom enon  (� Fig. 21.7b, c),
and  m ay  be  reduced  by  using  dynam ic  implants  or  buttress
plates (see Chapter 29).

Clearly,  regardless  of  the  complications  associated  w ith  in-
strum entation,  its  advantages  usually  outweigh  its  disadvan-
tages  for  ventral  decompressive  operations.24 In terbody  con-
structs  also  provide  unique  advantages. That  said, the  type  of
construct  m ay  have  an  e ect  on  outcom es. For  example, out-
com es of strut  graft ing follow ing corpectomy have been  show n
to  be  superior  to  outcom es  of  m ultiple-level  discectomy  and
fusion  procedures.41,42 It  is  em phasized, though, that  such  ob-
servations  were  m ade  in  uninstrum ented  cases  (no  plate).
How ever, it  has  also  been  observed  that  the  perform ance  of
in terbody  st rut  p rocedures  w ithout  instrum entat ion  results
in  sign ifican t  deform ation .43 In  th is  regard ,  Bolesta  et  al

Fig. 21.3  (A) The application of a distraction force to the ventral aspect  of the vertebral body (ventral to the neutral axis) results in a construct  like a
cantilever, with the application of a moment arm (d or d’) depending on the location of the instantaneous axis of rotation (IAR). Note that  the location
of the IAR may be dorsal to the vertebral body near the facet  joints (d). (B) The application of a distraction force to the mid-vertebral body region (in
the region of the neutral axis) results in but tressing of the spine, without the application of a moment arm. (C) The application of a ventral screw–plate
construct  in  a distraction mode. Extension occurs because  the  point  of force  application by the  construct  is ventral to the  IAR (dot). (D) If a fulcrum
intervenes between  the  termini of the  construct  via contact  of the  longitudinal member with  the  ventral aspect  of an  intermediate  vertebral body
during  distract ion, or (E) if the  surgeon employs an intermediate  point  of fixation, three-point  bending  forces are  applied, thereby augmenting  the
security of fixation.
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dem onstrated  that  ven tral  p late  fixation  im proved  outcom e
in  tw o-level procedures.44 Wang et  al, on  the  other  hand, d id
not .45 To  fur ther  con fuse  the  issue, Park  et  al  dem onstrated
that  m ult ilevel  d iscectomy  and  corpectom y  are  relat ively
equivalen t ,  although  corpectom y  is  associated  w ith  greater
subsidence.46 Finally, d isrupt ing the  in tegrit y of the  ver tebral
body adjacen t  to  an  in terbody cage  does  not  appear  to  a ect
stability.  Taking  local  autograft  from  the  cervical  ver tebral
body  (to  pack  in terbody  cages)  does  not  seem  to  be  associ-
ated  w ith  sign ifican t  adverse  biom echan ical  consequences.47

These  find ings are  indeed  confusing and  d i cult  to  in terpret .
Hence, the  literature  does not  provide  the  guidance  w e  m igh t
w ant . We  therefore  m ust  rely on  in tuit ion , experience, and  a
solid  foundat ion  in  biom echan ics  during  the  st rategy-plan-
n ing process.

Because the im plants discussed in  th is chapter are often  used
to  apply distraction  at  the  tim e  of surgery via  screws attached
to longitudinal m em bers, or are subsequently expected to w ith-
stand  additional  axial  loads  during  assumption  of the  upright
posture,  they  are  considered  distract ion  im plants.  These  are
cantilever  beam  implants (screws a xed  to a  plate  or  rod, as a
beam  is a xed  to an  im m obile object  at  one end  only). Because
cantilever  beam  im plants resist  m ore  forces or  loads than  sim -
ple compression  (they resist  rotat ion, angulation, and extension
forces, as well), they provide m uch  m ore ut ility and  complexity
than  a sim ple  in terbody strut  distract ion  device does. An  in ter-
body device  is not  a  cantilever  beam  im plant. It  resists rotation
and  translation  poorly. The  addition  of a  plate  to  an  in terbody
construct  adds m ultiplanar control of complex loads and  forces.
Hence, it  m akes significant  clin ical and  biom echanical sense,24,

48–50 particularly in  sm okers.51

Hybrid  in terbody  constructs  (both  corpectomy  and  discec-
tomy  w ith  in terbody  fusions  in  the  sam e  patient),  com bined
w ith  a  cantilever  beam  construct  (i.e., a  ventral m ultilevel fixa-
tion  plate), have show n  significant  e cacy for  m ultilevel cervi-
cal myelopathy.49 Other m odifications have, as well.52 The in ter-
m ediate  point  of screw  fixation  facilitates  the  application  and/
or  resistance  of th ree-point  bending forces. This  then  creates a
construct  that  is even  better  at  resisting m ultiplanar  forces and
loads. The  bottom  line?  The  m ore  m odes  of force  application

em ployed in  a construct (e.g., distraction, tension-band fixation,
cantilever beam  fixation, and  three-point  bending fixation), the
m ore  e cacious  the  construct  from  a  m echanical  perspective
(� Fig. 21.8). A relative exception  m ay exist  w ith  the application
of t itan ium  m esh  cages. They have been  show n  to  be  very e -
cacious  follow ing corpectomy. The  irregular  nature  of the  sur-
face  of the  t itanium  cage, in  contact  w ith  the  end  plate, pro-
vides  very  secure  fixation.  Fibula  graft ,  however,  provides  a
cost-e ective and e cacious alternative.53

Ventral cervical plate fixation  for degenerative disease is now
com m onplace. Its  addition  to  one-  and  two-level discectom ies
has been  show n  to  decrease  reoperation  rates and  increase  fu-
sion  rates.54–64 Plating  m ay  be  used  for  revision  surgery,  as
well.29,65 It  m ay even  be cost-e ective w ith  first-t im e surgery.66

Plating has  been  show n  to  reduce  the  incidence  and  exten t  of
postoperat ive  deform ity,62,67 although  graft  subsidence  and  de-
form ity rates are  h igher  w ith  bioabsorbable im plants.68 Of final
note, the  e cacy  of fixed  m om ent  arm  plate  cantilever  beam
fixation  is  reduced  by  repetit ive  loading  (fatigue  testing). This
m ay  lead  to  failure, particularly  in  junct ional  regions.69 These
laboratory  and  clin ical  observations  underscore  both  the  im -
portance  and  the  potentially m isleading nature  of biom echani-
cal studies. Static testing m ay show  substantial stability, w here-
as fatigue  testing dem onstrates construct  design  flaw s that  be-
com e  evident  after  the  application  of m ultiple  loading  cycles
and  are  also  m ore  relevant  to  the  clin ical situat ion. This  poin t
cannot be overem phasized.

One m ight  th ink that  precise ventral plate  position ing during
surgery  is  key  to  good  results.  In terestingly,  from  a  clin ical

Fig. 21.4  (A) Plate  bending  (unlikely) or (B) screw cutout  (more  likely)
may occur if dorsal spinal stability is not  adequate. The  ventral spinal
implant  can function adequately as a buttress, but  not  as a universally
effective  limiter (by itself) of flexion deformation.

Fig. 21.5  An interbody strut  but tresses the  spine  through alignment
with  the  neutral axis (stippled area; see  Chapter 23).
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perspective,  variations  in  plate  position  after  ventral  cervical
spine surgery had lit t le to do w ith  clin ical outcom e.70

All  th is  having  been  said, complex  three-colum n  traum atic
injuries can  be t reated  ventrally alone w ith  rigid  fixed  m om ent
arm  cantilevers. Careful pat ient selection  is em phasized.71

Thoracic and Lumbar Spine
Thoracic and  lum bar  ventral spinal distraction  fixation  techni-
ques have biom echanical att ributes sim ilar  to those of their cer-
vical counterparts. However, slight  di erences do exist , such  as
the  m ore  com m on  use  of  ventral  rod–screw  system s  (rather
than  plates)  and  the  need  for  m ore  substantial  constructs,
w hich  is  related  to  the  greater  stresses  applied  to  them  (com -
pared w ith  those in  the cervical spine).

The  prototype  of thoracolum bar  devices  was  the  Dunn  de-
vice.16 Others soon  followed. The  m ost  notable  and  popular  re-
cently em ployed  strategies  involve  the  placem ent  of in terbody
cages. Evidence of their  e cacy as distract ion  spacers to  m ain-
tain  disc height  and  augm ent  fusion  is m ounting.72 Hence, their
popularity  is  increasing.  Transforam inal  lum bar  in terbody
fusion  (TLIF)  and  other  m inim ally  invasive  techniques  are  the
prototypical  strategies  that  em ploy  in terbody  spacers.  These

usually  incorporate  in terbody  struts  or  cages  w ith  cantilever
beam  fixation . Such  techniques have been  show n to restore disc
interspace  height  and  reduce  preoperative  subluxations.73

Threaded  in terbody  fusion  cages,  w hich  present  their  round
face  to  the  end  plate, have  been  show n  to  provide  suboptim al
resistance  to  subsidence  (see  Chapter  23). Tapered  cages  m ay
provide  som e  advantage  because  of the  uniform ity of the  con-
tact  surfaces and  the preservation  of lordosis.74 Im plant  charac-
teristics,  such  as  sti ness,  strength ,  and  torsional  resistance,
can  also  a ect  clin ical  utilit y.75–79 In  addition, these  implants
generally  stress  neighboring  nonfused  segm ents  to  the  ex-
trem es of their funct ional ranges.80

As w ith  cervical constructs, the  augm entation  of anterior  in-
terbody fusions in  the lum bar spine w ith  a ventral plate is asso-
ciated  w ith  improved  m echanics. In  fact , doing so  m ay obviate
the need for dorsal pedicle fixation procedures.81

Vertebral reconstruction  via ver tebroplasty m ay provide ven-
tral axial load-bearing support  for  osteoporot ic vertebral com -
pression  fracture. This  has been  show n  to  be  e ect ive  w ith  al-
ternative m aterials, including biodegradable calcium  phosphate
cem ent  w ith  instrum entation.82 The  beneficial e ects  of verte-
broplasty  have  been  studied  in  the  biom echanics  laboratory.83

This a ects its ability to provide axial load bearing.

Fig. 21.6  Cantilever beam  fixation  stabilizes the
spine via the use of (A) a fixed or applied moment
arm  or (B) a nonfixed  moment  arm  cantilever. A
fixed  moment  arm  cantilever beam  fixator
functions, in  a  sense, as a but tress by “encom-
passing” (as screws pass through) the  neutral
axis. The  distract ion  of a  bridging  nonfixed
moment  arm construct  (no intermediate point  of
fixation) not  only distracts but  also  extends the
spine  (see  � Fig. 21.2  a). (C) Similarly, axial load
bearing  may result  in  spinal extension  because
the  implant  is placed  ventral to  the  neutral axis,
and  toggling  of the  screw on the  plate  is not
entirely restricted.

Fig. 21.7  As an isolated  spinal stabilizer, a  rigid
construct  (e.g., a  fixed  moment  arm  cantilever
beam  construct) provides greater stability than a
semirigid  one  (e.g., a  nonfixed  moment  arm
cantilever beam  construct). The  nonfixed  mo-
ment  arm  construct  allows movement  that  a
rigid  construct  does not  (see  � Fig. 21.6). How-
ever, the  nonfixed  moment  arm  construct, if
applied  appropriately with  an accompanying
interbody but tress (e.g., an interbody bone graft,
strut, or cage) may be effective. This is especially
so if the  spine  is distracted, the  buttress is
inserted  securely into  its interbody position, and
the  construct  is then compressed  (see  Chapter
18). (A) If the  spine  with  such a  construct  is
extended, (B) the  bone  graft  is loaded  in
compression (arrows). (C) If it  is flexed, the  bone
graft  is unloaded  (arrows). This is related  to the
fact  that  the  instantaneous axis of rotation  (IAR;
dot) is located  in  or about  the  implant  in  such
constructs.  Therefore, angular motion  rotates
about  the  IAR.
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Finally,  indirect  foram inal  decom pression  is  ach ievable  via
ventral in terbody approaches. This can  be  accom plished  w ith  a
variety  of  techniques,  including  the  lateral  trans-psoas  in ter-
body fusion.84

Mult isegm ental Fixat ion
Multisegm ental thoracic and  lum bar  fixation  is not  used  as ex-
tensively  in  the  ventral  spine  as  in  the  dorsal  spine. Lim iting
factors include  the  often  inadequate  vent ral longitudinal expo-
sure  and  the  relat ively  weak  im plant–vertebral body interface.
The  ver tebral  body  is  predom inantly  m edullary  (cancellous)
bone. Its  noncompact  structure  results  in  relat ively  weak  im -
plant–bone  in terface  in tegrity. Various techniques to  overcom e
this problem  have  been  em ployed, such  as using supplem ental
screw  fixation  plates, incorporating the  end  plate  w ith  the  im -
plant  lips, and  using bicortical screw  purchase. Som e  are  cum -
bersom e. Others, such  as  bicortical screw  purchase, are  associ-
ated w ith  increased risk.

Ventral  m ultilevel  fixation  provides  the  advantages  of both
three-point  bending  and  cantilever  beam  fixation  (see
� Fig. 21.8). It  is m ost often  applied in  the cervical spine.

Com plicat ions
The im paction of a graft  in  a vertebral body, like the penetration
of  a  toothpick  in  Styrofoam , can  occur  in  osteoporotic  bone.
This m ay be compensated  for, in  part, by using the end  plates of
the  vertebral body as barriers  to  penetration. The  creation  of a
m ort ise, however, m ay  have  significant  advantages  for  such  a
construct. It  m ay help prevent one of the m ost com m on compli-
cations  of th is  type  of fixat ion, the  “pole  vaulting” of adjacent
vertebral  bodies  past  each  other  (see  Chapter  12  and
� Fig. 21.9). This  m ay result  in  screw  loosening (if a  cantilever
beam  im plant , such  as  a  cantilever  beam  plate, is  used  in  con-
junct ion  w ith  the  in terbody  strut)  and  ultim ately  failure.85,86

This can  be  prevented  by using a  di erent  construct  altogether
(e.g., a m ultilevel fixation  construct; see � Fig. 21.8), by creating
a deeper m ortise for an  in terbody construct  (� Fig. 21.10), or by
using an  additional accom panying construct  (e.g., a  dorsal fixa-
tion  procedure).

If  instrum entation  is  not  em ployed  w ith  in terbody  cervical
spine  constructs, progressive  deform ity  usually  ensues  before
fusion  consolidation. It  has  been  show n  that  the  cervical spine
curvature  tends  to  undergo  kyphotic  deform ation  that  stabil-
izes at  1 year.43

Although  a ventral three-point  bending construct  m ay be de-
sirable  in  som e  circum stances, it  can  also  be  applied  inadver-
tently or  unexpectedly. Fixation  to three  or  m ore  ver tebrae  au-
tom at ically  results  in  the  application  of  three-point  bending
forces  to  the  spine.  The  application  of  a  ventral  screw –plate
construct  in  a  three-point  bending  m ode  can  be  used  to  alter
spine  configuration  (see  � Fig. 21.3d, e). However, it  m ay result
in  screw  pullout, screw  cutout, or  plate  fracture  (� Fig. 21.11).
Contouring  the  plate  or  the  shape  of the  bone  m ay  m inim ize
the  occurrence  of th is  complication  (� Fig. 21.12). In  th is  vein ,
the  surgeon  m ust  keep  in  m ind  the  di erence  betw een  the  in-
advertent  (described  here)  and  the  planned  application  of
three-point  bending  forces  (see  Chapter  29). In  th is  case, the
surgeon  inadvertently applies  or  adds  an  undesirable  stress  to
the spine. When  appropriate three-poin t  bending forces are ap-
plied, they resist  stresses  and  loads  that  are  applied  along the

Fig. 21.8  An intermediate  point  of fixation  for long  ventral multilevel
decompression procedures can  be  used  to improve fixation and
provide  multiplanar control when  an intervening  vertebral body is
retained. This can be  used  in  conjunction  with  a  hybrid  interbody
technique  (a  corpectomy and  discectomy at  two separate  levels with
interbody struts, separated  by an intervening  vertebral body). Three-
point  bending  forces are  applied  (arrows). The  addition of three-point
bending  to the  cantilever beam  fixation applied  forces facilitates
multiplanar control of stability.

Fig. 21.9  “Pole  vaulting” of the  spine  (translational deformation, with
the bone graft  functioning as the vaulting pole), as depicted in (A) and
(B) may follow ventral interbody buttress placement  without  adequate
accompanying  dorsal or additional ventral stability.
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long axis of the spine, w ith  the in ten t of deform ity correction  or
prevention.

Som e  clin ical  circum stances  and  disorders  are  associated
w ith  a h igh  risk for complications and failure. An  example is the
patient  w ith  athetoid  cerebral  palsy  and  cervical  spondylotic
myelopathy.87 These  patien ts  are  prone  to  the  developm ent  of
spondylosis  by  vir tue  of  their  continuous  low -velocity  and
high-intensity  cervical gyrations. The  sam e  gyrations  substan-
tially stress the  operative  construct  and, if a  fusion  is  achieved,
the levels adjacent to the successful fusion.

Long bridging plates (long, m ultisegm ental plates w ith  screw
anchors at  both  ends and  w ith  no in term ediate fixation  points)
are  associated  w ith  significant  complications, m ost  notably fail-
ure  at  the  screw –bone  in terface. This  appears  to  be, at  least  in
part, related  to their  rigid  nature, their  inability to allow  subsi-
dence, and their inability to e ect ively resist  t ranslat ion and ro-
tation  (see Chapter 29).88

The  decom pression  itself  can  cause  neurologic  com plica-
t ions,  w h ich  m ay  be  related  to  a  “sh ift ing”  of  neural  st ruc-
tures  result ing from  the  decom pression . C5 radicu lit is  is  such

Fig. 21.10  An interbody bone graft, strut, or cage
and  its acceptance  sites (mortises) should  be
fashioned  with  the  intent  of acquiring  specific
desired effects. (A) If the only stresses resisted by
a bone  graft, strut, or cage  are  axial, the  strut
itself functions only in a distraction, or axial load–
resisting, mode. (B) The  creation  of deep  mor-
tises in  the  vertebral bodies can  provide  a
translation-resisting  component  of the  construct
(albeit  poorly) if the  integrity of the  vertebral
body and  the  bone  graft  is adequate, the
mortises are  deep, and  the  bone  graft  and  the
mortises are  fashioned  meticulously. Thus,
translation is somewhat limited. (C) If the mortise
is not  so constructed, a translational deformation
is slightly more  likely.

Fig. 21.11  (A, B) The inadvertent  application of a
three-point  bending  force  (arrows) to the  spine
may result  in  excessive  force  application  unbe-
knownst  to the  surgeon. (A) Improper seating of
the  plate  or (B) retropulsion of an  intervening
vertebral body can occur. (C) Screw pullout  or
cutout  or (D) plate  fracture  may also  occur, the
lat ter at  the point of maximum stress application,
which is a  function  of the  bending  moment  and
the  strength  of the  implant.
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a  com plicat ion .89 The  C5  nerve  root  is  par t icu larly  prone  to
th is  com plicat ion  because  of its  nearly  perpendicular  projec-
t ion  from  the  sp inal cord , w hich  results in  exposure  of the  C5
nerve  root  to  m ore  tension  than  adjacen t  nerve  roots. Th is,
com bined  w ith  a  sh ift ing  of  the  neural  elem ents  follow ing
decom pression , m ay con t ribute  to the  neurologic syndrom e.

Finally, soft  tissue  complications, such  as  dysphagia  and  re-
curren t  laryngeal nerve  injuries, can  be  problem atic. Regarding
the  form er,  low -profile  plates  can  dim inish  the  incidence  of
dysphagia.90 Fem ale  gender  and  m ultiple-level  procedures
seem  to be  associated  w ith  an  increased  incidence.91 Occasion-
ally, airway complications  arise. They  are  m ore  com m on  w ith
operations  lasting  longer  than  5  hours,  involving  m ore  than
three  vertebral segm ents, and  associated  w ith  the  loss of m ore
than  300 m L of blood.92

Soft  t issue  and  neurologic complications are  often  associated
w ith  di cult  spine exposure. This is particularly relevant  at  the
cervicothoracic junct ion 93,94 and  w ith  som e  m inim ally invasive
surgical exposures.95

Clinical Examples
Ventral cervical fusion  w ithout  instrum entation  exem plifies the
use of an  in terbody strut  that applies either a neutral or distrac-
tive force at  the t im e of surgery (� Fig. 21.13). The addition  of a
ventral  cervical  plate  may  add  to  the  securit y  of  fixation
(� Fig. 21.14a).18,20,85,86,96–99 Interm ediate poin ts of fixation  pro-
vide  additional  stabilit y  by  allow ing  three-point  bending,  as
well as  axial load  resistance  via  the  application  of m ultiplanar
forces (� Fig. 21.14b).100 It  is em phasized that  ventral cantilever
beam  fixation  devices m ay be applied  in  the thoracic or  lum bar
spine,  as  well  as  in  the  cervical  spine  (see  Chapter  19  and
� Fig. 21.15).

21.3.2  Spinal Com pression
(Tension-Band) Fixat ion
Biom echanics
Ventral cantilever  beam  constructs  (fixed  or  nonfixed  m om ent
arm  cantilever  beam s)  are  considered  ventral  compression

fixation  (tension-band  fixation) devices  if they (1)  are  applied
in  a  compression  m ode, (2) resist  distract ion  of the  spine, and/
or  (3) resist  extension  of the  spine. This  concept  is  sim ilar, but
opposite in  orientation, to those forces and  m echanism s associ-
ated  w ith  non-in terbody  ventral  dist ract ion  fixation
(� Fig.  21.16). These  constructs,  however,  m ay  fail  in  flexion ,
m uch  as  their  distract ion  counterpar ts  m ay  fail  in  extension.
This  has  to  do  prim arily  w ith  their  inherent  inability  to  com -
pensate  for  absent  or  lost  dorsal  tension-band  (compression)
force applications.

True  ventral  cantilever  beam  constructs  and  t rue  tension-
band  fixation  devices, such  as  the  Dw yer  apparatus, resist  dis-
traction  and  extension  well (the  Dw yer  apparatus  m uch  m ore
so than  cantilever  beam  constructs). They resist  bending in  the
plane  of  their  application  and  in  an  orientation  opposite  the
side of the spine of their application  (� Fig. 21.17).

Techniques
Unlike  ventral  distract ion  techniques,  ventral  compression
techniques do not  include in terbody struts that  apply compres-
sion  forces to the  spine. As w ith  ventral dist ract ion  techniques,
a  fundam ental di erence  betw een  cervical, thoracic, and  lum -
bar  techniques is the relative inability to use rods in  the ventral
cervical  region;  thus,  significant  compression  or  dist ract ion
cannot  be  accom plished  there. An  exception  is the  DOC ventral
cervical  stabilization  system  (DePuy-AcroMed, Raynham , MA;

Fig. 21.12  The complications shown in � Fig. 21.10 may be prevented
by (A) plate  contouring  or (B) ventral spinal surface  fashioning
(“gardening”), so that  no three-point  bending forces are applied to the
spine  or plate  at  the  time  of insertion. This avoids an  untoward
preloading  of the  implant  in  three-point  bending.

Fig. 21.13  The  creation of deep  mortises with  an accompanying well-
fit ted  bone  graft, strut, or cage  provides a snug  fit, as depicted.
Additional instrumentation  may not  be  necessary. Significant  sub-
sidence, however, may be  expected  because  of end  plate  removal.
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see  Chapter  29). This  device  did  in  fact  perm it  the  application
of compression  w ith  a  cantilevered  screw –rod  system . It  is  no
longer  available. Keep  in  m ind  that  nearly all im plants function
di erently under di eren t  loading conditions. In  th is regard, all
ventral cervical spine cantilever beam  im plants function  as ten-
sion-bands in  extension.

Clinical Applicat ions
The application of spine compressive force provides the surgeon
w ith  the ability to allow  the instrum entation  construct  to share
axial load  bearing  w ith  the  spine. The  load  is  shared  either  by
intact  spinal elem ents or  by another  spinal implant , such  as an
interbody strut  (see Chapters 6 and 18).

The  rationale  for  the  use  of compression  techniques  in  th is
regard is briefly outlined  in  Chapter 12. Su ce it  to say that  the
compression  applied  by the spinal im plant  neutralizes the axial
forces  subsequently  accepted  by  the  spine–im plant  com bina-
tion  (construct). This concept  is applicable, however, on ly if the
spine, w ith  or  w ithout  an  in terbody strut, is  capable  of accept-
ing its  share  of the  axial load  (� Fig. 21.18). An  additional ad-
vantage  is  related  to  the  fact  that  compression  facilitates  and
enhances the chance of in terbody bone fusion.

Cervical Spine
Screw–plate  system s predom inate  in  the  ventral cervical spine.
Tension-band  fixation  and  cantilever  beam  forces  are  the  only
forces  that  theoretically  can  be  applied  by  these  techniques.
Both  essentially  resist  extension;  both  are  therefore  tension-
band  fixators in  th is circum stance  (cervical extension). Of note
is  that  the  DOC system  (DuPuy-AcroMed)  was  occasionally
used  to  apply compression  directly at  the  t im e  of surgery. This
“preloading” of  the  bone  graft  can  be  used  to  increase  bone

healing–enhancing  forces, as  well  as  to  distribute  the  overall
load applied to the spine betw een components of the construct ,
such  as  the  bone  and  the  im plant. This  o -loads  som e  of the
stresses (w hich can  lead to failure) that the implant  “sees.”

Thoracic and Lumbar Spine
The use  of a rod–screw  or  equivalent  construct, such  as the Ka-
neda  device  or  its  equivalent  in  the  thoracic and  lum bar  spine
and the DOC system  in  the cervical spine (in  days gone by), pro-
vides  additional  options  for  the  surgeon’s  arm am en tarium . As
m entioned, compression  force  application  by the  construct  al-
low s  load  sharing  w ith  the  spine  and/or  in terbody  strut. This
can  be  enhanced  first  by  distraction  of the  spine, then  place-
m ent  of the  in terbody strut , and  finally the  application  of com -
pression  of the  implant  onto the  strut . Not  all techniques allow
this  because  of the  physical  lim itations  of m ost  im plants  and
the  anatom ical lim itations  of the  spine  (w hich  are  region-spe-
cific). Com pression  of the  im plant  onto  the  previously  placed
interbody strut  provides (1) increased  securit y of the in terbody
strut–m ort ise  in terface, (2)  load  sharing  betw een  the  im plant
and  the  strut,  and  (3)  the  augm entation  of bone  healing–en-
hancing forces (i.e., compression; see Chapter 12).

Fig. 21.14  Implant  security may be  enhanced  in  some  cases by the
addition  of a  cantilever beam  construct  to  a  ventral interbody fusion.
(A) This is depicted in the form of a fixed moment arm cantilever beam
construct. (B) The  use  of an  intermediate  point  of spine  fixation
provides for axial load  bearing  via cantilever beam  fixation  and  for
resistance  to translation  deformation via three-point  bending  force
application (see  Chapter 27).

Fig. 21.15  The  addition of a  ventral cantilever beam  construct  to  a
ventral interbody fusion  in  the  thoracic or lumbar region may also  be
beneficial. In some cases, this may obviate the need for the placement
of a  dorsal construct.
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Mult isegm ental Fixat ion
As  w ith  ventral  dist ract ion  fixation,  significant  longitudinal
ventral  spine  exposure  is  often  di cult  to  achieve,  and  im -
plant–bone  fixat ion  poin ts  are  relatively  weak  compared  w ith
their  dorsal counterpar ts, such  as  sublam inar  hooks  or  screws
that  pass  through  the  pedicle  and  the  vertebral body. Cervical
lateral m ass screws are  an  exception . The lateral m ass provides
a  sign ifican tly  less  substantial  fixation  potential  than  the
pedicle  or  even  vertebral  body  for  screw  fixation.  Therefore,
m ultisegm ental  compression  fixation  is  not  often  used  in  its
purest  sense. With  long  ventral  compression  fixation  techni-
ques that  em ploy fixation  only at  the  term ini of the  construct ,
care m ust  be taken  to m inim ize the chance of applying term inal
bending  m om ents,  as  can  occur  w ith  long  dorsal  techniques
(see Chapter 17 and � Fig. 21.19).

The  Dw yer  device, or  a  m odification  of it  m ade  by replacing
the  cable  w ith  a  rod  (Zielke  apparatus),  was  an  exception  to
this. Th is  techn ique  w as used  in  years gone  by to  ach ieve  de-
form ity  correct ion  by  the  app licat ion  of com pression  forces
on  the  convex  side  of  a  scoliot ic  cur ve  via  m ult isegm en tal
poin ts  of  fixat ion  (� Fig.  21.20).  Recent ly,  ven t ral  m ult ip le-
level screw –rod  fixat ion  st rategies  h ave  becom e  increasingly
popular  (see  Chapters  26  an d  27). Convex  side  com pression ,
as w ell as the  derotat ion  m aneuver, can  be  used  as a  deform -
ity  correct ion  st rategy.  Term in al  bend ing  m om en ts  are  n ot

p roblem atic  because  th e  const ru cts  use  m ult ip le  in term edi-
ate  poin ts of fixat ion .

Com plicat ions
The  complications  of ventral spinal compression  are  sim ilar  to
those of all ventral fixation  techniques. The m ost com m on com -
plications  arise  from  the  inappropriate  use  of  the  technique.
One  must  not  have  unrea sonable  expecta t ions  of any  implant.
Com plicat ions  like  those  experienced  w ith  neutral  or  distrac-
tion  fixation  constructs  m ay be  experienced  w ith  compression
fixation . The  sti ness  of ventral thoracic and  lum bar  implants
m ay correlate  w ith  clinical e cacy. St i er  devices in  the  thora-
cic and  lum bar  spine  are  thus, at  least  theoretically, optim al.101

This assum es that  the patien t  population  so treated  is relat ively
young. When  osteoporosis  enters  the  picture, the  need  for  ri-
gidity dim inishes (and  the  potent ial for  screw –bone  failure  in-
creases).102 In  fact , the  relat ive  value  of dynam ic implants  m ay
increase in  such circum stances (see Chapter 29).

Clinical Examples
A lim ited  num ber  of ventral  compression  techniques  are  cur-
rently available. Many of these  techniques  can  be  applied  in  a
compression  m ode  but  are  not  designed  for  th is  application.

Fig. 21.16  The  forces applied  by screw–plate  ventral compression
fixation. Straight  arrows depict  implant  force  applications; curved
arrows depict  bending  moments.

Fig. 21.17  Tension-band fixation constructs resist  bending in the plane
of their application and in an orientation opposite the side of the spine
of their location (straight arrows). In this case, the implant resists spinal
extension (curved arrows) and  distraction because  it  is in  a  ventral
location.
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Som e, however, facilitate  such  use  by providing a  user-friendly
m ethod of applying compression  in traoperatively (� Fig. 21.21).

21.3.3  Ventral Cant ilever Beam  Fixat ion
and Related Techniques
Biom echanics
Cantilever  beam  fixation  constructs  are  of three  fundam ental
types:  fixed, nonfixed, and  applied  m om ent  arm  (see  Chapter
17). Fixed  and  applied  m om ent  arm  constructs  provide  w hat
has  been  term ed  constra ined  or  r igid  spinal  fixation, w hereas
nonfixed  m om ent  arm  fixation  provides w hat  has been  term ed
semiconstra ined,  dynamic,  or  semir igid  fixation .  These  con-
structs  significantly overlap  w ith  the  distraction  and  compres-
sion  constructs addressed  earlier  in  th is chapter. Therefore, the
specific  nuances  related  to  the  cantilever  nature  of  the  con-
struct  are addressed here.

Ventral  cantilever  beam  fixation  techniques  apply  complex
forces to the  spine. Vertebral body or  segm ental rotation  in  the

sagittal or coronal plane, for deform ity correct ion  purposes, can
be  created  by the  use  of specially designed  constructs, such  as
ventral  dual-rod  devices. The  application  of forces  in  opposite
direct ions  (e.g., dist ract ion  of one  rod  and  compression  of the
other)  achieves  a  rotatory  torque  application. An  in tr insic  im -
plant  bending m om ent  is thus achieved.

Im plant-derived  bending  m om ents  result  from  implant-de-
rived force applications to the spine by m eans of a m om ent  arm
—for  example, the bending m om ent  betw een  the  two rods of a
dual-rod  system . With  in trinsic  implant  bending  m om ent  ap-
plication, the  forces  are  applied  by  the  implant  via  a  m om ent
arm  (� Fig.  21.22).  For  optim al  force  application ,  the  parallel
rods should  be  placed  far  apart , thus  lengthening the  m om ent
arm  (see � Fig. 21.22).

Ventral deform ity reduction  techniques are usually applied to
the  lateral  aspect  of the  spine  (rather  than  t ruly  ventrally)  in
the thoracic and lum bar regions. Cross fixation  of two segm ents
theoretically  m inim izes  the  chance  of  subsequent  parallelo-
gram  deform ation, as does toe-in  of screws (� Fig. 21.23).

The  biom echanics  of ventral  fixation  have  been  extensively
studied. In  the  thoracolum bar  region, the  diam eter  of the  rods
incorporated  in  a  dual-rod  system  does  not  significantly a ect
the  m echanics of the  construct .103 Hence, because  sm aller  rods
facilitate  ease  of insertion , they  m ay  be  the  preference  of the
surgeon if a choice exists. The absence of an  e ect  of rod diam e-
ter  on  m echanics  m ost  likely  relates  to  the  the  o -loading  of
rods via in terbody struts or cages. Dual-rod  system s, regardless,

Fig. 21.18  Ventral tension-band fixation is applicable  only in situations
in which axial load-bearing abilities (either intrinsic or surgically created
via an interbody graft, strut, or cage, as depicted) are  present. In such
cases, the  overall construct  functions in a load-sharing mode, in which
the  spinal elements share  the  load  with  the  construct. Extension  is
resisted  by this ventral fixator via the  application  of a  bending
moment, as depicted. Straight  arrows depict  implant  force  applica-
tions; curved arrows depict  resulting bending moments. In this loading
condition (resisting extension) the implant  functions as a tension band
fixator.

Fig. 21.19  (A) Terminal bending  moments (curved arrows) may
become apparent  in  situations in  which excessively long  tension-band
fixation  forces (straight  arrows) are  applied  to the  ventral spine. (B)
Instrumenting  the  spine  at  multiple  intervening  locations, thus
spreading  the  load  borne  by individual anchors (e.g., screws) and  the
moment  applied and resisted by the implant over multiple spinal levels
(multisegmental fixation), virtually eliminates this phenomenon.
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provide  unequivocally im proved  m echanics  over  that  achieved
w ith  single-rod  system s. Dual-rod  system s have been  show n  to
provide  sti er  constructs  than  their  single-rod  counterpar ts.
This  is  part icularly  so  in  torsion  and  flexion–extension  load-
ing.104 There  appears  to  be  lit t le  di erence, however, betw een
single-  and  dual-rod  system s  w ith  regard  to  lateral  bending
sti ness. With  single-rod  system s, the  addition  of an  in terbody
strut  increases sti ness  in  flexion. This  e ect  is  not  so  evident
w ith  dual-rod  system s.104 Reddy et  al essentially confirm ed  the
aforem entioned  by observing that  dual rods provide better  m e-
chanics  than  single-rod  system s and  that  the  addition  of cross
connectors  to  the  dual-rod  system  provides  an  extra  layer  of

im proved m echanics (see � Fig. 21.23).105 Ventral long dual-rod
system s, and  even  shorter  ventral constructs, have been  show n
to  perform  favorably compared  w ith  circum ferential fusion.106

Finally, single-rod  system s  perform ed  as  well as  dual-rod  sys-
tem s, w hen  com bined  w ith  a  t itan ium  m esh  cage, from  a  bio-
m echanical  perspective.107 This  finding, however,  m ay  be  re-
lated to the superior fixat ion potent ial provided by the t itanium
m esh  cage, thus overshadow ing any di erence betw een  single-
and dual-rod system s that otherw ise m ay have been  observed.

Fig. 21.20  The  Dwyer and  Zielke  devices were  historically used  to
apply compression fixation (tension-band fixation) at  multiple levels of
the  spine  (left). They were  applied  on the  convex side  of a scoliotic
curve  to  reduce  the  deformity (right). Straight  arrows depict  implant
force  applications; curved arrows depict  resulting  bending  moments.

Fig. 21.21  Some ventral devices can be placed in
either a  distraction  or a  compression mode. The
distraction  and  subsequent  compression of the
spine  on an interbody bone  graft  is facilitated  by
the  smooth rod  technique. (A) One  must  take
care  not  to  overcompress, causing  a  focal
scoliosis. Note the focal concavity toward the side
of the  implant. (B) This can in  part  be  prevented
by using  a stronger interbody but tress that
compresses the  end  plates symmetrically (e.g.,
flat-faced  cage) and, obviously, by not  over-
compressing.

Fig. 21.22  Intrinsic implant  bending  moment. Straight  arrows depict
the force applied; curved arrows depict  the resulting bending moment.
The  greater the  distance  between  the  rods, the  greater the  efficacy
achieved  because  the  applied  bending  moment  is commensurately
greater. The  bending  moment  is proportional to  the  length  of the
moment  arm, d.
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Techniques
Ventral  can tilevered  beam  fixat ion  constructs  m ay  be  applied
from  any orien tation  perm it ted  by  the  anatom ical restrict ions
of a  given  spinal segm ent. These  construct  types can  be  placed
in  a direct  ventral position  (in  the cervical, thoracic, and lum bar
spine), as well as in  a  lateral position  (in  the  thoracic and  lum -
bar  spine;  � Fig. 21.24). For  constrained  (r igid)  constructs, the
orientation  of placem ent  should  m atter  litt le  to spinal stability,
unless the anatom ical characteristics of the spine dictate length
of m om ent  arm  di erences or  the  use  of especially short , long,
narrow, or  w ide screws (� Fig. 21.25).

Clinical Applicat ions
Cervical Spine
Care  m ust  be  taken  to leave  room  on  the  surface  of and  w ithin
the  ver tebral body for  screw  insertion. The  creation  of a  deep
m ort ise occupies a significant am ount of room  that could other-
w ise be used for screw  inser t ion. Conversely, the placem ent of a
ventral spinal im plant  takes up  room  that  m ight  be better  used
for  the  creation  of a  deep  m ortise. The  surgeon  m ust  continu-

ously assess and reassess the need for screw –plate inser tion, es-
pecially if it  is done at  the  expense of in terbody strut–vertebral
body in tegrity (� Fig. 21.26).

Dynam ic ventral im plants in  the  cervical spine 108,109 and  the
thoracic and  lum bar  spine110 m ay be  used  to allow  and  control
subsidence. Other strategies m ay be used  to facilitate load  shar-
ing w hile  stabilizing.111 These  strategies are  discussed  in  detail
in  Chapter 29.

Thoracic and Lumbar Spine
Ventral  cantilever  beam  fixation  techniques  are  either  fixed
m om ent  arm , nonfixed  m om ent  arm , or  com bination  (hybrid
fixed  and  nonfixed  m om ent  arm )  constructs. The  Kaneda  sys-
tem  is  the  prototype  of the  fixed  m om ent  arm  type, w hereas
the  Z-plate  and  the  University  plate  typify  the  com bination
construct. The latter  im plants have  one fixed  and  one  nonfixed
m om ent  arm  screw  at  each  end. The  Atlantis  ventral  cervical
system  (Medtronic Sofam or  Danek, Mem phis, TN) provides the
option  for  using a  hybrid  system , in  w hich  fixed  and  nonfixed
m om ent  arm  cantilever  screws can  be  placed  at  opposite  ends
of the im plant. Newer im plants use m odificat ions of these older
technologies. Nonfixed  m om ent  arm  screws are  less rigid, par-
ticularly regarding axial rotation  resistance (torsion  resistance).

Fig. 21.23  (A) Parallelogram  deformation  can occur with ventral
screw–rod systems. (B) Rigid cross fixation of the rods can help prevent
such deformations. (C) Screw toe-in can also be  employed  to assist  in
this process via the  method  of triangulation (see  Chapter 15).

Fig. 21.24  A ventral cantilever beam  implant  can be  placed  in  a  true
ventral, lateral, or intermediate  location, as depicted. All locations
essentially achieve  the  same  biomechanical result.

Fig. 21.25  (A) As long  as the  screws cross the  neutral axis (stippled
area), the  orientation of a  constrained  (rigid) implant  application
should not  affect  the efficacy of the construct  regarding ventral (axial)
load-bearing  ability. (B) The  use  of small-diameter screws, either of
which may be  dictated  by the  confines of the  regional anatomy, may
result  in  screw fracture.
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Ventral  cantilever  im plants  restore  stability  for  all  m otions  if
an  in terbody  strut  is  used  and  thus  a ord  greater  stability.112

The  nonfixed  m om ent  arm  im plant  is  typified  by  the  Caspar
device.20,56

Mult isegm ental Fixat ion
Mult isegm en tal  ven t ral  fixat ion  for  deform it y  correct ion  or
preven t ion  has  becom e  m ore  com m onplace. Access  and  sur-
gical exposure  st rategies  have  im proved , and  the  technology
has  advanced .  As  w ith  ven tral  d ist ract ion  fixat ion ,  th ree-
poin t  bend ing–like  forces  m ay  be  sim ultaneously  applied  to
the  sp ine  via  th ree  or  m ore  fixat ion  poin ts  in to  th ree  or
m ore  ver tebral  segm en ts.  As  already  m en t ioned ,  dual-rod
ven t ral  system s  p rovide  sign ifican t  m echan ical  advan tages
for  ven t ral  deform ity  correct ion  or  p reven t ion  t reatm en t
st rategies.104

Follow ing  radical  destabilization  of the  spinal  colum n, such
as by aggressive  corpectomy or  spondylectomy, circum ferential
fixation  is required. This should  be m ultisegm ental and  involve
long constructs. It  provides the m echanical advantage of the ap-
plication  of implant-derived  forces via  long m om ent  arm s w ith
associated  large  bending  m om ents.106 Circum ferential  con-
structs m ay also be appropriate.113

Com plicat ions
Interbody strut  and  ver tebral body loading are  a ected  by ven-
tral and  dorsal im plants. In  fact, strut  loading m ay be  exagger-
ated  by ventral im plants.39,40,114 Increasing graft  loads m ay op-
tim ize  the  chance  of  fusion  acquisit ion.114 Em ploying  short
rather  than  long constructs  is  associated  w ith  a  greater  chance
of success. Short  constructs  have  been  show n  to  be  associated
w ith  a  dim inished  complication  rate.115 This  is perhaps related
to  relatively  dim inished  strut  loading  compared  w ith  longer
constructs. In  th is regard, the  extension  of a  prior  fusion  (junc-
tional  anterior  cervical  discectomy  and  fusion ,  or  ACDF)  is
fraught  w ith  significan t  m om ent  arm –related,  stress-related
complications at  the fusion  extension  level.116

Im plant  sti ness should  also be  considered, part icularly w ith
thoracic  and  lum bar  implants.  The  Kaneda  device  provides
greater  sti ness  than  other  ventral  thoracic  and  lum bar  im -
plants.101,117 This  relates  to  its  use  of four  fixed  m om ent  arm
cantilever  beam  screws (as opposed  to two fixed  and  two non-
fixed m om ent arm  cantilever screws). Butt ress plates have been
advocated  to  m inim ize  structural complications  but  have  been
associated w ith  dislodgem ent and fatal airway obstruct ion.118

In  general, the  m orbidity and  m ortality  related  to  spine  sur-
gery are  im pacted  by age, preexisting diabetes, Am erican  Soci-
ety of Anesthesiologists  grade, and  num ber  of operated  levels.
This  has  been  confirm ed  by Boakye  et  al.119 Unique  complica-
tions, such  as  abdom inal flank bulge  after  ventral low  thoracic
and lum bar spine procedures, can  be problem atic.120

Clinical Examples
Many  ventral  instrum entation  techniques  are  of  a  cantilever
beam  type.  Both  fixed  and  nonfixed  m om ent  arm  cantilever
beam  constructs  apply  distraction,  neutral,  or  compression
forces to the spine. As show n  in � Fig. 21.26, great  care m ust  be
taken  to avoid  the inappropriate application  of such  an  implant ,
especially w hen it  m ay in terfere w ith  bone graft  security.
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22  Dorsal Subaxial Spine Const ructs
22.1  History
Spinal implants were in itially, and  are still, used  for  the supple-
m entation  of  bony  fusion.  However,  bony  fusion  operations
were  in itially  perform ed  w ithout  im plants.1,2 Wire  and  screw
fixation  of  the  unstable  spine  was  first  reported  around  the
turn  of the  century. In  the  United  States, these  techniques  re-
m ained  quietly  in  vogue  unt il  the  pre-World  War  II years.3–6

During th e  sam e  period  in  Europe, Frit z  Lange  described  th e
use  of  steel  rods  for  th e  stabilizat ion  of  th e  sp in e.7 In  th is
ill-con ceived  bu t  in n ovat ive  approach  to  sp in e  stabilizat ion ,
th e  rods have  n o  solid  bony purch ase. Success  w as th erefore
lim ited .

In  the  20  years  after  World  War  II,  there  were  two  m ajor
breakth roughs in  spine surgery: the in terspinous w iring techni-
que of Rogers and the in troduct ion  of the Harrington  system  for
spine  stabilization  and  deform ity  correction . Rogers  described
the  technique  of  cervical  in terspinous  w iring  in  the  early

1940s.8,9 Harrington  in troduced  his  instrum entation  system  in
1962.10,11 For  illustrative  purposes, som e  of  the  dorsal  spinal
im plants that  are of h istorical in terest, but  for  the m ost  part  are
no longer in  use today, are depicted in � Fig. 22.1.

Since  then , m odifications  of both  the  Rogers  technique  and
the  Harrington  system  have  been  devised  to  increase  their  se-
curity of fixation. These include a variety of in terspinous w iring
m odifications and  the  use  of sleeves and  square-ended  m odifi-
cations of Harrington  rods. The next  significant  advance in  dor-
sal spinal stabilizat ion  was the  developm ent  of m ultisegm ental
spinal  instrum entation.  Mult isegm ental  instrum entation  per-
m its  sharing  of  the  load  applied  to  the  instrum entation  con-
struct  w ith  m ultiple  ver tebrae,  thus  substantially  decreasing
the chance of failure at  the m etal–bone in terface.

The  Luque  segm ental  w iring  technique,  developed  in  the
early  1970s, was  the  first  of th is  class  of  implants  to  achieve
w ide  clin ical  application.12,13 Subsequent  m odifications  have
been  used.  These  include  closed  loops  instead  of  rods  and

Fig. 22.1  Dorsal spine  fixation  devices that  are  of historical interest  and  rarely used  today. (A) Rogers interspinous wire  technique  for dorsal
interspinous cervical spine fixation (intraoperative radiograph); (B) Harrington distract ion rod. (C) Harrington compression rod. (D) Weiss springs. (E)
Luque loops. (F, G) Long Luque rod fixation, with an intraoperative photograph depicting surgical technique. (H) Modification of the Luque technique
with  “Galveston” fixation  to the  ilia. Note  the  fractured  rod.
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techniques  for  anchoring  the  rods  to  the  sacrum  (see
� Fig. 22.1).14,15 Deform ity correction  is  ach ieved  by sequential
t ightening of the w ires.16

Sublam inar  w ires were  used  to  augm ent  the  e cacy of Har-
rington  rod  fixation  by reducing  the  chance  of hook dislodge-
m ent.17 This com binat ion  allowed  the surgeon  to apply distrac-
tion  and  sim ultaneously  enhance  the  correct ion  of the  spinal
deform ity. Further  m odifications were  the  forerunners of m ore
complex, currently used  system s of universal spinal instrum en-
tation  (USI).3,14,15,17–19

Harrington  was the  first  to  report  the  use  of the  pedicle  as a
fixation  site. He  abandoned  th is  concept  because  of problem s
w ith  component–com ponent  (screw–longitudinal m em ber) in-
tegrity. Roy-Cam ille  et  al  were  principally  responsible  for  the
refinem ent  and  institut ion  of the  com m on  clin ical application
of pedicle fixat ion.20

The Luque sublam inar  w iring technique waned in  popularity,
prim arily  because  of the  associated  risk  for  neurologic  injury
and  the lack of ability to exert  dist ract ive  or  compressive forces
on  the  spine. Cotrel and  Dubousset  developed  an  instrum enta-
tion  system  that  addressed  these  issues and  m ore.21,22 The  Co-
trel-Dubousset  instrum entation  system  consists  of  rods  and
m ultiple  hooks (w hich  can  be  a xed  to the  lam ina, pedicle, or
transverse process) and  screws—a true USI. This provides a reli-
able segm ental fixation  of the spine, plus the option  to use dor-
sal rotat ional forces  to  correct  scoliotic deform it ies. These  and
other  advantages allow  the safe  and  e cacious segm ental fixa-
tion  of  the  spine  and  the  in troduct ion  of  several  additional
m anufacturer-specific, but sim ilar, im plant system s.19,23–27

Roy-Cam ille  pioneered  the  developm ent  of  lateral  m ass
plates  and  screws;  these  were  in troduced  in  the  United  States
in  1988.28 They  have  overtaken  cervical  w iring  techniques  in
popularity w ith  surgeons.

Dorsal  distract ion,  dorsal  compression  (tension-band  fixa-
tion), dorsal  three-poin t  bending, and  dorsal  can tilever  beam
fixation  are  individually addressed  in  th is  chapter. Like  ventral
fixation  strategies, dorsal im plants respond di erently to di er-
ent  loading conditions. This m ust  be  repetit ively considered  by
the  spine  surgeon. Of general note  regarding dorsal spine  sur-
gery is  its  tendency to  destroy soft  t issue. Kawaguchi and  col-
leagues dem onstrated  m uscle  injury in  all patients w ho under-
went  dorsal lum bar  surgery. These  injuries  were  related  to  re-
traction  pressure and to the durat ion  and extent of exposure.29

22.2  Dorsal Dist ract ion Fixat ion
The  use  of a  spinal implant  to  apply a  dorsal distract ion  force
alone  is  uncom m on. Usually, there  is  an  accom panying  three-
point  bending  or  cantilever  beam  force  application. The  rarity
of the  need  for  an  isolated  im plant-derived  dorsal  dist ract ion
force  application  and  the  possibility of exaggerating spinal de-
form ation  tend  to  discourage  the  clin ical  use  of  such  an  im -
plant-derived force application.

22.2.1  Techniques and Clinical
Applicat ions
With  respect  to  isolated  dorsal  distraction  force  application,
short-segm ent  applications  are  com mon. The  use  of the  now

extinct  Knodt  rod  (via  sublam inar  hooks)  at  a  single  m otion
segm ent  is  an  example  of such  an  application  (� Fig. 22.2a, b).
In terspinous process distraction–decompression  system s apply
the  sam e  forces  to  the  spine, only m ore  dorsally (� Fig. 22.2c).
Significant  complications can  arise  from  the  use  of such  a  fixa-
tion  strategy,30 despite studies that  dem onst rate  otherw ise.31,32

Nevertheless,  the  desired  result  rem ains  the  opening  of  the
neuroforam ina. Spacers com bined w ith  spinous process fixators
have also been  studied.33 Such  a strategy has been  em ployed  in
the  cervical  spine  to  treat  cervical  spondylotic  radiculopathy
and myelopathy.34

Dorsal  spinal  dist ract ion  for  the  reduct ion  of an  extension
spinal deform ity m ay be  indicated, but  rarely (� Fig. 22.3). Dis-
traction, com bined  w ith  three-point  bending force  application ,
m ay be useful.35 Such  a strategy is term ed  ligamentotaxis or  an-
nulota xis (see Chapter 10 and � Fig. 10.5).

22.2.2  Com plicat ions
The  application  of isolated  dorsal spinal dist ract ion  forces m ay
exaggerate a kyphotic deform ity. This m ost often occurs w hen a
segm ental  kyphotic  deform ity  is  superim posed  on  a  norm al
lordot ic curvature. The m om ent arm  through w hich the distrac-
tion  forces act, and  the  inability to  achieve  a  three-point  bend-
ing  force  application, set  the  stage  for  th is  phenom enon. The
latter  results from  the  lack of contact  betw een  the  rod  and  the
fulcrum  (� Fig. 22.4).

This type of force application  m ay flatten  the norm al lordot ic
curvature  (� Fig.  22.5).  This  is  occasionally  associated  w ith  a

Fig. 22.3  Isolated  dorsal spinal distraction forces may be  used  to
reduce  an uncommon hyperextension injury of the  spine. Straight
arrows depict  the  forces applied  by the  implant.

Fig. 22.2  Knodt  rod  application  over a single  motion segment. (A, B)
Note  the  opening  of the  neuroforamina and  the  kyphosis created  in
comparison with  the  preoperative  configuration. (C) Dorsal interspi-
nous distract ion  systems, such as the  X-Stop  System  (Medtronic,
Minneapolis, MN), cause  similar force  applications. Straight  arrows
depict  the  forces applied  by the  implant.

Dorsal Subaxial Spine Constructs

270



clin ical–anatomical  syndrom e  of  back  pain  term ed  fla t-back
syndrome. Patien ts  w ith  th is  syndrom e  have  a  loss  of  lum bar
lordosis and  a  thoracic compensatory attempt  at  restoring sag-
ittal balance  (see  Chapter  27, (� Fig. 22.6, and  � Fig. 22.7). Be-
cause  of  pelvic  flexion , the  person  so  a icted  m ust  flex  the
knees to “face forward.” This results in  significant  back, buttock,
and  dorsal th igh  t ightness and  pain . In  refractory cases, wedge
osteotom ies  m ay  be  required  to  correct  the  deform ity  (see
Chapter 27).

Not  surpr isingly, screws and  hooks were ultim ately show n  to
fare  better  than  sublam inar  cables  in  biom echanical  compari-
sons regarding pullout  and  other  form s of failure  perform ed  in
vitro.36 Except  in  the  very osteoporot ic spine, screws appear  to
fare  better  than  sim ple  pedicle  hooks  from  a  pullout  perspec-
tive.37 On  the other hand, pedicle and  lam inar hook claw s fared

Fig. 22.4  Isolated  dorsal spinal distraction forces may exaggerate
segmental kyphotic deformation if superimposed  on  a region  of the
spine with intrinsic lordosis. Note the flexion of the spine at  the site  of
pathology.

Fig. 22.5  A flat tened  back (loss of lordosis) may result  from  the
application of an  isolated  dorsal distraction  force.

Fig. 22.6  An iatrogenic flat tened back (loss of lumbar lordosis) results
in a compensatory loss of lordosis or kyphosis. This is demonstrated by
a lateral radiograph of a patient  so afflicted. The patient  must  flex the
knees to  face  forward  because  of the  limitation of pelvic extension.
This often  results in  significant  back and  dorsal thigh tightness and
pain  (see  Chapter 27).

Fig. 22.7  The application of distraction with a Knodt rod. This results in
a flat tened  back. In  this case, the  abnormal curvature  of the  lumbar
spine  (kyphosis) is caused  by distract ion  dorsal to  the  instantaneous
axis of rotation, with  a  resultant  bending  moment  application. It  also
predisposes to  end-fusion stress augmentation. In  this case, a
subluxation occurred  one  segment  rostral to  a  fusion  in  kyphosis.
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better than pedicle screws in  another study.38 This suggests that
hook  claw s  provide  substantially  better  fixation  than  sim ple
pedicle hooks. In  th is dom ain  of select ion  of im plant  type in  the
osteoporot ic pat ient, clin ical judgm ent  m ust  prevail. Although
not  absolutely  clear, hooks  placed  in  a  claw  configuration  ap-
pear to provide the greatest  fixation  poten t ial regarding pullout
resistance in  osteoporot ic bone.

22.3  Dorsal Com pression
(Tension-Band) Fixat ion
Short  tension-band  constructs  understandably  result  in  less
spinal sti ness than  longer constructs. Therefore, a shorter  ten-
sion-band  fixation  construct, appropriately used, carries a  less-
er chance of early and late im plant–bone in terface failure.

Dorsal  tension-band  fixation  forces  rely  for  success  on  the
principle of “closing the fish  m outh” (� Fig. 22.8). If the  “jaw ” of
a  “fish” is  in tact , then  sim ply forcing  the  fish’s  “m outh” in to  a
closed  position  w ill result  in  a t ight  approxim ation  of the  teeth
(and  a  solid  construct). On  the  other  hand, if the  fish’s  jaw  is
fractured, closing the  fish’s  m outh  w ill not  ensure  approxim a-
tion  of the  upper  and  lower  teeth  (� Fig. 22.9a);  in  fact, it  m ay
further disrupt  their alignm ent (� Fig. 22.9b). The clin ical corre-
late of the  “fractured jaw ” is disruption  of the lam ina or spinous
process  (see  � Fig. 22.9). Closing  the  fish’s  m outh  w ith  a  ten-
sion-band  fixation  construct  m ay exaggerate  the deform ity and
do lit t le to augm ent spinal stability.

Tension-band  fixat ion  constructs  fun ct ion  by  closing  the
fish’s  m outh . To  provide  spinal stability, the  force  applicat ion
requires  an  in tact  h inge  serving  as  the  instan taneous  axis  of
rotat ion  (IAR).  Without  th is  in tact  h inge,  success  cannot  be
expected.

Another  relative  requirem ent  of the  anatom ical or  pathoana-
tom ical arrangem ent of the spine, before the application  of dor-
sal  tension-band  fixation  forces,  is  the  in tr insic  or  surgically

created  ability  of  the  spine  to  resist  overcom pression .  If,  for
example, the fish  had  no teeth , but  the hinge of the jaw  was in-
tact , forceful closing of the  m outh  would  result  in  an  “overclo-
sure” of the  jaw. In  the  case  of the  spine, a  sim ilar  m echanism
could  result  in  nerve  root  im pingem ent  at  the  level  of  the

Fig. 22.8  (A) The  analogy between a  fish’s open mouth  and  a  flexion
deformity. (B) The  fish’s mouth can be  closed  (or the  deformity
reduced) by a  tension-band  fixation mechanism.

Fig. 22.9  (A) A fractured  jaw (or spinous process) (B) will impede
approximation of the  teeth  (or reduction of a  flexion  deformity) by a
tension-band  fixation  mechanism.

Fig. 22.10  (A) If the  fish’s jaw had  an  intact  hinge  (anterior and
posterior longitudinal ligaments), but  the  teeth  were  missing  (facet
joint  disruption or injury), (B) the  application of dorsal tension-band
fixation forces could result in “overclosure” of the jaw (overextension of
the spine). (C) This, in turn, could result  in nerve root  impingement  or
buckling  of the  ligamentum  flavum.
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neuroforam ina  or  in  buckling  of the  ligam entum  flavum  into
the spinal canal (� Fig. 22.10).

If, on  the  other  hand, the  fish’s tongue  (our  hypothetical fish
has a  tongue) were  swollen  and  protruded  in to the  m outh, the
application  of a tension-band fixation  force would  result  in  fur-
ther  protrusion  of the  tongue, and  reduct ion  of its  volum e  be-
fore  jaw  closure  (im plant  placem ent)  would  be  optim al
(� Fig. 22.11).

It  has been  em phasized  in  Chapter  12  that  an  adequate  ven-
tral  neural elem ent  decompression  m ust  be  perform ed  before
the  application  of a tension-band  fixation  im plant  to the  spine.
Obviously, closing the fish’s m outh  w ill wedge any m ass that  is
dorsal to  the  hinge  (IAR) toward  the  dural sac (see  � Fig. 22.10
and � Fig. 22.11). This phenom enon is a result  of the redirect ion
of the  t ransm itted  forces. Rem em ber, a  tension-band  fixation
technique  only closes the  fish’s m outh . It  does not  stabilize  the
hinge  of the  jaw  (� Fig. 22.12). This  stability  m ust  already  be
present.

The  application  of dorsal  compression  forces  (i.e., by  a  ten-
sion-band  construct)  w ith  an  accom panying  in terbody  fusion
increases  the  bone  healing–enhancing  forces  if  the  in terbody
fusion  is positioned  dorsal to the  IAR. The  underlying principle
is  that  of “load  sharing.” Placem ent  of the  construct  in  a  com -
pression  m ode  in  th is m anner  allow s the  axial load-supporting
capacity  of  the  ventral  in terbody  fusion  to  be  m axim ally  ex-
ploited  by compression  of the  in terbody strut  in to  the  m ort ise
of the vertebral body (� Fig. 22.13). This requires that  the  ante-
rior longitudinal ligam ent be in tact .

The forces applied  to the  spine by tension-band  fixat ion  con-
structs  were  discussed  in  Chapters  16  and  17. The  direction  of
the  force  applied  to  the  spine  by  tension-band  fixation  con-
structs  di ers  by 90  degrees  from  that  of the  force  applied  by
three-point  bending  constructs.  The  form er  is  parallel  to  the
long  axis  of the  spine;  the  lat ter  is  perpendicular  to  th is  axis
(� Fig. 22.14). Because  of the  parallel  orientation  of the  force
application  and  the  fact  that  the  m om ent  arm  is perpendicular
to  th is  orientation, the  length  of the  construct  does  not  a ect
the  bending  m om ent  applied  at  the  term ini  of the  construct .
Therefore, the  length  of the  construct  does  not  a ect  the  e -
cacy  of  deform ity  correct ion.  The  only  factor  a ect ing  the
length  of the  m om ent  arm  is  the  distance  from  the  IAR to  the
point of attachm ent of the construct  (� Fig. 22.15).

22.3.1  Techniques
The  application  techniques  for  tension-band  fixation  vary
w idely. They  range  from  cerclage  w iring  in  the  cervical  spine
(true  tension-band  fixation) to the  use  of cantilever  beam  fixa-
tion  constructs in  a  compression  m ode.39 They all have  one  at-
tr ibute in  com m on: the application  of a compression  force com -
plex  at  a  point  that  is  dorsal  to  the  IAR and  the  neutral  axis.

Fig. 22.11  (A) If the  tongue  were  swollen  (retropulsion of disc and/or
bone into the spinal canal), (B) closure of the mouth (the application of
dorsal tension-band  fixation forces) would  result  in  further tongue
protrusion (exaggeration  of the  dural sac compression). (C) Reposi-
tioning  of the  tongue  or reduct ion  of the  volume of the  tongue
(removal of the  ventrally located  bone  and/or disc—that  is, ventral
dural sac decompression) would  eliminate  the  pathologic dural sac
compression.

Fig. 22.12  (A) If the hinge of the fish’s jaw is disrupted (anterior and/or
posterior longitudinal ligament  disruption), (B) closure  of the  jaw
(application of a  tension-band  fixation force) may not  adequately
stabilize  the  jaw or the  spine.
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From  a  m echanical  perspective,  pedicle  screw  anchors  have
been  show n  to be superior  to hook anchors in  resisting t ract ion
(i.e., by  a  tension-band  fixation  strategy).40 In  th is  regard, the
pedicle  screw  is  resisting  loads  applied  perpendicular  to  the
long axis  of the  screw, as  opposed  to  the  discussion  regarding
pullout  in  the prior section  (“Dorsal Distract ion  Fixation”).

22.3.2  Clinical Applicat ions
Cervical Spine
Dorsal  tension-band  fixation  techniques  for  application  in  the
cervical region  have  one  significant  advantage  that  sim ilar  ap-
plications in  the  thoracic and  lum bar  region  do not:  the  orien-
tation  of the  facet  joints  in  the  coronal plane  (� Fig. 22.16). If
the  in tegrity of the  facet  joints  is  left  in tact  by  the  pathologic
process, the  dorsal  application  of tension  betw een  two  verte-
bral segm ents at  the  lam ina  or  spinous process level (dorsal to
the  IAR) positions the  involved  facets so that  flexion  and, m ore
im portant ly, ventral  translation  cannot  occur. The  juxtaposed
nature  of  the  cervical  facets  results  in  their  contribut ion  to
translat ion  resistance  by  vir tue  of  their  engagem ent  (see
� Fig. 22.16). These  factors sim plify  the  decision-m aking proc-
ess  regarding  the  application  of dorsal  tension-band  fixation
spinal implants in  the cervical region.

We  have  focused  on  dorsal tension-band  fixators. One  m ust
rem em ber,  though,  that  ventral  cantilever  beam  constructs
(� Fig. 22.16i)  funct ion  as  distraction  devices  (resist  compres-
sion  in  the  upright  position), cantilever  beam  devices (because
they are, indeed, cantilever  beam s), and  tension-band  fixators
(compression  devices)—depending on  the conditions of loading.
Regarding compression  force  application, the  ventral cantilever
beam  construct  resists extension  and, as such, funct ions as a re-
sistor  of extension  and  so a tension-band  fixator  (� Fig. 22.16j).
This was presented in  Chapter 21.

Thoracic and Lum bar Spine
In  the thoracic and  lum bar  regions, the facet  joints are  oriented
in  noncoronal planes and  m uch  greater loads are  applied  to the
spine,  under  both  norm al  and  extrem e  loading  conditions.

Hence, the  expectations of thoracic and  lum bar  spinal im plants
and  the forces applied  to the spine by the  im plants and  by nor-
m al and  excessive  spinal m ovem ents  are  m uch  greater  than  in
the  cervical  region.  Nevertheless, short-segm ent  compression
(tension-band) fixation  has been  show n  to be beneficial, part ic-
ularly  in  regions  w ith  a  natural  kyphosis  (e.g.,  the  thoracic
spine).35 The  evolution  of devices  and  techniques  for  thoracic

Fig. 22.13  (A) Assuming  the  presence  of intact  ventral ligamentous
structures, (B) the  placement  of a  dorsal tension-band  fixation  force
complex may result  in the augmented application of compressive force
to  a  ventral interbody bone  graft  strut, as depicted.

Fig. 22.14  The  forces applied  to the  spine  by a  dorsal tension-band
fixation construct  (solid arrows) are perpendicular to those applied by a
three-point  bending  construct  (hollow arrows).

Fig. 22.15  The length of the  tension-band  fixation construct  does not
affect  the  length  of the  moment  arm  (d) because  the  moment  arm  is
perpendicular to  the  forces applied  (arrows).

Dorsal Subaxial Spine Constructs

274



and  lum bar  instability has culm inated  in  the  use  of USI for  the
treatm ent of postt raum atic sp inal instabilit y. These  techn iques
provide  the  im m ediate  acquisit ion  of sign ifican t  spinal stabil-
ity.  The  degree  of  rigid ity  at tained  is  substan tial.  Long-rod
techn iques  frequen t ly  provide  a  m ore-than-adequate  degree
of sp inal stability. However, excessive  st ress sh ielding can  re-
sult . Th is  m ay lim it  healing and  bony fusion . Term inal hook–
bone, or  even  screw –bone, in terface  failure  m ay  be  encour-
aged  by  the  use  of long-rod  and  shor t-fusion  techn iques  (ei-
ther  follow ing  the  acquisit ion  of  adequate  bony  fusion  or
w ith  pseudarth rosis),  necessitat ing  rem oval  of  the  im plan t .
Th is  is  so  because  the  poin ts  of con tact  of the  im plan t  w ith
the  sp ine  in  the  unfused  regions  are  con t inuously exposed  to
loading–unloading  st resses.  Repetit ive  m otion  w ill  result  in
degradation  of the  hook–bone  and  screw –bone  in terface  and
failure.

22.3.3  Mult isegm ental Fixat ion
Tension-band fixation  can  be applied in  a m ultisegm ental m an-
ner.  This  can  provide  som e  advantages  by  distr ibuting  forces
over  m ultiple  im plant–bone  in terfaces (see  Chapter  18). Termi-
na l bending moments m ay result  w hen  an  insu cien t  num ber
of in term ediate fixation  poin ts have been  used (� Fig. 22.17).

When  interspinous  w iring  techniques  are  used  for  m ulti-
segm ental fixation, m ultiple  overlapping  one-m otion-segm ent
cerclage  w ires  are  biom echanically  optim al, particularly  com -
pared  w ith  a  single  cerclage  w ire, as  m ight  have  been  used  in
� Fig. 22.18. When one long cerclage w ire is used, there is a ten-
dency toward  the form ation  of term inal bending m om ents (see
� Fig. 22.18). This tendency is m in im ized  by using the  m ultiple
overlapping cerclage  w iring technique (see  � Fig. 22.18). Fortu-
nately, far  superior  techniques for  attain ing the  sam e result  are
available today.

Fig. 22.16  (A) The coronal orientation of the cervical facet  joints augments the efficacy of tension-band fixation in the case of flexion deformation. (B)
If the  facet  joints are  intact, dorsal compression (arrows) facilitates their reapproximation. (C) The  absence  of this close  approximation of the  facet
joints does not protect  against  translation. (D) Forced approximation of the facet  joints obstructs ventral translational deformation. (E) The application
of a tension-band fixation construct  in a situation in which sagit tal plane translational stability has been disrupted and/or in which coronally oriented
facet  joints are  not  present  (e.g., at  the  C1–C2 joint  in  the  case  of a  dens fracture) (F, G) may not  adequately limit  translation. (H) A more  rigid
cantilevered construct may be required. (I) A ventral cantilever beam fixator resists compression and so functions as a distraction device. By definition,
it  is a  cantilever beam  fixator. (J) However, during  extension of the  spine, it  functions as a  compression device  (tension-band fixator; arrows).
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22.3.4  Com plicat ions
Marked  sp inal  deform it ies  can n ot  be  con sisten t ly  reduced
by  dorsal  t en sion -band  fixat ion  techn iques  alon e. Sim ilar ly,
pat ien ts  w h o  h ave  in cur red  a  substan t ial  loss  of  lateral
t ran slat ion al  stabilit y  or  scoliot ic  cu r vatu re  are  poorly
served  by  th ese  tech n iques. In terver tebral ligam en tous  sup -
por t , w h ich  is  d im in ish ed  after  sign ifican t  t ran slat ion al in ju -
ries, is  often  n ecessar y  for  th e  success  of ten sion -ban d  fixa-
t ion  techn iques.

Sim ilarly, dorsal tension-band fixation  techniques have a lim -
ited  ability to apply an  e ect ive  m om ent  arm  for  either  the  re-
duct ion  of a  scoliot ic or  kyphotic  spinal deform ity or  the  pre-
vention  of the  developm ent  of a  translational deform ity  w hen
significant  t ranslat ional instability  is  suspected. A scoliot ic de-
form ity m ay be exaggerated follow ing the use of a dorsal short-
segm ent  fixation  compression  technique (� Fig. 22.19). Wire  or
cable cut-through  m ay occur  w ith  any cerclage technique. A va-
riety  of  in terspinous  tension-band  fixation  devices  have  been
proposed  and  recom m ended.41 Therefore, an  understanding of

the  capacity  of the  spinous  process  to  w ithstand  compression
fixation  becom es m andatory. This, in  fact, is lim ited.42 For these
reasons, dorsal spinous process plates have been  of in term itten t
utilit y over the years.43

Fig. 22.17  With  multiple-level dorsal compression fixation (straight
arrows), terminal bending  moments can occur (curved arrows).

Fig. 22.18  (A) The  use  of multiple  overlapping  one-motion-segment
cerclage wires (B) helps to prevent the terminal bending moments that
might  occur with  a single  cerclage  wire.

Fig. 22.19  The application  of asymmetric dorsal tension-band  fixation
forces, or asymmetric resistance to the application of such forces, may
exaggerate  a scoliotic deformation.
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Finally, dorsal plates  and  tension-band  fixat ion  devices  alter
in terbody loads.44 This  can  have  a  positive  or  a  negative  e ect
on  healing, depending  on  factors  such  as  ventral  stability  and
axial load-bearing capacity (see Chapters 27 and 29).

22.3.5  Clinical Exam ples
Tension-band  fixation  constructs  are  com m only  applied  clin i-
cally. The  prototype  of th is  construct  type  is  the  in terspinous
w iring technique, w hich , if applied  to excess, can  result  in  spine
deform ation, usually hyperextension  (� Fig. 22.20). A variety of
lam inar  clamps  can  be  used  to  apply  tension-band  fixation
forces  to  the  spine  (� Fig. 22.21). Such  techniques  are  uncom -
m only  used  today.  They  have  been  supplanted  by  pedicle
screw–rod  fixation  techniques of the  fixed  and  nonfixed  canti-
lever beam  types.

22.4  Dorsal Three-Point  Bending
Fixat ion
Three-point  bending instrum entation  is usually, but  not  always,
applied in  a complex m anner  w ith  accom panying distraction  or
compression—for example, by Harrington  dist ract ion  rods or by
USI techniques  applied  in  a  distraction  or  compression  m ode.
Three-point  bending im plants m ay also  be  applied  in  a  neutral
m ode  by  USI or  segm ental  sublam inar  w iring  constructs  (see
Chapter 17). It  is usually the preferred  m ode of im plant-derived

force  application  for  deform ity  prevent ion  or  treatm ent  by
m ost  dorsal  distraction  techniques  and  m any  neutral  techni-
ques. Three-point  bending  constructs  involve  instrum entation
application  over  m ultiple spinal segm ents, usually five or m ore,
w ith  accom panying  dorsally  directed  forces  applied  at  the
upper  and  lower  im plant–bone  in terfaces  and  a  ventrally  di-
rected  force  applied  at  the  fulcrum  (� Fig. 22.22). This  techni-
que is often  used  follow ing traum a to achieve  a ventral decom -
pression  of the  dural sac by distracting the  posterior  longitudi-
nal  ligam ent.  The  desired  resultan t  force  application  m ay
“push” the  o ending  retropulsed  bone  and/or  disc  fragm ents
ventrally and  away from  the  dural sac. This is term ed  ligamen-
totaxis or  annulota xis. Because  of the  relative  weakness  of the
posterior  longitudinal ligam ent  and/or  the  fixed  nature  of the
retropulsed  fragm ents, th is  technique  m ay not  always succeed
(see  Chapter  8).  Sleeves  around  the  rods  that  funct ion  as
spacers m ay be used to increase spinal extension  by m oving the
contact  of the  im plant  w ith  the  native  spine  to  a  m ore  ventral
position,  thus  enhancing  the  desired  force  application
(� Fig. 22.23).

The  application  of a  dorsal distraction  force  that  spans m ore
than  one  m otion  segm ent  nearly always  applies  a  three-poin t
bending force complex to the spine. Even  if a th ree-point  bend-
ing  construct  is  not  in itially  planned, the  application  of su -
cient  dist ract ion  w ill eventually result  in  enough  spinal flexion
that  the  construct  m akes contact  w ith  the  spine  at  the  level of
the  spinal  deform ity  (i.e.,  at  an  in term ediate  point  along  the
construct  term ed  the  fulcrum) w ith  hook–rod  fixation  system s.
With  screw–rod  fixation  system s and  in term ediate  screws, the
resistance  to  three-poin t  bending  loads  and  the  application  of
frank three-point  bending forces to the  spine  are  assum ed. The
addition  of in term ediate screws significantly increases the sti -
ness of a short-segm ent  pedicle fixation  system .45 This is so be-
cause  of the  sim ple  addition  of another  point  of fixation, the
elim inat ion  of  the  ability  of  the  in term ediate  vertebra  to
“snake,” and  the  ability to apply and  resist  three-point  bending
forces.  Before  engagem ent  of  the  fulcrum , flexion  occurs  be-
cause  of the  application  of the  distract ion  force  at  points dorsal
to the  IAR. This is m ost  com m on  in  the lum bar  region, w here  a
“natural” lordot ic posture is present (� Fig. 22.24).

22.4.1  Dorsal Facet  Fixat ion
Although  facet  fixation  is  not  str ictly  speaking  a  three-point
bending  construct ,  shear  forces  are  indeed  applied  to  the
screws, and  therefore  three-point  bending  forces  are  resisted/
absorbed  by the  screw. As such, dorsal single-level three-point
bending  forces  can  be  absorbed  by  screws  that  pass  through
two  bony  components. This  is  illustrated  by  the  t ranslam inar
transfacet  technique of Magerl (� Fig. 22.25a–c). In  the thoracic
spine, t ransfacet  fixation  results in  a  slightly di erent  force  ap-
plication—w ith  shear  forces  applied.  With  th is  technique,
three-point  bending  forces  are  resisted  by  the  screw  during
loading (flexion  or  extension).46 Via  closed  techniques, the  ac-
curate  placem ent  of such  screws is  precarious. Adjuncts  to  in-
sertion, such  as guide devices, have been  developed  to facilitate
safe insertion.47

A sim ilar  technique in  the cervical spine has been  found to be
suboptim ally  e ect ive  from  a  biom echanical  perspective.48,49

This  technique, the  transfacet  screw  fixation  technique, di ers

Fig. 22.20  Cerclage  wiring  of the  cervical spinous processes provides
spinal extension via  the  application  of dorsal compression (tension-
band  fixation) forces. This force  application may be  excessive, as
depicted.
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Fig. 22.21  Various implants can be used to apply dorsal tension-band fixation forces. (A) Knodt  rods can be  placed in a compression mode and thus
provide  compression (tension-band  fixation) forces to the  laminae. (B) A short-rod, two-claw technique  can also  be  used  for this purpose.
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from  its  thoracic  counterpart  in  that  it  does  not  involve  a
pedicle  purchase  component  (� Fig. 22.25d). This is  akin  to the
di erence betw een  the Magerl and  Boucher  techniques applied
in  the lum bar  spine.50,51 The Magerl translam inar  fixation  tech-
nique  involves  passage  of  the  screw  through  the  lam ina,
through  the facet  joint, and  in to the pedicle  (see  � Fig. 22.25 a–
c). Three-point  bending (shear) forces are  applied  to the  screw
during loading, as in  the thoracic transfacet  pedicle  screw  fixa-
tion  technique. The  Boucher  t ransfacet  fixation  technique  in-
volves  passage  of the  screw  in  a  t ransfacet  m anner, w ith  the
screw  term inating in  the pedicle (� Fig. 22.25e, f). In  th is way (i.
e.,  screw  term ination  in  the  pedicle),  the  lum bar  t ransfacet
technique  provides  substantially  greater  m echanical  strength
than  does the  cervical true t ransfacet  counterpar t . Both  lum bar
techniques  provide  substantial  stability. The  stability  provided
is, from  a biom echanical perspective, equivalen t  to or compara-
ble w ith  that  provided  by pedicle screw  fixation  in  m any of the
param eters studied.52–55 Regarding the t ransfacet  fixation  tech-
nique  of Boucher, w hich  indeed  is  arguably m ore  biom echani-
cally sound  than  the  translam inar  transfacet  technique  of Ma-
gerl, the forced  engagem ent  of the facet  joints by the screws fa-
cilitates the security of fixation  by taking advantage of the sub-
stan tial  surface  area  of  close  contact  betw een  the  facet  joint
surfaces (� Fig. 22.25g). This m ost likely explains its biom echan-

ical  superiority.50–55 Of  note,  Tuli  et  al  dem onstrated  an  in-
creased  risk for  reoperation  in  a  clin ical comparison  of t ransla-
m inar  facet  screw  fixation  and  pedicle  screw  fixation.56 This
has not been  studied w ith  the transfacet  technique of Boucher.

22.4.2  Clinical Applicat ions
Dorsal three-point  bending constructs  can  be  applied  in  m any
clinical situations.24 As  m entioned  previously, they are  usually
applied  in  com binat ion  w ith  dist ract ion  or  compression  forces
at  the  term ini of the  construct. These  forces aid  in  the  acquisi-
tion  of a  solid  construct  and  enhance  the  ability  to  reduce  ky-
photic deform it ies. A discussion  regarding  the  choice  betw een
distraction  and  compression  force  application  is  im perative  in
th is regard (see Chapter 18).

Fig. 22.22  The  dorsally and  ventrally directed  forces (arrows) applied
by three-point  bending  constructs.

Fig. 22.23  Sleeves may be  used as spacers to provide an advantage  in
the  form  of ventrally directed force application at  the  fulcrum. Arrows
depict  the  forces applied.

Fig. 22.24  (In  the  presence  of the  normal lumbar lordosis; A) Dorsal
lumbar distraction  results in  (B) spinal flexion  until the  fulcrum  is
engaged  by (C) the  rod. Only after engagement  of the  fulcrum  is a
three-point  bending  force  application achieved. Up to that  point,
simple  distraction is achieved. (D) Sleeve  application  facilitates
engagement  of the  fulcrum  by the  rod.

Dorsal Subaxial Spine Constructs

279



Although  distraction  and  compression  are  often  both  applied
at  di erent  levels w ith  three-point  bending fixation , segm ental
neutral  fixation  (neutral  at  the  tim e  of  im plantat ion;  loading
conditions are altered w ith  am bulation) m ay provide significant
advantages. It  m ay be  used  to apply three-  or  four-point  bend-

ing forces  at  m ultiple  points  on  the  spine. This  is  illustrated  by
the  very  early  USI fixation  construct  (now  perhaps  considered
prim itive) that  em ployed hooks, screws, and  anchors in  a patient
who had  failed  spine surgery multiple  times (� Fig. 22.26a). This
provides  a  very  solid  construct  that  allows,  for  example,  the

Fig. 22.25  Three-point  bending forces are resisted by the screw in a transfacet  pedicle screw fixation construct. Such a construct  is illustrated in (A) a
lateral view and (B) an axial view. The three-point  bending forces are  resisted by loading. (C) For example, in flexion, the forces resisted by the screw
(straight  arrows) are  portrayed. (D) The  cervical transfacet  screw fixation technique  differs from  its lumbar counterpart  in  that  it  does not  involve  a
pedicle purchase component. (E, F) The Magerl translaminar transfacet  fixation technique involves passage of the screw through the lamina, whereas
the Boucher technique involves passage of the screw through the facet  joint  and into the pedicle. Forces along the long axis of the screw are applied
during loading, as in the thoracic transfacet  pedicle screw fixation technique. (E, F) The Boucher transfacet  fixation technique involves passage of the
screw in  a  transfacet  manner, with  the  screw terminating  in  the  pedicle. In  this way (i.e., screw termination  in  the  pedicle), the  lumbar transfacet
technique  provides substantially greater mechanical strength  than  does the  cervical true  transfacet  counterpart. Both  lumbar techniques provide
substantial stability. The  stability provided  is, from  a  biomechanical perspective, equivalent  to  or comparable  with  that  provided  by pedicle  screw
fixation in many of the  parameters studied. (G) The forced engagement  of the facet  joints by the  screws facilitates the  security of fixation by taking
advantage  of the  substantial surface  area of close  contact  between  the  facet  joint  surfaces. This most  likely explains its biomechanical superiority.

Dorsal Subaxial Spine Constructs

280



graded  intraoperative  reduction  of  a  kyphotic  deform ity  w ith
use of the  “crossed-rod” technique (� Fig. 22.26b–d).

Term inal three-poin t  bending fixation  is  achieved  w hen  the
fulcrum  of the  three-point  bending  construct  is  situated  near
one end  of the  construct  (see  Chapter  17). It  is applicable  in  si-
tuations  in  w hich  parallelogram  deform ation  in  the  sagit tal
plane  is  likely  to  occur  w ith  shorter  (tension-band)  fixation
techniques (see Chapter 17).57

In  the  lum bar  spine, the  use  of sleeves  m ay provide  the  ad-
vantage of bringing the fulcrum  to the  rod  so that  spinal exten-
sion  can  be realized (see � Fig. 22.23). The use of m ultiple in ter-
m ediate points of fixation, cross fixation , or rods that cannot ro-
tate  (e.g.,  square-ended  rods  w ith  square  acceptance  sites  in
hooks) can  also  be  used  to  obviate  th is  problem  (� Fig. 22.27).
These are strategies of the past. The principles illustrated, how -
ever, help  provide a foundat ion  in  the fundam entals of spine bi-
om echanics.

22.4.3  Mult isegm ental Fixat ion
Dorsal three-poin t  bending constructs, by definition, fix  m ulti-
ple  spinal  segm ents. The  spanning  of at  least  three  ver tebral
levels  (two  m otion  segm ents)  is  m andatory  if  a  three-point

bending  construct  is  to  apply  or  resist  the  appropriate  forces
and  loads. For  example, if a  distraction  construct  is  placed  be-
tween  two  lam inae  (e.g., as  is  the  case  w ith  one-m otion-seg-
m ent  Knodt  rod  placem ent),  th ree-point  bending  cannot  be
achieved because there is no in term ediate point  for the applica-
tion  of the ventrally directed force (i.e., no fulcrum ). In  th is case,
sim ple  dist ract ion  is  all  that  is  achieved  (� Fig. 22.28). Again ,
we  learn  from  the  m istakes  of our  predecessors—as  we  stand
on their shoulders.

The  use  of m ultiple  poin ts of fixation  adds to both  construct
complexity and  construct  utilit y regarding three-point  bending
and  cantilever  beam  force  applications, as  well as  the  applica-
tion  of  compression  and  distract ion  fixation  strategies
(� Fig. 22.27a).

22.4.4  Com plicat ions
With  all  dorsal  spine  procedures, ocular  and  facial  complica-
tions  can  arise  from  the  prone  position ing  during  surgery.
Three-  or  two-point  rigid  skull-fixation  can  m inim ize som e but
not  all  of  these  complications  by  elim inating  facial  pressure.
Special pillow s can  assist  w hen  such  rigid  skull fixation  techni-
ques are not em ployed.58

Fig. 22.26  (A) Universal spinal instrumentation, with  its multiple  points of intermediate  fixation, may apply multiple  dorsally or ventrally directed
forces to the  spine. (B–D) This concept  is effectively used  in  the  “crossed-rod  fixation technique,” in  which  a kyphotic deformity is reduced  in  a
sequential manner. In  the  situation  depicted  here, sublaminar wires are  used  to gradually reduce  the  kyphotic deformity by means of sequential
tightening  of the  wires at  each end  of the  construct. Hooks or screws can also  be  used.
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Three-poin t  bending constructs  are  m ost  likely to  fail at  the
rostral  or  caudal term inus, at  the  im plant–bone  in terface. The
rostral  implant–bone  in terface  is  usually  the  m ost  vulnerable
point  in  the  thoracic spine  (� Fig. 22.29a). With  the  Harrington
distraction  rod, th is  is  particularly so  because  of the  tendency
of the  upper  hook to flex out  of position, as well as the  factors
addressed in  Chapter 18. One of the strategies for compensating
for  th is  m ay be  to  lengthen  the  upper  port ion  of the  construct
by one  or  two  segm ental  levels, or  to  em ploy  techniques  that
increase  hook–bone  in terface  purchase.59 Lengthening  the
upper  portion  of the  construct  increases  the  length  of the  ap-
plied  m om ent  arm , w hich  in  turn  decreases  the  dorsally  di-
rected  forces  applied  at  the  upper  implant–bone  in terface
(M = F x  D;  � Fig. 22.29b, c). Obviously, m ultiple  points  of fixa-
tion , preferably achieved w ith  screws, is m uch the preferred fix-
ation  m odality today.

The  placem ent  of a  three-point  bending  construct  over  too
few  m otion  segm ents  provides  inadequate  leverage  for  appro-

priate  term inal anchor–bone  fixat ion. Either  inadequate  three-
point  bending forces are applied, or excessive ventrally and dor-
sally  directed  forces, applied  at  the  fulcrum  and  term inal  at-
tachm ent  sites,  respect ively,  are  required  to  compensate  for
short  constructs  (� Fig. 22.30a). This, together  w ith  the  exag-
gerated  forces  applied  at  the  term inal im plant–bone  in terface,
allow s only m inim al opportunity to prevent  sagittal angulation
of the  vertebral bodies above  and  below  the  unstable  segm ent.
The  use  of a  construct  that  is too short  leaves the  term inal im -
plant–bone  in terfaces  too  near  the  unstable  m otion  segm ents.
The  term inal vertebral segm ent  com m only pivots in  th is situa-
tion  (� Fig.  22.30b).  However,  if  the  construct  is  placed  in  a
compression  m ode, so that  the in tr insic ventral spinal elem ents
are  “asked” to  “share” the  load  w ith  the  im plant, such  pivoting
is less likely to occur (� Fig. 22.30c).

Long  im plants  associated  w ith  a  short  fusion  (instrum enta-
tion–fusion  m ism atch) have been  suggested  as a  surgical alter-
native. Although  som e  suggest  that  instrum ented  but  unfused

Fig. 22.27  The  lordotic curvature  may be  preserved  with  the  use  of sleeves (see  Fig. 22.23). (A) Rod contouring  alone  may not  effectively preserve
(curved arrow, B) the lordotic posture of the spine because the rod may rotate. (C) Rotation can be eliminated by eliminating mobility at  the rod–hook
interface—for example, by using square-ended rods with square acceptance sites in hooks. This prevents rotation of the rod within the hook and thus
minimizes the chance that  the rod itself will rotate. (D) Providing at  least  one additional intermediate rod–bone interface will also eliminate rotation.
Finally, rigid  cross fixation of one  rod to the  other will eliminate  rod rotation. (E, F) Multiple  points of intermediate fixation may also be  used for this
purpose.
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segm ents  m ay  be  associated  w ith  complications,  others  have
not  found  th is  to  be  so.  This  strategy  obviously  is  associated
w ith  the advantages of a decreased  fusion  length , the preserva-
tion  of m otion, and  decreased  operative  t im e.60,61 The  use  of
pedicle  screw  cantilever  beam  fixators  perm its  the  use  of  a
shorter  im plant  w ith  a great  fixation  and  deform ity prevention
potential. Hence, w ith  the  advent  of pedicle screw  USI system s,
m uch  of the  aforem entioned  discussion  is useful only from  the
perspective of understanding fundam entals.

The surgeon should bear in  m ind, then , that appropriately ap-
plied  three-point  bending  constructs  are  associated  w ith  sev-
eral advantages, such  as  ventrally  directed  force  application  at
the fulcrum  and  the  opportunity to address the  problem  of de-
form ity (kyphosis) reduct ion  w ith  relat ive  ease. Excessive  force
application  usually is not  m andatory. The  application  of appro-
priate  (not  excessive)  forces,  however,  m ay  often  require  the
use  of long  constructs, w hich  can  result  in  unacceptable  sti -
ness or pain . One m ust  weigh the advantages and disadvantages
of longer  versus shorter  constructs. This  consideration  has not
changed  over  the  years. It  has  been  show n  that  short-segm ent
screw–rod  fixation, particularly in  the  thoracic spine, provides
less stability than  longer-segm ent  fixat ion.62 The  surgeon’s use
of  sublam inar  w ires,  hooks,  or  pedicle  screws  as  anchors  in
m ultilevel  constructs  does  not  a ect  the  consideration  of

Fig. 22.28  Distraction  of a single  motion segment  (arrows), as is
achieved  with  a  Knodt  rod, can result  only in  distraction because  no
fulcrum  is present. Therefore, a  three-point  bending  force  application
is impossible.

Fig. 22.29  (A) Three-point  bending  constructs commonly fail at  a
terminal implant–bone interface, usually at  the  upper terminus. (B, C)
Increasing the  length  of the  upper portion of the  constructs increases
the length of the moment arm (d) applied, thus decreasing the dorsally
directed  force  applied  (M= F x D).

Fig. 22.30  (A) Short  three-point  bending constructs obligatorily apply a short  moment  arm  (d). This may result  either in inadequate force application
or in the requirement for excessive dorsally directed force application at  the termini of the construct. (B) This is so because, assuming that  the bending
moment (M) is constant, the force applied (F) is inversely proportional to the length of the moment  arm (d); M= F× d. Especially with the simultaneous
application of distraction, the  moment  arm  may not  be  long  enough and the  applied  forces not  great  enough to prevent  the  pivoting of a terminal
motion segment. (C) However, if the  construct  is placed in a compression mode, the  construct  shares the load with intrinsic spinal elements. In this
case, excessive  pivoting  is much less likely to occur.
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construct length . The length  of the construct rem ains a very im -
portant  consideration  in  the  construct  design  decision-m aking
process.

In  children , the  use  of longer  constructs is  of par t icular  im -
por tance.  Sublam inar  polyester  bands  are  useful  anchors  in
the  soft  im m ature  bone  of ch ildren . They provide  a  broad  yet
soft  anchor–bone  in terface  and  have  been  show n  to  provide
utilit y.63

Thoracic ped icle  screw –bony breaches  are  not  uncom m on .
Their  in t raoperat ive  iden t ificat ion  is  op t im al.  The  in traope-
rat ive  iden t ificat ion  of  breach es  is  a  learn ed  techn ique.64

Such  skills  shou ld  be  aggressively  taugh t .  Som atosensory
evoked  poten t ial m on itoring, how ever, does not  appear  to  be
of assistance  in  iden t ifying  breaches.65 In traoperat ive  im age
guidance  m ay  im prove  the  accuracy  of  screw  p lacem en t  in
the  r igh t  hands,66 although  Rath  et  al dem onst rated  that  de-
sp ite  the  use  of  fram eless  stereotaxy, crit ical  t ranspedicu lar
screw  m alposit ioin ing  can  occur  in  the  subaxial  cervical
sp ine.67

The  severely  degenerated  or  late-stage  rheum atoid  spine  is
often  instrum ented  and  fused  follow ing  spinal  canal  decom -
pression . The  addition  of a  long  sti  m om ent  arm  via  the  im -
plant  increases adjacent  segm ent  stresses and  breakdow n, par-
ticularly  in  such  fragile  spines.  This  has  been  clearly  docu-
m ented.67

Finally, fusion  is  not  always  required  follow ing long decom -
pression  procedures. Unique  circum stances  m ay  be  associated
w ith  aberrant  anatomy.  For  example,  thoracic  spinal  canal
stenosis  in  patients  w ith  achondroplasia  m ay  be  e ect ively
m anaged by decom pression  alone in  m ost cases.68

22.4.5  Clinical Exam ples
Dorsal th ree-  or  four-poin t  bending forces  are  com m only ap -
p lied  in  the  thoracic and  lum bar  regions, usually w ith  accom -
panying  d ist ract ion  or  com pression  forces.  The  Harr ington
dist ract ion  rod  is  the  prototype  of th is  type  of fixat ion . It  is
being  supplan ted,  how ever,  by  m ore  com plex  USI  system s
(� Fig. 22.31).

22.5  Dorsal Cant ilever Beam
Fixat ion
Although  its  e cacy  has  been  challenged,69 cantilever  beam
fixation  provides  a  safe70 rigid  (fixed  or  applied  m om ent  arm )
or  dynam ic (nonfixed  m om ent  arm ) fixation  of the  spine.71 As
discussed  in  Chapter  16, both  fixed  and  nonfixed  m om ent  arm
constructs  m ay be  applied  in  dist ract ion , compression , or  neu-
tral m ode. Each  has unique biom echanical attributes.72 The  va-
riety  of com binat ions  thus  allowed  is  represented  by  the  five
ventral and  five  com bination  dorsal m odes of application. Each
of  the  three  dorsal  cantilever  beam  construct  types  em ploys
one  or  m ore  of  the  five  dorsal  m odes  of  application
(� Fig. 22.32). The breakdow n  of the  com bination  m odes of ap-
plication  is  clearly  done  on  a  theoretical  basis.  However,  it
perm its a conceptualization  of the  actual forces applied  and  re-
sisted  under  the  variety  of  loading  conditions  to  w hich  an
im plant  is exposed.

22.5.1  Clinical Applicat ions
Fixed Mom ent  Arm  Cant ilever Beam  Fixat ion
Rigid  pedicle  fixat ion  techniques (e.g., rigid  plate  or  screw –rod
com binations) m ay compensate for  a  short  m om ent  arm  by re-
sist ing loads w ith  a fixed  m om ent  arm  cantilever beam  m echa-
nism .73 Although  the in itial application  of such  a construct  m ay
be  in  a  neutral m ode  (no  distraction, rotation, compression, or
translat ional forces applied  at  the t im e of surgery), w hen  a load
is applied  (e.g., during the  assumption  of an  erect  posture), the
construct  m ust  resist  the  axial  load  by  its  in tr insic  fixed  m o-
m ent  arm  cantilever  beam  characteristics  (i.e., by  rigidly  but-
tressing the  spine).74,75 One  noteworthy feature  of such  a  con-
struct  is  that  it  does  not  require  a  ventrally directed  force  ap-
plied  at  a  fulcrum . This  m ay  provide  significant  ut ility  in  the
cervical  spine,  regardless  of  insert ion  technique.76–78 Thus,  a
but tressing e ect, w hich  places a  significant  stress at  the  point
of m axim um  bending m om ent  application  by the  im plant  (i.e.,
the  screw  longitudinal  m em ber  in terface)  m ay  ensue.  This
stress, if excessive, m ay result  in  screw  fracture or  screw  cutout
and can  be m inim ized by a variety of strategies.

Screw–bone  in terface  degradation  can  also  occur.  Law  and
colleagues have  assessed  the  phenom enon  of loosening (w ind-
shield w iping) in  an  in-depth  m anner.79

Although  rigid  pedicle fixation  appears to provide  significant
stabilization, it  does  not  completely  shield  the  disc  in terspace
from  loading. Abe  and  colleagues have  show n  this  by m onitor-
ing in tradiscal pressure in  a calf m odel.80,81 This notion  is corro-
borated  by the observation  that  ventral in terbody spacers func-
tion  m ore  e ect ively  in  tandem  w ith  dorsally  placed  pedicle
screw  system s  than  do  m ore  dorsally  placed  in terbody
spacers.82 However,  all  other  variables  being  equal,  posterior
lum bar  in terbody  fusion  (PLIF)  and  transforam inal lum bar  in-
terbody fusion  (TLIF) approaches are roughly sim ilar from  a bio-
m echanical perspective.83 Regardless, dorsal fixation  and  fusion
supplem entation  of a ventral decom pression  and  fusion  is often
warranted  from  a  biom echanical  perspective,84 particularly
after  substan tial  ventral  destabilizat ion  and  reconstruct ion  (e.
g., corpectom ies at  two or m ore levels).85

The  need  for  dorsal can tilever  beam  fixation  and  fusion  fol-
low ing  cervical lam inectomy for  in tradural tum or  resection  is
often  questioned. Factors  associated  w ith  the  need  for  supple-
m ental  instrum ented  fusion  include  the  presence  of  myelo-
pathic m otor  sym ptom s and  the  em ploym ent  of three  or  m ore
lam inectomy levels.86

Screw  trajectories  for  lateral  m ass  screw  placem ent  have
been discussed and championed for nearly two decades. In  real-
ity, the  di erences am ong screw  trajectories are  m inim al from
a biom echanical perspective. Therefore, the choice  of technique
and t rajectory should be surgeon-dependent.87–89 Even a dow n-
ward  and  outward  transar t icular  trajectory  is  biom echanically
viable. The  placem ent  of such  screws  w ithout  connect ion  to  a
longitudinal m em ber has been  associated  w ith  clinical and  m e-
chanical success.49 These  are  akin  to  the  transfacet  screws dis-
cussed  in  the  earlier  sect ion  “Dorsal Three-Point  Bending Fixa-
tion.” Such  a dow nward and  outward t rajectory for lateral m ass
screw  placem ent  m ay  be  particularly  valid  at  the  C7  level  in
long constructs.90 The  angle  of screw  insert ion  does indeed  af-
fect  bony  purchase  and  in tegrity  at  C7. This  is  so  at  any  level
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caudal to C6 and  for  any application.91 With  C3–C6 lateral m ass
fixation , fixation  and  purchase  are  m uch  less a ected  by screw
trajectory, as discussed.

Rigid  cantilever  beam  constructs  m im ic,  in  a  sense,  three-
point  bending constructs. The forces and  bending m om ents re-
sisted  by  these  constructs  are  sim ilar  to, but  oriented  di er-
ently  from ,  their  three-poin t  bending  counterpar ts
(� Fig. 22.33). A m ajor  di erence, however, is  observed  at  the
tim e of surgery. Usually, three-point  bending constructs are  in-
serted  w ith  the  three-point  bending forces applied  at  the  t im e
of surgery, w hereas  rigid  cantilever  beam  constructs  are  often
applied in  a relat ively neutral m ode.

The  location  of the  fusion  m ass  (i.e., ventral, dorsolateral, or
facet  region)  can  a ect  outcom e. Interestingly, in  th is  regard,
lum bar  facet  fusions  m ay  be  equivalent  to  dorsolateral  trans-
verse process fusions w hen  accom panying a rigid  pedicle screw
fixation  construct . The form er  are  safer  and  m uch  less destruc-
tive than  the lat ter.92

Som ew hat  analogous to the forgoing discussion  is the  notion
that  the height of a system  (its extent dorsal to the spine) a ects

Fig. 22.31  Three-point  bending forces may be applied  to the  spine by
the  traditional Harrington  distraction  rod  technique  or by hook–rod
universal spinal instrumentation techniques, as depicted in (A) a lateral
and (B) an anteroposterior view. With both techniques, another force,
such as distraction (particularly with the Harrington distract ion rod) or
compression, is almost  always applied. Today, screw–rod  universal
spinal instrumentation  techniques are  much more  commonly em-
ployed, as depicted  in  (C) a  lateral and  (D) an anteroposterior
radiograph.

Fig. 22.32  Types of cantilever beam  fixation  and
possible  modes of application. (A) A fixed  mo-
ment  arm  (rigid) cantilever beam  construct  can
be  applied  in  a  distraction, neutral, or compres-
sion mode. (B) A nonfixed  moment  arm  (dy-
namic) cantilever beam  construct  can  be
effectively applied  only in  a  neutral mode,
regarding  axial load  bearing. (C) An applied
moment  arm  cantilever beam  construct  can  be
applied  in  the  modes of its fixed  moment  arm
counterpart, as well as in extension (or flexion). It
is emphasized  that  an  applied  moment  arm
cantilever beam  construct  may be  used  to apply
axial forces (distraction or compression), as well
as bending  moments (extension  or flexion).
Arrows depict  applied-force  vectors.

Fig. 22.33  The  forces (straight arrows) and  bending  moments (curved
arrows) resisted  by (A) rigid  (fixed  moment  arm) cantilever beam
constructs and  (B) three-point  bending  constructs. The  length  of the
straight  arrows is proportional to  magnitude  of the  force.
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the  m echanics of stabilization. The lower  the  profile  of the  im -
plant, the stronger the construct.93

Dorsal  cantilever  beam  thoracic  and  lum bar  techniques  do
not  absolutely  m andate  the  em ploym ent  of  transpedicular
screw  fixation. This m ay be necessitated by the aberran t  pedicle
anatomy  associated  w ith  severe, early-onset  scoliosis45 or  the
not  uncom m on  pedicle  m orphom etry  associated  w ith  very
sm all  pedicles  in  the  upper  thoracic  spine.94 Extrapedicular
strategies  m ay find  ut ility  in  th is  regard.95 The  em ploym ent  of
extrapedicular  screws  is  relatively  sound  biom echanically  and
thus should  be  considered  a viable  option  w hen  standard  tech-
n iques  are  not  an  option .96 Another  option  is  the  costotrans-
verse  process  screw. This  should  be  sparingly  used  because  it
has been  show n  to be biom echanically suboptim al.97 Even  m is-
placed pedicle screws provide som e stability, but  th is varies de-
pending on  the extent of bony purchase.98

Nonfixed Mom ent  Arm  Cant ilever Beam
Fixat ion
Nonfixed m om ent  arm  cantilever beam  constructs do not  apply
substantial axial load-resisting forces to the  spine. The toggling
of the screw on the plate that  th is technique allow s dictates that
a  m in im al bending m om ent , if any, be  applied  to the  sp ine  at
the  term in i  of the  construct . Therefore, these  techn iques  are
appropriate  on ly w hen  axial load-resist ing capabilit ies are  al-
ready presen t . Because  of their  biom echan ical characterist ics,
their  ability  to  resist  screw  pullout  is  d im in ished  (see  Chap -
ter  17).  How ever,  w hen  com bined  w ith  an  in terbody  st ru t ,
th is  techn ique  provides  substan t ial  in tegrity,  at  least  in  the
laboratory set t ing.99

The  axial  load-resisting  ability  of  a  nonfixed  m om ent  arm
cantilever beam  construct  is enhanced  by the use of two poin ts
on  the m om ent  arm  (screw ) as solid  fixation  points (i.e., bicort-
ical purchase  points)  or  by  the  provision  of an  in terbody  but-
tress  for  axial  load-resisting  support  (� Fig.  22.34).  Of  note,
however,  is  that  bicort ical  screw  fixation  has  been  show n  to
provide  no  biom echanical  advantage  over  unicort ical  fixation
w ith  nonfixed  m om ent  arm  cantilever  beam  constructs.100,101

Hence, the  advantage  of bicortical fixation  m ay be  m ore  theo-
retical than  real in  th is situation.

Nonfixed  m om ent  arm  cantilever  beam  constructs can  be  ef-
fect ively used in  a tension-band fixation  or three-poin t  bending

m anner. If dorsal compression  forces  are  applied  to  the  spine,
because  of the location  of the force vector  at  a fin ite  dorsal dis-
tance  from  the  IAR,  a  m om ent  arm  is  applied  that  restricts
m ovem ent  in  the opposite direction  (� Fig. 22.35). These e ects
are  also  sim ilar,  but  opposite  in  direction,  to  those  achieved
w ith  ventral constructs.

As w ith  analogous ventral techniques, if screw  pullout  resist-
ance is substantial, nonfixed m om ent  arm  cantilever beam  con-
structs  m ay apply a  three-point  bending  force  complex  to  the
spine (� Fig. 22.36). However, it  is risky to rely on  screw  pullout
resistance  alone to m aintain  a  desired  spinal configuration . For

Fig. 22.34  The  toggling associated  with  a  nonfixed  moment  arm  (A)
may be  minimized  by using  an  interbody strut  graft  to  assist  in
but tressing  the  spine  (load  sharing), as opposed  to leaving  the
intermediate  level uninstrumented  (compare  B and  C).

Fig. 22.35  The moment  arm  (d) associated  with  the  forces applied  by
dorsal tension-band  fixation construct  (straight  arrows) provides
resistance  to  flexion. Curved arrows depict  the  flexion  bending
moments that  must  be  resisted.

Fig. 22.36  (A) Nonfixed  moment  arm  cantilever beam  constructs can
impart  three-point  bending  forces to the  deformed  spine, (B) thus
reducing  the  deformity. Screw pullout  is obviously a significant  risk.
Arrows depict  forces applied.
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th is  reason, th ree-point  bending  constructs  are  usually appro-
priately  applied  w ith  a  hook  or  m ultiple-level  pedicle  screw –
based  system , rather  than  short-segm ent  screw –bone  in terface
system s

Dorsal  nonfixed  m om ent  arm  can t ilever  beam  constructs
that  use  a  p late  as  their  longitudinal  m em ber  (e.g.,  Luque
plates  and  a  w ide  variety  of  lateral  m ass  p lates)  provide  an
addit ional advan tage:  the  abilit y of the  construct  to hold  dor-
sally  p laced  bone  grafts  in  their  fusion  bed .102 Rod  system s
do not  facilitate  th is, bu t  they do provide  other  advan tages.103

Theoret ically, th is  should  encourage  bone  fusion  by  increas-
ing  bone  healing–enhancing  forces  (i.e.,  com pression  and
close  approxim ation  of  the  bone  graft  and  its  acceptance
bed).

Safety  is  augm en ted  by  a  know ledge  of an atom y.22,104–111

In  th e  cervical  sp ine,  ped icle  screw s  m ay  be  used ,  par t icu-
larly  and  m ost  safely, at  C7. Th e  use  of a  lam in oforam inoto-
m y p lus  palpat ion  has  been  sh ow n  to  be  safe  and  e cacious
as  an  aid  to  screw  placem en t .112,113 Th e  tech n ique  of screw
placem en t ,  par t icu larly  aggressive  burring  of  th e  lateral
m ass, does  n ot  appear  to  alter  con stru ct  in tegrit y. Of n ote  is
that  bicor t ica l  lateral  m ass  screw s  do  not  provide  a  sign ifi-
can t  advan tage  over  equ ivalen t  un icort ical  screw s.100,101 At
C7,  bicor t ical  purchase,  h ow ever,  m ay  p rovide  an  advan t-
age.114 In  addit ion ,  the  lat ter  tech n ique  m ay  be  associated
w ith  a  decreased  com plicat ion  rate  in  th is  region .115 At  the
cervicothoracic jun ct ion  and  upper  thoracic sp ine, the  use  of
t ransverse  process  screw s  (bicor t ical)  is  of  biom echan ical
u t ilit y, as w ell.113

Applied Mom ent  Arm  Cant ilever Beam
Fixat ion
The  use  of a  Schanz screw  technique  allow s the  application  of
very complex forces at  the tim e of surgery. These usually are ei-
ther  extension  or  flexion  forces  (see  � Fig.  22.32c  and
� Fig.  22.37).  They  have  been  used  to  treat  fractures  of  the
thoracic  and  lum bar  spine.116–120 This  strategy, however, m ay
not always be biom echanically sound.121

22.5.2  Mult isegm ental Fixat ion
Cantilever  beam  constructs  can  be  used  in  a  m ultisegm ental
m anner.122 In  situations  in  w hich  m ultiple  spinal levels  are  to
be  fused  and  spanned  by  a  dorsal  cantilever  beam  construct ,
conflict ing evidence exists regarding the need  to instrum ent  all
segm ental  levels,  rather  than  just  the  term inal  levels,  of  the
construct  (� Fig. 22.38). However, st i ness  is  significantly  in-
creased by adding in term ediate screws and cross fixation .123,124

22.5.3  Com plicat ions
Perhaps  the  m ost  com m on  complication  of pedicle  fixation  is
the  suboptim al  placem ent  of  hardware.125 This  occurs  in  the
best  of hands. Pedicle  fixation  constructs  m ay fail during axial
loading because  of a  parallelogram -like  t ranslat ional deform a-
tion. A sim ple  toe-in  of the  screws, rigid  cross  fixat ion, exten-
sion  of the  length  of the  im plant  to  incorporate  an  extra  seg-
m ental level, or  a  com bination  of these  strategies should  m ini-
m ize  or  elim inate  the  chance  of  th is  complication  occurring
(see Chapter 17 and � Fig. 22.39).126

Fig. 22.37  Applied  moment  arm  cantilever beam  constructs apply
either (A) an extension  or (B) a  flexion bending  moment  to the  spine
(curved arrows). Straight  arrows depict  the  forces applied  to the
Schanz-like  screws required  to  create  the  bending  moments.

Fig. 22.38  (A) Multiple-level rigid  pedicle  screw fixation  is biome-
chanically superior to  (B) terminal-level screw fixation via an aug-
mentation of stiffness.
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Ventral and  dorsal cantilever  beam  constructs call for  screws
of di ering  lengths. Ventral constructs  use  shorter  screws  be-
cause  of  their  closer  proxim ity  to  the  vertebral  body
(� Fig.  22.40).  This  results  in  a  shorter  m om ent  arm  that,  in
turn , results  in  the  application  of a  lesser  force  at  the  screw –
plate  or  screw–rod  in terface.  With  shorter  screws  that  span
the  neutral  axis, the  chance  of instrum entation  failure  (screw

fracture)  is  dim inished, although  axial  load  bearing  is  not  al-
tered  (provided  that  the  screw  passes through  the  plane  of the
neutral axis; (see � Fig. 22.40).

The  sacrum  is  part icularly  suscept ible  to  screw –bone  in ter-
face failure. This is related  to the poor in tegrity of the loose are-
olar  (noncompact) cancellous  bone  that  is  characteristic of the
sacrum .127 The use of m ultiple tr iangulated screws in  such  bone
increases pullout  resistance  and  structural in tegrity.128 Lum bar
segm ents  can  be  e ect ively  fixed  w ith  a  variety of system s.129

Com m on  complications  associated  w ith  cantilever  beam  con-
structs are screw  fractures arising from  the rigid  nature of fixed
and  applied  m om ent  arm  constructs and  screw  pullout  arising
from  the  dynam ic  nature  of  nonfixed  m om ent  arm  con-
structs.130 Toggling in  bone  can  occur  w ith  either  type  of con-
struct  (� Fig. 22.41). Screw  fracture m ay occur m ost often  at  the

Fig. 22.39  (A) Pedicle  fixation  may fail to  prevent  lateral translational deformation  because  of a  non–toe-in configuration of the  screws. (B) A
moderate toe-in of the screws. (C) Bet ter, a significant  toe-in of the screws. (D) Rigid cross fixation of the two longitudinal members. (E) The addition
of an extra level of segmental fixation (in this case, using screws to incorporate the intermediate segment). A combination of strategies may be used
to  prevent  this complication.

Fig. 22.40  Otherwise  similar ventral and  dorsal screw–plate  fixation
constructs call for different  screw lengths. (A) The  ventral construct
applies the  plate  directly to the  vertebral body and therefore  closer to
the  neutral axis (stippled area). (B) With dorsal techniques, the  plate  is
situated  farther from  the  neutral axis (by approximately the  length  of
the  pedicle; stippled area). As long  as the  screws span (cross) the
neutral axis (A, B), the but tressing effect  of the construct  is optimized.
A shorter screw is associated  with  a  lesser chance  of screw fracture;
thus, the  shortest  screw with  which  this can be  achieved is optimal.

Fig. 22.41  (A) Fixed moment  arm  cantilever beam  constructs may fail
via screw fracture  at  the  screw–longitudinal member interface  when
screws with a constant  inner (core) diameter are  used (see  Chapters 2
and  17). (B) Nonfixed  moment  arm  constructs are  most  apt  to  fail at
the  screw–bone  interface  via screw pullout. (C) Either type  is
susceptible  to  failure  via cutout.
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lower  screw  of a  long screw –rod  construct. This  so  because  of
the long m om ent arm  applied (� Fig. 22.42).

The surgeon m ust  be cognizant of spinal configuration. Main-
tenance  of the  norm al lordot ic configuration  m ay be  of signifi-
cance.131–134 This  m ay  contribute  to  the  lack  of an  association
w ith  transit ional instability in  som e cases.135

22.5.4  Clinical Exam ples
Dorsal cantilever beam  forces can  be applied to the spine w ith  a
variety  of  techniques.  These  include  fixed,  nonfixed,  and  ap-
plied  m om ent  arm  constructs. The  form er  and  latter  are  m ost
com m only  used  in  the  thoracic  and  lum bar  regions
(� Fig. 22.43). Dorsal nonfixed  m om ent  arm  constructs m ay be
applied in  any region  of the spine but  were m ost  com m only ap-
plied  in  the cervical spine  (� Fig. 22.44a). Such  screw –plate  im -
plants provided  a stabilizing e ect  via  contact  of the  plate  w ith
the  dorsal  bony  spinal  elem ents. Today, the  use  of screw –rod
fixed  m om ent  arm  cantilever  beam  constructs, in  both  the  cer-
vical and lum bar spine, is the norm .

Such  constructs  do  not  provide  the  aforem entioned  stabiliz-
ing factor associated w ith  approxim ation  of the dorsal spinal el-
em ents  juxtaposed  to  the  plate. Regardless, the  increased  m e-
chanical in tegrity provided  by m odern-day screw –rod  system s
overrides  the  aforem ent ioned  m inor  advantages  associated
w ith  screw–plate system s. A screw–rod fixed m om ent arm  can-
tilever  beam  construct  is portrayed  in  � Fig. 22.44b, c. One  can
fur ther  enhance dorsal cervical fixation  purchase by employing
cervical  pedicle  screws,  w hich  provides  a  significant  fixation
advantage  over  facet  fixation  techniques.76–78,136 However, they
are also associated  w ith  greater  risks to the pat ient.137,138 These
risks m ay be m itigated  in  part  by m odern  im age guidance tech-
niques,139 although others have not observed th is to be so.140

Lam inar  screws  provide  an  alternative  to  facet  and  pedicle
screw  fixation  in  the  low  cervical spine, particularly at  the  C7
level. One  should  perhaps  term  this  a  salvage  technique.141,142

Upper  thoracic lam inar  screw  fixation  has  also  been  show n  to
be  of utility.143 Of note  at  the  C7 level, lateral m ass and  pedicle
screws  have  been  show n  to  provide  relative  biom echanical
equivalence  (equivalent  rigid  fixat ion), both  im m ediately  and
w ithin  a  sim ulated  6-week period  after  fixation, for  stabilizing
long subaxial lateral m ass  constructs  ending  at  C7.144 In  order

to  obtain  optim al fixation  w ith  C7  lateral m ass  screws, an  ap-
preciation  of the  level-specific  anatomy  is  im perative. Specifi-
cally, the  bulky  component  of the  bony  m ass  of the  naturally
elongated  C7 lateral m ass is positioned  m ore  rostrally than  it  is
in  m ore  rostral  lateral  m asses. Hence, a  m ore  rostral  start ing
poin t  for lateral m ass screw  inser tion  m ay decrease the compli-
cation  rate  by increasing bony screw  purchase. This  also  obvi-
ates violation  of the C7–T1 facet joint.145

Finally, im plant  or  construct  sti ness  does  not  appear  to  af-
fect  adjacent  m otion  segm ent  stress  and  degenerative
changes.146 Nevertheless, transit ion  syndrom es (accelerated de-
generat ive  changes  at  the  extrem es  of a  fusion)  are  com m on
follow ing lum bar fusion  procedures.

Fig. 22.42  (A, B) The lower screw of a long screw
rod construct  may fail by fracture. This screw is
loaded  more  than all other screws. A shorter
construct  (one  less lumbar segment) rather than
a longer construct  might  have  prevented  this.
This would  have  allowed  the  fusion  of one  less
“vital” motion segment  and  the  application  of a
shorter moment  arm  to the  most  caudal screw.

Fig. 22.43  Fixed  moment  arm  cantilever beam  constructs are  most
commonly applied  in the  thoracic and  lumbar regions, as depicted.
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22.5.5  Caut ionary Notes
With  all  open  dorsal  approaches  to  the  spine, significant  soft
t issue  t raum a  (part icularly  to  the  paraspinous  m uscles)  is  in-
curred. Retract ion, and  part icularly self-retain ing retract ion, re-
sults  in  a  rise  in  in tram uscular  pressure. This  in  turn  is  associ-
ated  w ith  m arked  changes in  the  function  of the  m uscles, par-
ticularly  if the  retract ion  is  sustained.147 One  m ust  be  careful
not  to  overut ilize  spine  surgery in  general, and  perhaps dorsal
spine  surgery  in  particular.  It  is  associated  w ith  a  soberingly
high  complication  rate,148,149 w ith  som e  complications  being
catastrophic or potent ially so.150
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23  Interbody Const ructs
Interbody constructs provide  the  ability to  optim ally bear  axial
loads  along  the  neutral  axis  w ithout  applying  a  significant
bending  m om ent  to  the  spine.  This  enhances  the  chance  of
achieving an  ar throdesis  because  of bone  compression–related
augm entation  of  the  bone  healing–enhancing  forces  that  are
“seen” during assumpt ion  of the upright  posture (� Fig. 23.1). It
goes  w ithout  saying,  however,  that  nonautologous  in terbody
fusion  m aterials and  substrates have  m et  w ith  varying degrees
of success. The  docum entation  required  to  validate  the  use  of
such  m aterials and substrates was, and rem ains, weak.1

Interbody  devices  consist  of  bone  im plants, im plants  other
than  bone, or a com bination. They m ay be nonabsorbable or ab-
sorbable—w ith  fluctuating, in term ittent , and  fleet ing  enthusi-
asm  for  the latter  type show n  over  the years.2 They can  be used
alone or  in  com bination  w ith  other im plants (cantilever beam s,
three-poin t  bending  or  tension-band  fixation  im plants)  that
m ay be applied via either a ventral or dorsal approach.

The  discussion  of in terbody constructs  in  this  chapter  is  re-
gion-specific. Because  of  the  com m on  application  of cages  in
the  lum bar  region , m ost  of the  discussion  of cages  appears  in
the sect ion  on  lum bar spine constructs.

23.1  Cervical Spine Const ructs
Ventral cervical spine surgery is associated w ith  its ow n  unique
challenges  and  problem s.3 For  the  m ost  part ,  though,  these
challenges have been  overcom e as experience has accrued. Cer-
vical  spine  in terbody  constructs  are  com m only  used  today.
Bone was the first  in terbody im plant used in  the cervical spine.4

It  rem ains  the  m ost  frequently used. Follow ing ventral discec-
tomy or  corpectomy, autologous  iliac crest  or  allograft  bone  is
often  used  as a bony spacer  or  strut . Tricor tical iliac crest  grafts
are  usually used. Som e  have  suggested  that  the  crestal portion
be  placed  ventrally, and  others  that  it  be  placed  dorsally. The
ventral positioning of the  crestal port ion  provides the  greatest
cort ical  bone  volum e  in  the  region  of the  anterior  colum n  of
Denis. This  provides  a  greater  advantage  for  kyphosis  preven-
tion  by position ing the load-bearing portion  of the strut  in  line
w ith  the  ventral vertebral body cortex. This takes advantage  of
the  “boundary e ect,” w hich  is defined  as  “the  phenom enon  of
increased  axial  load-bearing  ability  associated  w ith  the  abut-
m ent  against  or  gripping  of  the  wall  of  an  inhom ogeneous
structure  (see Chapter  29 and � Fig. 23.2a), of w hich  the wall is
of greater  density and  in tegrity  than  the  inner  portions  of the
structure.” A vertebral body is such  a structure. Careful and  safe
placem ent  of the  strut  is  m andatory. Mult iple  strategies  have
been  em ployed  to im prove safety during strut  placem ent. Such
a technique is depicted in � Fig. 23.2b–d.

Clinical outcom e m ay be  related  to sagittal plane  alignm ent .5

Positioning the  crestal portion  dorsally, in  line w ith  the  m iddle
colum n  of Denis, provides  good  axial  load-bearing  ability, but
perhaps  suboptim al  ability  to  prevent  kyphosis  (� Fig.  23.3),
and  it  m ay assist  w ith  attain ing and  m aintaining sagit tal align-
m ent. The  ventral  placem ent  of  the  crestal  portion  is  biom e-
chanically  prudent ,  part icularly  w hen  other  im plant  adjuncts
are not  used. This allow s load  sharing betw een the anterior col-
um n  (in terbody  strut)  and  in tact  posterior  colum n  structures

(e.g., the  facet  joints). However, dorsal placem ent  of the  crestal
portion  of the  graft  m ay provide  advantages w hen  vent ral can-
tilevered  im plants  are  used  in  conjunct ion  (� Fig.  23.4).  This
perm its  the  m iddle  colum n  of Denis  and  the  ventrally  placed
im plant  to  share  the  load  during  the  acquisit ion  of  fusion.6

These points have also been  studied  in  the thoracic and  lum bar
regions.7 With  accom panying  long  dorsal  constructs,  though,
the location  of the axial load-bearing in tervertebral component,
w ith  respect  to  ventral–dorsal  endplate  positioning, does  not
appear to m atter.8

Nonautologous bone alternatives m ay also be used. The m ost
com m on of these is the fibula allograft  strut graft . Its h igh  m od-
ulus of elasticity relative to parent  vertebral body bone encour-
ages  subsidence. Ideally, the  m odulus  of elasticity  of the  strut
should  approxim ate  that  of the  accepting  body  (e.g., old  end-
plate). Two factors are significant  in  th is regard: (1) Fibula has a
high  ratio  of cort ical  to  cancellous  bone, and  (2)  the  cort ical
bone component of a graft  heals very slow ly. Hence, there exists
a  dim inished  ability to heal, or  at  least  heal rapidly, w hen  such
grafts  are  em ployed.  This  negative  attribute  can  be  part ially
neutralized  by the  placem ent  of autologous m edullary bone  in
the  central (m edullary) region  of the  allograft  fibula  strut . This
provides an  enhanced  bone-healing capacity component  to the
already present structural component of the allograft  fibula.

The iliac crest graft  can  be problem atic for long bony strut ap -
plications because of its curvature. Careful selection  of the graft

Fig. 23.1  Interbody struts bear axial loads (arrows) most  effectively
when placed  in  line  with  the  neutral axis (shaded region).
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harvest site and m eticulous contouring of the graft  so that  it  fits
snugly  in to  the  vertebral body t rough  m inim ize  the  chance  of
graft  fracture  or  dislodgem ent  (� Fig. 23.5 and � Fig. 23.6). This
latter  technique  also  aids  vascularization  and  bony  ingrow th
from  the  side  by  the  retained  port ion  of  the  ver tebral  body
walls, w hich  enhances the  fusion  rate  (� Fig. 23.7). Most  fibula
struts  cannot  take  advantage  of th is  phenom enon  because  of
the  discrepancy betw een  the  diam eter  of the  strut  and  the  di-
am eter of the t rough  (� Fig. 23.8). Finally, long bony struts, par-
ticularly  fibula, are  prone  to  fracture, albeit  rarely. This  m ost
com m only occurs at  about  4  to 12  m onths after  surgery, w hen
the in tegrity of the bone graft  at  the m id-strut level is at  a nadir.
This is secondary to a  tim e-related  dim inution  of structural in-
tegrity caused  by resorption . After  th is tim e, bone  in tegrity in-
creases because  of the vascularization, rem odeling, and  healing
of the in term ediate portion  of the strut. The latter healing proc-
ess occurs from  both  term ini of the  bone  graft , at  the  ver tebral
body–allograft  junct ion  toward  the  m iddle  of  the  graft .  The
m iddle  of the  graft , therefore, is  the  last  to  be  structurally  re-
constituted,  thus  explaining  the  com m on  occurrence  of  frac-
tures located  in  th is m id-strut  region, even  in  the face  of appa-
rent  fusion  acquisit ion  at  both  term ini  (� Fig. 23.9). If screws
are  placed  in to  the  graft , they m ay further  dim inish  the  in teg-
rit y of the fibula strut. Other factors adversely a ect  the healing
process, as well; sm oking, in  par ticular, adversely a ects fibular
strut  graft  fusion  rates.9 The  aforem entioned  factors should  be
taken  in to  considerat ion  during  the  surgical  decision-m aking
process. The  advantage  of fibula  as a  construct  component  can

be  enhanced  in  selected  cases (e.g., salvage-type  situations) via
the  use  of vascularized  fibular  grafts.10 Such  techniques  obvi-
ously should  be considered in  extenuating circum stances.

Both  flat-faced  (i.e., cylindrical m esh  cages) and  round-faced
(i.e., th readed  in terbody fusion  cages) m ay be used  in  the cervi-

Fig. 23.2  (A) Placing  the  crestal portion  of a  cervical interbody iliac
crest  graft  ventrally allows it  to  provide  an enhanced  buttressing
effect. (B–D) Note that  the cortical portion of the graft  is aligned with
the ventral cortex of the vertebral body. This somewhat  enhances axial
load-bearing ability via use  of the  boundary effect, which significantly
enhances the  ability to  prevent  kyphosis. Care  must  be  taken during
insertion  of the  strut. The  bridging  of the  graft  and  the  vertebra by a
bone  tamp ensures that  the  strut  will not  be  too deeply placed. The
tamp can be angled during insertion to accurately increase strut depth.

Fig. 23.3  If the crestal portion of a cervical interbody iliac crest  graft  is
placed  in  line  with  the  neutral axis (i.e., toward  the  dorsal portion of
the  vertebral body), as depicted, axial loads are  effectively borne, but
kyphosis prevention is somewhat  limited.

Fig. 23.4  Dorsal placement  of the  crestal portion of a  cervical
interbody iliac crest  strut  graft, in  combination with  a  ventral plate,
allows the axial load to be shared between the ventral implant  and the
dorsally placed  crestal portion of the  graft  (dashed arrows).
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cal spine. Flat-faced  cages  presen t  their  flat  face  to  the  end-
p late  fusion  surface, w hereas  round-faced  cages  and  dow els
(e.g., the  Clow ard  cervical techn ique) presen t  their  round  face
to the  endplate  fusion  surface. Flat-faced  cages are  com m only
used  in  the  cervical region , par t icularly after  single-  or  m ult i-
p le-level  corpectom ies  (� Fig.  23.10).11,12 Wilke  and  col-
leagues, in  a  hum an  biom echan ical study, dem onstrated  that
postoperative  neck  m ovem ents  caused  subsidence  to  a  great-
er  exten t  w ith  round-faced  cages than  w ith  flat -faced  cages.13

How ever, m otion  does  not  appear  to  a ect  clin ical  resu lts.14

Biom echan ical  considerat ions  regard ing  these  constructs  are
d iscussed  in  a  later  sect ion  of  th is  chapter,  “Lum bar  Spine
Constructs.”

For  long  ventral  cervical  struts,  construct  in tegrity  is  not
necessarily positively a ected  by ventral cantilevered  im plants
(i.e., ven tral plates).15,16 Addit ionally, the  surgeon  m ust  be  cog-
n izant  of  the  e ect  of  solid  arthrodesis  on  adjacent  m otion
segm ents. Shear  strain  at  adjacent  segm ents  has  been  show n
to  increase  follow ing  fusion .17 Curiously,  Payer  et  al  and
Thom é  et  al  dem onstrated  that  the  im plantation  of an  em pty
carbon  fiber  com posite  or  a  t itanium  strut/cage, respect ively,
after  single-level  an terior  cervical  discectomy  resulted  in  a
h igh  rate  of fusion.18,19 Could  it  be  that  sim ply  disrupt ing  the
endplate  and  providing structural stability, w ithout  the  place-
m ent  of autograft  or  other  fusion  substrate, is su cien t?  Other
graft  substrates  have  been  em ployed,20 but  allograft  rem ains
the  gold  standard.

Fig. 23.6  Shaping a curved graft  in all planes allows a close fit  laterally
in  the  case  of a  ventral cervical fusion. It  also  can minimize  ventral
prominence. However, care  must  be  taken to minimize  cortical bone
removal.

Fig. 23.5  The  curvature  of the  iliac crest  must  be  taken  into
consideration during  graft  harvest. For long  struts, a  portion  of the
crest  with  a  lesser curve  should  be  selected.

Fig. 23.7  An axial view of a snugly fit  graft  in a ventral cervical trough.
This provides significant  stability (arrows), as well as an  increased
chance  for vascularization at  intermediate  segmental levels.

Fig. 23.8  Fibular struts are usually suspended in a trough, as depicted.
Therefore, neither of the  advantages shown in  � Fig. 23.7  is realized.
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23.2  Thoracic Spine Const ructs
The  thoracic  spine  does  not  present  particularly  unique  chal-
lenges  and  problem s  compared  w ith  the  cervical  and  lum bar
regions. The often  required  t ransthoracic approach  necessitates
violation  of the  chest  cavity. This poses its ow n  set  of risks and
challenges.21 Of note, however, is that  the  heart-shaped  config-
uration  of the thoracic ver tebrae  in  the  axial plane, part icularly
in  the  upper  thoracic region, m ust  be  appropriately considered
before  implant  application  (� Fig. 23.11). Additionally, subopt i-
m al surgical exposure m ay lim it  in terbody strategies. Dorsal ap-
proaches to ventral strut  placem ent  provide significant  advant-
age  in  appropriately selected  cases.22 This has led  som e to pre-
fer  nonoperative  alternatives  in  th is  region,  w hich  have  m et
w ith  clin ical and anatom ical success in  selected cases.23,24 Many
surgical alternatives exist, however.25 Surgical decision  m aking
should  be  carefully  considered  on  the  basis  of a  load-sharing
classification  schem e (see Chapters 19 and 39).26

Interbody struts  rely, to  one  degree  or  another, on  endplate
integrity;  however, th is  concept  has been  challenged.27 Ventral
screw–rod  and  screw–plate constructs provide a significant  ad-
vantage  regarding  the  restoration  of  sti ness  compared  w ith
dorsal  short-segm ent  fixation  strategies.28 Deform ity  progres-
sion  (kyphosis), however, m ay be  problem atic regardless of the
technique em ployed.

Interbody acrylic  is  applied  perhaps  m ost  com m only  in  the
thoracic spine.29 With  th is  technique, w ith  or  w ithout  w ire  re-
inforcem ent  (� Fig. 23.12), the  surgeon  m ust  be  aware  of the
gaps  created  at  the  acrylic–bone  juncture. These  gaps  are  cre-
ated in  part  by blood, w hich  is present  at  the t im e of acrylic ap-
plication  (� Fig. 23.13). They can  be  avoided  to som e degree  by
using  the  chest  tube  technique  described  by  Errico  and  Coop-
er29 and  others.30 This  strategy causes  the  acrylic to  be  tightly
approxim ated  to  the  vertebral body because  of the  pressuriza-
tion  strategy  used  (� Fig. 23.14). Care  m ust  be  taken  to  avoid
extravasation  and  neural  elem ent  impingem ent  (� Fig. 23.15)
and  therm al injury of neural elem ents. The  latter  is  prevented
by  copious  irr igation  during  the  exotherm ic  polym erization

Fig. 23.9  The  mid-portion of a  graft  depicted  (A) in  � Fig. 23.8  is the
most  likely to fail by fracture, as depicted  (B).

Fig. 23.10  A mesh cage  may be  used  effectively in  the  cervical spine,
as depicted.

Fig. 23.11  The heart  shape of an upper thoracic vertebra is depicted in
an axial view.

Fig. 23.12  Preparation of an acrylic (polymethylmethacrylate) thoracic
interbody strut.
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react ion .  Percutaneous  vertebroplasty  w ith  acrylic  has  been
used  for  osteoporot ic  compression  fractures  (pathologic  frac-
tures related  to osteoporosis) w ith  success.31 A strategy for cre-
ating a  hollow  cylindrical polym ethylm ethacrylate  strut  for  in-
terbody reconstruct ion  has been  devised.32 This is applicable  in
the  cervical and  thoracic regions. Alternatives to  acrylic are, or
w ill becom e, available.33–37

23.3  Lum bar Spine Const ructs
Because  of recent  enthusiasm  regarding  lum bar  in terbody  fu-
sion, th is  surgical strategy, particularly the  use  of th readed  in-
terbody  fusion  cages  (TIFCs), is  given  special  consideration  in
this  section.  Other  lum bar  in terbody  strategies  are  also  dis-
cussed and compared w ith  dorsal strategies.

There  is  a  sign ificant  need  for  e ective  strategies  that  m ini-
m ize  the  incidence  of  failed  lum bar  spinal  operat ions.  Many
factors  have  been  studied  in  th is  regard, including  fusion .38–43

One should, however, be careful regarding the determ ination  of
the  operative  indication  for  lum bar  fusion .  Som e  diagnostic
tools,  such  as  discography,  are  controversial.  Therefore,  they
m ust  be  used  and  in terpreted  cautiously.41,44,45 It  is in  th is vein
that  in terbody fusion  techniques provide  m any theoretical and
proven  advantages over dorsal on lay graft ing techniques. These
include  (1) a  decreased  incidence  of pseudarthrosis, (2) an  ac-
celerated  rate  of fusion  acquisit ion, and  (3)  an  increased  axial
load-bearing ability.

In  the  lum bar  spine,  additional  extenuat ing  circum stances
m ay neutralize  som e  or  all of the  aforem entioned  advantages,
not  the  least  of w hich  includes the  technical pitfalls  associated
w ith  the  operative  procedure.46 Other  factors  include  the  fact
that  the  lum bar  spine  bears  substantial  axial,  torsional,  and
translat ional loads. The latter is particularly relevant  in  the low -
er  lum bar  spine  (lum bosacral  junct ion),  in  w hich  axial  load
force  vectors  m ay  cause  resultant  translational  and  angular
force vectors (� Fig. 23.16).

Furtherm ore,  complete  lum bar  discectomy  (complete  disc
evacuat ion), as well as corpectomy, is di cult  to achieve in  th is
region  from  a  dorsal approach. Overly aggressive  endplate  dé-
bridem ent  m ay result  in  the  loss of in tegrity of th is substantial

component  of axial load  bearing (the endplate); insu cien t  dé-
bridem ent  m ay result  in  the preparation  of an  inadequate  graft
bed and nonunion  (pseudarthrosis).

This portion  of the chapter focuses on  in terbody strategies for
lum bar and lum bosacral fixation. The next  chapter (Chapter 24)
focuses on  m ore  complex, predom inantly dorsal strategies. In-
terbody  strategies, for  the  m ost  par t , are  em ployed  as  stand-
alone  strategies on ly w hen  overt  instability is  not  present. The
strategies  discussed  in  Chapter  24  are  used  w hen  significant
(overt) instabilit y is present or  w hen stability or spinal in tegrity
is at  risk.

23.3.1  Interbody Fusion Strategies
Dorsal Lum bar Interbody Fusion St rategies
Optim al disc space  preparation  for  in terbody fusion  is  di cult
to  achieve, part icularly from  a  dorsal approach . Cloward  popu-
larized  an  approach  in  w hich  th is, as  well as  in terbody fusion,
could  be  achieved;  he  term ed  it  poster ior  lumbar  interbody fu-
sion  (PLIF).47 Other  positive  repor ts followed.48–51 Cloward  em -
phasized  careful endplate  preparation, m eticulous graft  prepa-
ration, and  the  attainm ent  of a  h igh  surface  area of contact  be-
tween  the  endplate  and  the  bone  graft  (� Fig. 23.17).47 He  did
not  use spinal im plants other  than  bone. Others, however, were
unable to achieve equivalent  results. Hence, techniques and  im -
plants  that  facilitated  discectomy  and  endplate  débridem ent
were  developed.  Others  recom m ended  the  use  of  spinal  im -
plants, such  as pedicle fixation, to enhance the clin ical results of
PLIF,52,53 although  the  ut ility  of  th is  com bination  was  ques-
tioned by still others.54 A review of reported surgical techniques
reveals that  a  failure  to comply w ith  the  original tenets of Clo-
ward,  part icularly  regarding  surface  area  of  contact  betw een
the  bone  graft  and  endplate, m ay  at  least  in  part  explain  the
variation  in  surgical  results.  Excessive  loads,  coupled  w ith  a
suboptim al surface  area  of contact  betw een  the  bone  graft  and
the  vertebral  body, resulted  in  the  use  of a  “spacer” that  was
suboptim ally e ect ive, and  that  could  not  adequately resist  the
axial  and  resultant  translational  and  angular  force  vectors. Of
significance  in  th is  regard  is  the  fact  that  the  chance  of subsi-
dence of an  in terbody bone graft  in to a vertebral body is inver-
sely  proportional  to  the  cross-sectional  area  of  contact
(� Fig.  23.17a).55 This  is  consistent  w ith  Cloward’s  technique
and  teachings,47 and  it  has  contributed, at  least  in  part , to  the
observed h igh  failure rates of in terbody lum bar fusions. In  sum -
m ary, both  the  cross-sectional area  and  the  relationship  of the
strut  to  the  m argin  of the  endplate  significantly  a ect  subsi-
dence.56 Hence, in  addition  to  a  large  surface  area  of contact
being  im portant,  the  location  of  contact  is  also  im portan t.
Struts  w ith  lateral  or  peripheral  (perim eter)  endplate  contact
are  associated  w ith  greater  axial load  bearing and  subsidence-
resisting  ability  than  centrally  placed  struts.  This  is  sim ply  a
m anifestation  of  the  boundary  e ect  (� Fig.  23.17b,  c).  This
likely  explains  w hy  transforam inal  lum bar  in terbody  fusion
(TLIF)  has  been  show n  to  be  associated  w ith  fewer  complica-
tions and better  fusion  rates than  PLIF or anterior lum bar  in ter-
body  fusion  (ALIF)  approaches.  The  lat ter  two  techniques
usually involve  the  m ore  central placem ent  of struts than  does
the  TLIF technique  (see  Chapter  12).57 Regardless,  it  appears
that  circum ferential  lum bar  spinal  fusion  (ventral  plus  dorsal

Fig. 23.13  Gaps (arrows) may be  present  after the  acrylic hardens if
the  technique  depicted  in  � Fig. 23.12 is used.
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fixation) provides superior  clin ical results  compared  w ith  ven-
tral fusion  alone.58 Fem oral ring allograft  strategies and variants
w ith  ventral  screw  fixation  m ay  im prove  ventral  fixation, but
not  to  the  extent  that  circum ferential  fixation  does.59 With
stand-alone  techniques, the  position  of the  pat ien t  during sur-
gery (i.e., posture) does  not  a ect  postoperative  lum bar  lordo-
sis.60 This is not  unexpected, in  that  in  the absence of rigid  dor-
sal or  ventral fixation , the  configuration  of the  spine  “adjusts”
after  surgery, regardless  of the  patien t’s  posture  at  the  t im e  of
surgery.

Others have considered  both  the  m echanical (structural sup-
port)  and  biological  funct ions  (bone  graft  for  bony  fusion)  of
the  “tradit ional  PLIF” concept  by  em ploying  rectangular  cages
that  increase  the  surface  area  of contact  of bone  w hile  provid-
ing structural support  w ith  the cage.61

Ventral Lum bar Interbody Fusion St rategies
ALIF techniques have gained in  popularity, including “m inim ally
invasive”  and  laparoscopic  approaches.62–64 This  was  in  part
because  of  di cult ies  associated  w ith  the  PLIF procedure.65

Fig. 23.15  The chest  tube technique  can result  in the  extravasation of
liquid  acrylic into the  spinal canal, as depicted.

Fig. 23.14  Injected  acrylic can be  forced  into the  vertebral bodies by using  the  chest  tube  technique, as depicted.
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However, complications w ith  the  surgical approach  and  a sim i-
lar  pseudarthrosis  rate  (compared  w ith  PLIF reports)  in itially
plagued the ALIF procedure, as well. Therefore, it  was often  em -
ployed  in  com bination  w ith  dorsal spinal im plants (e.g., pedicle
screw  fixation).66

Of in terest  is  that  allograft  perform s as  well as, if not  better
than, autograft  in  ALIF procedures.67 The  select ion  of allograft

type  and  source  is  controversial.  The  fibula  and  fem oral  ring
have been  compared in  th is regard.68

Com parison with Lateral Intert ransverse
Fusion
With  lateral in tert ransverse fusion , the fusion  m ass is placed  at
a  significant  distance  from  the  instan taneous  axis  of rotation
(IAR) and  the neutral axis (� Fig. 23.18). The am ount  of flexibil-
ity that  persists  follow ing such  an  operation  m ay be  the  cause
of clin ical failures, even  in  the  face  of a  solid  fusion.69 The  obli-
gatory lateral soft  t issue retract ion  and associated soft  tissue in-
jury are  perhaps a causative factor  regarding the loss of lum bar
lordosis and  chronic back pain  associated  w ith  uninstrum ented
fusion ,  and  the  disappoin ting  incidence  of chronic  back  pain
follow ing both  instrum ented and uninstrum ented fusions.

Despite  its  docum ented  e cacy  regarding  arthrodesis  ac-
quisit ion, pedicle  screw  fixat ion  for  lum bar  fusion  becam e  less
popular  in  the  1990s, predom inantly because  of m edical, legal,

Fig. 23.16  The  loads borne  by the  lumbosacral region include  axial
loads (vertical arrows) and  resultant  translational loads (diagonal
arrows), as well as bending  moments (curved arrows).

Fig. 23.17  (A) In  the  posterior lumbar interbody
fusion operation, as described  by Cloward,
significant  surface  area of contact  (about  80%) is
achieved  by placing  three  or four bone  grafts in
the interbody region, as depicted. (Data obtained
from Mochida et  al.24) This theoretically enhances
the  fusion  rate  because  subsidence  (a negative
factor regarding  lumbar interbody fusion) is
inversely proportional to  the  cross-sectioned
areas of contact. If a  significant  surface  area of
contact  cannot  be  achieved, then  (B) a  graft/
strut/cage  placed  more  peripherally provides
better axial load-bearing ability and  subsidence
resistance than (C) a graft  placed more  centrally.

Fig. 23.18  The  distance  (d) from  a lateral intertransverse  fusion  (solid
region) to the  IAR is depicted. IAR, instantaneous axis of rotation.
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and  related  concerns.  Hence,  during  th is  era,  spine  surgeons
needed  an  easier  and  safer  way of dealing w ith  the  lum bar  fu-
sion  “problem .”

Perhaps  the  solution  was  in terbody  fusion. The  elevation  of
disc space  height  via  dist ract ion  requires that  th is  elevation  be
m aintained  via  the  in terbody  strut  employed.  Solely  dorsal
techniques  take  advantage  of the  relatively stable  state  associ-
ated  w ith  the  already  collapsed  disc  in terspace  height  in  pa-
tients  w ith  advanced  m otion  segm ent  degeneration . Support-
ing th is  notion  is  the  study of Kaito  et  al.70 They observed  that
excessive  distract ion  of the  L4–L5  disc  space  during  PLIF sur-
gery  was  associated  w ith  a  greater  incidence  of adjacent-seg-
m ent  degenerat ion. Contrary  to  th is  not ion, however, are  the
findings of Schuler  et  al, w ho dem onst rated  that  the  best  clin i-
cal  outcom es  follow ing  lum bar  in terbody  fusion  were  in  pa-
tients  w ith  less  disc  in terspace  height  preoperatively.71 It  is
hoped  that  t im e  w ill provide  the  answer  via  clin ical and  basic
science research .72

23.3.2  Fusion Cages
Flat -Faced Fusion Cages
Flat-faced  fusion  cages expose the accepting fusion  bed  (i.e., the
endplate  region)  to  a  flat  surface  rather  than  a  round  surface,

like  that  of the  TIFC;  see  the  follow ing  (� Fig. 23.19). Flat-face
cages  m ay  be  round,  square,  or  rectangular  at  the  end
(� Fig. 23.20), and they m ay have a parallel or  trapezoidal shape
in  the  sagittal plane  to  conform  to  the  shape  of the  disc in ter-
space (� Fig. 23.21). They m ay have a h igh  m odulus of elasticity
(e.g., stain less steel or  t itan ium  alloys), a relatively low  m odulus
of elasticity (e.g., bone), or  an  in term ediate  m odulus of elastic-
ity (e.g., carbon  fiber, polyether ether ketone [PEEK], or  fem oral
ring allograft). The  latter  m uch  m ore  closely approxim ates  the
m odulus of elasticity of the  endplate  and  m edullary bone. This
theoretically reduces the  chance  of im plant  subsidence, w hich,
however, m ay very well be  irrelevant.73 Allograft  bone, though,
has  been  show n  to  outperform  expandable  cages  from  a  sti -
ness perspective.74

Som e  flat-faced  cages  provide  a  greater  surface  area  of con-
tact  w ith  the  accepting  fusion  bed  than  others, but  flat-faced
cages  alm ost  always  provide  m ore  surface  area  than  round-
faced cages (TIFCs; � Fig. 23.22a, b).75,76 The greater surface area
of contact, however, results  in  less  bone-on-bone  contact . This
obviously deserves careful considerat ion. In  th is regard, larger-
diam eter t itanium  m esh cages provide significantly greater aug-
m entation  of  im plant–bone  in terface  strength  than  do  sm all-
er=diam eter  cages  (� Fig. 23.22c). The  addition  of an  in ternal
end  ring (� Fig. 23.22d) provides a  substantial fur ther  increase
in  in terface  strength .77 However, it  results  in  less  bone–bone
contact  for  fusion  enhancem ent. Finite  elem ent  m odeling stud-
ies  have  dem onstrated  th is, as  well. In  addition , di erences  in
the elastic m oduli of cages (i.e., di erences in  m aterial sti ness)

Fig. 23.19  (A) A flat-faced cage presents a flat  surface to the endplate
region, compared  with  (B) a  round-faced  cage  (threaded  interbody
fusion cage).

Fig. 23.20  The  ends of a flat-faced  cage  may be  (A) round  or (B)
square  or rectangular.
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do  not  appear  to  a ect  load  transfer  to  the  cancellous  core.73

Contrary to such  observations, however, are  the findings of van
Dijk  et  al, w ho  noted  that  bioabsorbable  im plan ts  enhanced
in terbody  fusion  com pared  w ith  t itan ium  im plan ts,78 and  of
others, w ho  noted  superb  clin ical resu lts  w ith  devices  w hose
m odulus  of  elast icit y  approxim ated  that  of  cort ical  bone.79

Regardless  of the  find ings  of van  Dijk  et  al, st ill  others  have
observed  that  the  incidence  of cage  m igrat ion  and  nonun ion
is greater  w ith  bioabsorbable  im plan ts.80 All such  factors  and
confusing  findings  m ust  be  considered  during  the  decision -
m aking  process.81 Of  final  note  regarding  m igrat ion .  in ter-
body  flat -faced  cages  w ith  endplate  sp ikes  sign ifican t ly  aug-
m ent  rigidity in  tests of biom echan ical flexibility.82 Such  test-
ing st rategies, how ever, m ay not  always provide  clinically rel-
evan t  results.83

Bone  m ineral  density  also  a ects  the  biom echanics  of  the
strut–endplate  region.84 Flat-faced  cages  provide  a  significant
advantage  regarding  the  prevention  of angular  deform ation  at
the  cage–endplate  in terface  (e.g.,  compared  w ith  in terbody
struts  or  TIFCs;  � Fig. 23.23). This, com bined  w ith  their  sign ifi-
cant  surface contact  w ith  the endplate, m akes flat-faced cages a
viable  alternative to strut  fixat ion  w ith  iliac crest, rib, or  acrylic
constructs,  part icularly  w ith  regard  to  longer  constructs
(� Fig. 23.24).85,86 Of note, the  angle  of insert ion  does  not  ap-
pear  to  a ect  the  lim itation  of m otion  and  stability of the  con-
struct—that  is, vent rolateral and  ventral techniques are  equiva-
lent  from  a biom echanical perspective.87

Many  flat-faced  cages  and  struts  are  derived  from  allograft
bone. They  provide  varying  am ounts  of endplate  contact  and
surface  area  of contact  for  the  autologous  bone  placed  w ith in
them . Hence, they vary in  e cacy.88

Finally, the  heated  debate  over  m ultiple  discectom ies versus
corpectomy for  the  m anagem ent  of cervical spondylot ic myel-
opathy cont inues.89 The  m echanics  and  clin ical outcom es have
been  addressed  in  num erous venues and  publications. Andaluz
et al have presented a good case for corpectomy.89

Round-Faced Cages: Threaded Interbody
Fusion Cages
TIFCs  were  in troduced  in  the  1990s. They  were  derived  from
the  Bagby  device  that  was  developed  for  equines.55,90–94 This
technology provided  a  m ethod  by w hich  lum bar  in terbody fu-
sion  could  be  readily achieved, w ith  either  allograft  dowels11,95,

96 or m etallic cages.93,97–101 Cloward was the first  to em ploy th is
strategy in  h is dowel approach  to in terbody cervical fusion  fol-
low ing discectomy.4

Round-faced  cages  present  a  round  face  to  the  fusion  bed.
TIFCs  are  round-faced  cages.  TIFCs  have  becom e  exceedingly
popular,  in  part  because  of  their  ability  to  sti en  (at  least
acutely) a m otion  segm ent. Of sign ificance regarding TIFC tech-
nology is  the  ease  w ith  w hich  these  “devices” can  be  inser ted.
Com pared  w ith  a  t raditional  PLIF operat ion , for  example, the
TIFC operat ion  is less technically dem anding. This was very ap-
pealing  to  surgeons  w ho  had  struggled  w ith  the  tradit ional
PLIF. The  technology  has  been  expanded  to  include  m inim ally
invasive techniques.102

Yuan  and  colleagues  reported  results  from  the  pat ien t
population  involved  in  the  study  undertaken  for  Food  and
Drug  Adm inistration  regulatory  approval  of  the  BAK  cage
(Sulzer  Spine-Tech, Minneapolis, MN).103 Additional data  were

Fig. 23.21  A flat-faced  cage  presents (A) a
parallel or (B) a  trapezoidal shape  to the
endplates. The  lat ter may be  particularly perti-
nent  at  the  lumbosacral junction, where  the
endplates are  not  parallel.

Fig. 23.22  (A, B) Flat-faced  cages present  a greater surface  area of
contact  to  the  vertebral body than  do round-faced  cages (threaded
interbody fusion  cages), as depicted. (C) Larger-diameter flat-faced
cages provide  a  greater advantage  from  an implant–bone  interface
perspective. (Data  obtained  from  Hasegawa et  al.77) (D) Adding  an
internal end  ring  further augments implant–bone  integrity but
sacrifices surface area of contact  for bony fusion functions like a “toilet
seat.” (Data obtain  from  Hasegawa et  al.77) All such  factors must  be
considered  during  the  decision-making  process.
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reported  regarding the  Ray Threaded  Fusion  Cage (Surgical Dy-
nam ics, Norwalk, CT),93 a  competing device. Later  results  have
been  persistently  good.104 Of  note  is  that  these  devices  have
been  show n  to  have  substantially  comparable  biom echanical
characteristics105;  however,  significant  di erences  betw een
them  have  also  been  observed.106 In  fact,  the  BAK Proxim ity
cage  is associated  w ith  a  greater  degree  of subsidence than  the
standard  BAK cage  (� Fig. 23.25).107 This  is  probably related  to
its sm aller surface area of contact  w ith  the endplates.

The  aforem entioned  studies  have  received  m uch  atten tion.
Criticism s  have  been  raised  regarding  the  follow ing:  (1)  the

very young study population  (41.5 years42 and 42.1 years93); (2)
the  exclusion  criteria  (no  grade  II spondylolisthesis  and  no  pre-
vious  fusion, osteoporosis, or  obesity);  (3)  the  preoperative  as-
sessm ent  (discography  and/or  m agnetic  resonance  [MR]  imag-
ing)  and  postoperative  follow -up/outcom e  assessm ent  techni-
ques93;  (4)  the  definition  of solid  fusion  (< 5  degrees  of m otion
in  the  sagittal  plane  and  no  lucency  surrounding  the  cage93);
and  (5) the  suboptim al reporting techniques. Com plications and
complication  rates  were  poorly  defined. Nevertheless, the  inci-
dence  of complications  was  high  (10.1% dural violation  and  3.9
to 28% neurologic complication  rate w ith  the PLIF technique93).

Fig. 23.23  Translational and  angular deformation (rocking) is much more  likely with  a strut  with round  ends than with a flat-faced  cage. (A) A strut
with a round end, (B) a flat-faced cage, and (C) a threaded interbody fusion cage provide different degrees of resistance to rocking, as depicted. (D, E)
Excessive  compression can  be  applied, with  the  creation of a  deformity, by means of a  ventral fixator.
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Of  tangent ial  relevance  is  the  observation  that  TIFCs  have
been  show n  to  be  econom ical  by  an  arguably  biased  assess-
m ent.94 Also of note  in  th is regard  is the observation  that  there
m ay be  a  greater  financial advantage  associated  w ith  PLIF than
w ith  ALIF.66

Biom echanical and Geom etric Factors
A ect ing E cacy of Threaded Interbody
Fusion Cages
Panjabi described  a conceptual fram ework for  the evaluation  of
spinal im plants. In  addition, he  proposed  guidelines for  experi-
m ental design,108 and  in  another  report , he  and  his  colleagues
em phasized  the im portance of the neutral zone in  the determ i-
nation  of stability and instabilit y.109 With  th is in  m ind, m any bi-
om echanical and  geom etric factors have been  observed  to play
a  role  in  the  clin ical  e cacy  and  utilit y  (or  lack  thereof)  of
TIFCs.110,111 These include the follow ing: (1) anterior and  poste-
rior  longitudinal  ligam ent  disrupt ion  during  insertion 112;  (2)
endplate  relationships113;  (3)  loading  in  shear;  (4)  the  attain-
m ent  of disc in terspace dist ract ion;  (5) the m aintenance of disc
interspace  distract ion;  (6)  postoperative  angular  deform ation;
(7) postoperat ive  axial deform ation  (subsidence) and  sti ness;
(8)  end-fusion  degenerative  changes;  (9)  ver tebral body–bone
graft  contact  (both  quantitat ive  and  qualitative);  and  (10)  fu-
sion  rates and  outcom e. Most  of these factors apply to other in-
terbody fusion  strategies, as well.114 Nevertheless, TIFCs, from  a
biom echanical  perspective,  are  not  as  “sound”  as  once
thought ,115 par ticularly after cyclical loading.116

Anterior and Posterior Longitudinal Ligament
Disruption
Nibu  and  colleagues hypothesized117 that  the  increased  neutral
zone  and  range  of m otion  observed  follow ing the  placem ent  of
TIFCs  are  related  to  anterior  longitudinal  ligam ent  disruption.
Although  disruption  of the  anterior  longitudinal ligam ent  m ay
decrease the strength  of the tension  band in  extension, and dis-
rupt ion  of the posterior longitudinal ligam ent  m ay decrease the

strength  of the  tension  band  in  flexion, it  is  doubtful that  th is
e ect  would  negate  the  e ect  of a  distract ing in terbody spacer
on  range of m otion.113

Endplate Relat ionships
Endplate  relat ionships m ay be  altered  by vir tue  of the  cage  in-
sertion  technique  em ployed. A disc in terspace  spreader/retrac-
tor  m ay  change  an  endplate  relationship  w ith  a  fish-m outh
shape  to one  w ith  a  parallel orien tation . This m ay, in  and  of it-
self, flat ten  or  straighten  the  lum bar  spine, w ith  an  attendant
loss of lum bar  lordosis (� Fig. 23.26a).55,113 This loss of sagittal
balance m ay cause pain  (e.g., the flat-back syndrom e).

Because  of  the  lenticular  shape  of an  endplate, an  optim al
surface  area  of  contact  betw een  the  strut  and  the  endplate
m ay  not  be  achieved.  This  m ay  leave  undesirable  “gaps”
(� Fig. 23.26b).

Finally, a  variety  of TIFC m odifications  have  been  em ployed.
Strategies that  provide less surface area of contact  m ight  be ex-
pected  to  function  less  well  than  those  that  provide  m ore.118

Di erences in  pullout  resistance  have  been  noted  to  be  related
to cage design. Devices w ith  threads or hooks provide better re-
sistance than  ridged devices.119

Fig. 23.24  (A) A flat-faced  implant, with  its greater surface  area of
contact  and  ability to  prevent  angular deformation, is superior to (B)
most  iliac, rib, or acrylic struts regarding subsidence  and resistance  to
rocking.

Fig. 23.25  The  BAK Proximity (square-shaped) cage  side  of the
vertebral body subsides more than the round cage side  (standard BAK
construct; Sulzer Spine-Tech, Minneapolis, MN). This results in  a
scoliotic curve  and  nonunion, as depicted.
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Loading in Shear
Loading in  shear  is  a  natural consequence  w hen  disc in terspa-
ces  are  not  oriented  parallel to  the  floor  during assumption  of
the  upright  posture  (standing;  see  � Fig. 23.1  and  � Fig. 23.16).
An  angular  orientation  of the  disc m ay indeed  cause  resultan t
force  vectors  that  result  in  significant  shear  forces, particularly
at  the L5–S1 disc in terspace, w here th is relationship  is m ost  ap -
parent .  These  shear  forces  m ost  certainly  contributed  to  the
early di cult ies associated  w ith  the  PLIF operation . They a ect
TIFC dynam ics in  a sim ilar m anner.

Attainment  of Disc Interspace Distract ion
TIFCs increase  spinal canal cross-sect ional area  and  neurofora-
m inal volum e,120 as well as acute stability.121 However, for TIFCs
to achieve  adequate  dist ract ion  and  elevation  of the  disc in ter-
space height, a 17-m m -diam eter cage m ay be necessary.122 This
increases  sti ness  in  both  flexion  and  extension  to  a  degree
sim ilar  to  that  of the  in tact  spine.123 However, the  facet  join t
m ust  be  rem oved, at  least  in  part , to  achieve  th is extent  of dis-
traction  if a  PLIF approach  is  used. Wong and  colleagues  con-
cluded  that  “the  inser tion  of sm aller-diam eter  cages m ay over-
com e the  need  for  extensive facet  rem oval but  m ay not  achieve
su cien t  distract ion  for  stability  or  restoration  of  in terbody
height  for  foram inal  decom pression.”124 This  is  based  on  the
fact  that  two cages, separated  by 4 m m  and  w ith  an  outside  di-
am eter  of OD, require  a  transverse  space  of 2  x  OD + 4 m m . To
engage and  distract  the disc interspace, a 3-mm  penetration  into
the  endplate  is  expected. Therefore, to  attain  a  given  disc inter-
space height, a  TIFC with  a diam eter  of 6 mm  or  greater  (3 + 3) is
required. Therefore, the  w idth  of the  construct  is  2  x  (desired
disc  height + 6) + 4 = 2  x  desired  disc  height + 16  (� Fig.  23.28).
This  usually  necessitates  significant  dorsal  bony  element  de-
struct ion. Others have  dem onstrated  a  biomechanical advantage

w ith  the  use  of a  single  long cage,125 thus underscoring the  fact
that  both  the  length  and  diam eter  of  TIFCs  are  important  re-
garding stability acquisition. The  use  of a  single  cage  m inim izes
dorsal  elem ent  disruption.  TIFCs  may  be  used  for  grade  I
spondylolisthesis. Their  e cacy for  this  entity is  based  on  their
ability to tension  ligam ents.126

Maintenance of Disc Interspace Distract ion
A repetit ive,  cyclical  axial  loading  of  the  spine  significan tly
contributes  to  the  subsidence  phenom enon. A less-than-opti-
m al weight-bearing ability (� Fig. 23.28) and  a subopt im al sti -
ness  (increased  range  of  m otion)  observed  follow ing  cyclical

Fig. 23.26  (A) The  introduction  of a  parallel distractor (Tang) into the
disc interspace  may convert  a  lordotic spine  (left) into  a straightened
spine  (right). Curved arrows indicate  the  direction  of vertebral body
rotation in  the  sagit tal plane. (B) The  lenticular (curved) surface  of an
endplate  may not  appropriately abut  the  straight  surface of a cage, as
depicted. Note  the  gaps (shaded area).

Fig. 23.27  The  approximate  required  width  (W) of a threaded  inter-
body fusion cage construct  based on desired disc height  (H). Note that
the  diameter of the  cage  (assuming a  3-mm  penetration into each
endplate) = H+ 6. If one  assumes an  intercage  separation of 4 mm,
W= 2 x(H+ 6) + 4 = 2H+ 16.

Fig. 23.28  A threaded  interbody fusion  cage  placed  between  two
parallel endplates (no lordosis present); lateral view (left), coronal
section  (right). Note  the  symmetric and  uniform  penetration of the
cage  into the  endplates. The  blow-up on the  right  depicts the  “region
of contact” (black triangle of width d) between the surface of the cage
and  the  endplate. In  this circumstance, the  “region of contact” is
constant  throughout  the  length  of the  implant.
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load applications can  lead to the subsidence of an  in terbody de-
vice  in to  a  vertebral  body.  Such  loading  cyclically  increases
pressure  w ithin  the  cage.127,128 This egress m ust  be  occurring if
the  hydrostatic  pressure  changes  w ith in  the  cage  (as  it  does).
This  inform ation  m ay  be  in terpreted  two  ways:  (1)  that  the
bone w ithin  the cage  “sees” pressure forces that  enhance fusion
or  (2)  that  “excessive” m otion  exists, w hich  m ay  decrease  the
chance of fusion. Both  of these conclusions are rational, but  ob-
viously divergent  regarding clin ical im plications. Of note, som e
have  not  observed  subsidence  clin ically,112,124,129 and  the histo-
logic evaluation  of a  retrieved  lum bar  spinal fusion  cage  dem -
onstrated  vascularization  and  osseoin tegrat ion  in to  the  sur-
rounding  t issues.130 However, others  have  observed  persistent
progressive  settling  at  1  year  postoperatively  (� Table  23.1),99

although  still others noted  that  explanted  hum an  cage contents
consisted  predom inantly of collagen  and  woven  bone.131 Subsi-
dence is greater w hen cages are used in  pat ien ts w ith  decreased
m ineral  density.132 Of  note  is  that  the  subsidence  is  greater
w hen  disc height  has been  elevated  significantly by the surgery
(TIFC placem ent;  � Table  23.2). Bone  m argins that  are  still set-
t ling at 1 year are not fused, and probably w ill not  fuse.133

Subsidence  is  inevitable. The  ability  to  resist  it  and  sim ulta-
neously achieve  optim al compression  forces on  bone  that  opti-
m ize  healing (Wol ’s law ) is  clearly desirable. All rigid  fixation
devices provide stress shielding to one degree or another; how -
ever, if a TIFC subsides, stress shielding is dim inished.

Although  m ost  have  show n  that  subsidence  is  greater  in  os-
teoporot ic  than  in  norm al  bone, Ahrens  and  colleagues  could
not  dem onstrate  a  relationship  betw een  subsidence  and  bone
m ineral density.132 These  opposing factors  m ust  be  considered
clin ically.

Intim ately in tertw ined  w ith  the  concept  of subsidence  is the
rigidity achieved by the fixation  technique. PLIF w ith  bone graft
alone  achieves  less  sti ness  than  that  of  the  in tact  spine,
w hereas  the  addition  of  either  dorsal  instrum entation  (e.g.,
pedicle  screw  fixation)  or  in terbody  im plants  (e.g.,  TIFC)  in-
creases  sti ness  and  stability  significantly,54,134,135 particularly
during cyclical loading.116 Subsidence  appears  to  be  a  progres-
sive  phenom enon  w ith  round-faced  cages. Ohnm eiss  and  col-
leagues observed that  loss of disc height  cont inued even  up to 1
year  (and  perhaps  beyond).133 As  already  m entioned, th is  ob-
servation  strongly suggests  that  fusion  has  not  t ranspired  at  1
year in  the m ajority of pat ients.

Postoperat ive Angular Deformat ion and the
Maintenance of Sagit tal Balance
Although  the  m aintenance  of sagittal balance  has  been  dem on-
strated  follow ing the  clinical application  of TIFCs,136 it  is at  least
theoretically possible to introduce a loss of lum bar lordosis dur-
ing  cage  insertion . This  theoretical  problem  m ay  arise  because
of the insertion  technique, w hich  m ay encourage the acquisition
of parallel  endplate  orientations  via  use  of the  Tang  distractor
or  sim ilar  techniques  (see  � Fig. 23.26a). However, Moore  and
colleagues  dem onstrated  greater  distract ion  of the  ventral than
the of dorsal disc space, w hich  increased  lordosis.137 In  addition,
TIFC im plants  tend  to  subside  m ore  dorsally  than  ventrally  as
they “heal.”137,138 The  aforem entioned  biom echanical character-
istics  suggest  that  the  ventral disc region  m ay be  m ore  capable
of  bearing  axial  loads  than  the  dorsal  region.  Nibu  and  col-
leagues  dem onstrated  that  the  range  of m otion  is  increased  in
extension  w ith  TIFCs,117 perhaps because  of an  increased  subsi-
dence  of the  cage  in  this region  (dorsal vertebral body), at  least
in  part  explaining  the  observed  increase  in  lum bar  lordosis
(� Fig. 23.29a–c).55,113 Lordotic  (ramped)  cages  have  been  used
to  address  these  issues  proact ively.139 If ligam ent  laxity  occurs,
translational deform ation  m ay result  (� Fig. 23.29).

It  is  em phasized  that  to  achieve  the  goals  of surgery  with  a
TIFC,  significant  disc  interspace  distraction  m ust  often  be
achieved. Perhaps other  strategies that  do not  require  extensive
disc interspace  distraction  m ay be  m ore  desirable. Elevating the
disc  height  increases  the  chance  of  failure  via  subsidence  be-
cause  of excessive  axial preloading of the  device  (by tensioning).
This, in  turn, encourages excessive subsidence, angular deform a-
tion  (as discussed), and  translation  deform ation  (� Fig. 23.29d).

Finally, a  review  of the  experience  acquired  several decades
prior w ith  round-faced dowels in  the cervical spine, via the Clo-
ward technique, is in  order. Although  the Cloward in terbody fu-
sion  technique  increases  im m ediate  postoperative  sti ness, it
does  so  only in  flexion  and  lateral bending.140 It  therefore  ap-
pears  that  th is  was  a  relatively ine cient  technique  regarding
the  augm entation  of  sti ness.  These  data  should  translate  to
the TIFC application  to the lum bar spine.

End-Fusion Degenerat ive Changes
End-fusion  degenerative  changes  have  been  show n  to  occur,17,

141,142 and  at  a  greater  frequency  w ith  longer  fusions.141 They

Table 23.1  Postoperative changes in disc space height

Preoperat ively  2  weeks  3  months  6  months  12  months

Mean disc space  height  (mm)  11.1  13.9  12.9  12.3  11.5

Mean change  in  disc space  height  (%)  NA  25.2%  16.2%  10.8%  3.6%

Data obtained  from  McCormack et  al.26

Table 23.2  Postoperative subsidence in collapsed and noncollapsed disc spaces

Preoperat ively  2  weeks  3  months  6  months  12  months

Collapsed  disc spaces (mm)  9.62  13.76  12.65  12.00  11.18

Noncollapsed  disc spaces (mm)  12.27  14.10  13.13  12.51  11.86

Data obtained  from  McCormack et  al.26
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also occur m ore frequently if abnorm al spinal contours (kypho-
sis)  are  created  by  the  fusion. Therefore, the  m aintenance  of a
relatively norm al spinal alignm ent is prudent  in  th is regard.

Vertebral Body–Bone Graft  Contact
Surface  area of bone-on-bone  contact  m ay be  particularly rele-
vant  regarding outcom e w ith  the TIFC. As Cloward  em phasized,
a  large  surface  area  of contact  is  crit ical. The  failure  to  comply
w ith  th is  principle  has  clearly  resulted  in  adverse  clin ical out-
com es  in  the  past  (w ith  the  tradit ional  PLIF operation). Clini-
cally available  TIFCs  provide  varying  degrees  of bone-on-bone
surface  area  of contact  (� Fig. 23.30). Furtherm ore, if the  cages
are placed in  lordot ic spines, the bone-on-bone contact  not only
is  dim inished  but  also  is  of  varying  quality  throughout  the
length  of the  cage  (see  � Fig. 23.29a–c).113 Finally, the  in tegrity
and quality of in tra-cage bone is, at  best, suspect.131

The  compressive  strength  of  cages  varies  w idely.  This  de-
pends, in  large part , on cage shape, bone density, and the sim ul-
taneous use of dorsal instrum entation.33,143

Fusion Rates and Outcome
Fusion  rates w ith  TIFCs are  unknow n. Historically, 5  degrees of
angular  m otion  was used  as  the  cuto criterion  to  define  solid

fusion. One  would  th ink, though , that  anyth ing  greater  than
zero  m otion  would  be  consisten t  w ith  nonfusion  or  pseu-
dar th rosis. Therefore, 5  degrees  of m otion  is  not  reasonable.
The  results  of repor ts  using  th is  criterion  should  possibly  be
discarded  on  the  basis  of  a  lack  of  clin ical  relevance.  Of
fur ther  sign ificance  in  th is  regard  is  the  observat ion  that  a
docum ented  inaccuracy  exists  regarding  p lain  radiograph ic,
polytom ograph ic,  MR im aging,  and  com puted  tom ograph ic
determ inat ion  of  fusion .144,145 The  use  of  on line  in  vivo

Fig. 23.29  A threaded  interbody fusion cage  placed  “between” two nonparallel endplates (lordosis present). (A) Lateral view. (B) Three  coronal
sections (x, y, and  z). Note  the  variation in  penetration of the  cage  into the  endplates. The  blow-ups depict  the  region of contact  (black triangles of
width d) between the surface of the cage and the endplate. In this lordotic configuration, the  “region of contact” varies throughout  the length of the
implant. Such variation may adversely affect stability and result in a nonuniform penetration of the implant into the adjacent  vertebral bodies. (C) Axial
subsidence leads to a loss of ligament  tensioning. Loss of ligament  tensioning results in a diminished ability to resist  translation, as depicted (D) in a
line  drawing  and  (E) radiographically.

Fig. 23.30  (A, B) A depiction of the relative surface area of contact of a
threaded  interbody fusion  cage  with  bone, which varies from  implant
to implant.
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biom echan ical  m onitoring  m ay  assist  in  the  fusion  assess-
m ent  process in  the fu ture.146

Montella  and  colleagues  dem onstrated  the  lack of benefit  of
adding an  in terbody fusion  to a lateral in tert ransverse fusion.147

Therefore, the  ut ility  of a  PLIF operation , TIFC included, as  an
adjunct  to  in tert ransverse  fusion  m ust  be  quest ioned. In  sum -
m ary, prior  reports  suggest  that  clin ical results  m ay not  be  as
positive as once thought.107,131,133,148

Clinical Results
A low  complication  rate  of  TIFCs  has  been  reported  w hen
they  are  inserted  by  laparoscopic  or  open  techniques.98,104

However,  Carreon  and  colleagues  reported  a  relatively  high
complication  rate  in  the  elderly (persons older  than  65 years of
age).149 They observed  a  90% complication  rate  and  concluded
that  surgeons  should  be  diligent  regarding  complications  in
patients of advanced age w ho require m ultiple-level lum bar de-
compressions and  instrum ented  fusions. Uniform ity of data ac-
quisit ion  and reporting is obviously necessary but lacking.150

The  m igration  of TIFCs has  caused  significant  m orbidity and
even  m ortality.  Such  m igration ,  including  subsidence,  often
leads  to  failure  (� Fig.  23.29e).  The  docum entation  of  fusion
acquisit ion  in  th is  patient  population  is  problem atic
(� Fig. 23.31). It  is, in  fact, m ore  problem atic  w ith  TIFCs  than
w ith  other  techniques, such  as pedicle  screw  fixation . Montella
and  colleagues  observed  that  the  addition  of an  in terbody  fu-
sion  to an  instrum ented  dorsolateral fusion  for  m echanical low
back pain  did  not  change patien t  perceived  outcom e.147 Finally,
the  Nottingham  group  and  others  found  significant  complica-
tions w hen cages were used as stand-alone devices.148,151,152

A h igher  incidence  of  neurologic  complications  was  noted
w ith  dowels  w hen  dowels  were  compared  w ith  im pacted
wedges. The  substan tial exposure  required  to  insert  dowels via
the  PLIF  technique  requires  substantial  nerve  root  traction,
likely explaining the  high  complication  rate.153,154 Nerve  injury
is  also  inevitably  associated  w ith  the  trans-psoas  approach  to
lum bar fusion .155

Of final  note, postoperat ive  im aging  is  significantly  a ected
by spinal im plants. Im plant  volum e, m aterial, and  shape  all af-
fect  MR im aging artifact. Cylindrical implants  are  less prone  to

MR im aging  art ifact  than  m ore  cuboidal  or  rectangular  im -
plants.156 It  is  clear  that  the  assessm ent  of  fusion  status  is
clearly im paired by the use of radiopaque cages.157

The  use  of TIFCs has one  additional draw back:  the  degree  of
di culty and  the  m orbidity associated  w ith  cage  rem oval, if it
is  ever  deem ed  appropriate.158 Pedicle  screw  im plants  can  be
rem oved w ith  relative ease w ith  a low  risk for m orbidity. This is
not  necessarily  so  w ith  TIFCs.  Patients  w ith  persistent  pain ,
w ith  or  w ithout  nonunion ,  w ho  would  norm ally  be  deem ed
candidates  for  im plant  rem oval m ay  not  be  candidates  for  re-
m oval if a TIFC im plant  was inserted.

TIFC rem oval by  m eans  of the  dorsal approach  is  illustrated
in � Fig. 23.32. A dorsal approach is usually undertaken  because
a  dorsal  exposure  obviates  the  “vascular” risk  of vent ral reex-
ploration  (in  the case of ventral placem ent) and provides visual-
ization  and  protect ion  of nerve  roots  (in  the  case  of a  dorsal
placem ent). Dorsal cage rem oval, however, is contraindicated  if
the  cage  has m igrated  ventral to  the  anterior  longitudinal liga-
m ent. Vascular  “attainm ent” m ay have  occurred  in  th is circum -
stance, thus  necessitating  rem oval w ith  direct  visualization  of
the cage and vascular structures (i.e., a ventral approach  to cage
rem oval).

Finally,  adjuncts  or  variations  in  technique  m ay  alter  cage
strategies  in  the  future.159–161 Only  t im e  w ill  yield  the  ulti-
m ately e ect ive t reatm ent strategies.

Restorat ion of Mot ion
Motion  restorat ion  strategies  can  be  divided  in to  (1)  artificial
m echanical  in tervertebral  disc  replacem ent,  (2)  resurfacing
strategies,  and  (3)  genetic  engineering  and  other  biological
strategies.  Prelim inary  work  has  been  completed  in  artificial
disc  replacem ent ,  w ith  varying  results.162 Problem s  include
wear  and  fatigue of the m echanical in terfaces and  failure  at  the
im plant–bone  in terface. Further  work  is  pending, and  results
are eagerly anticipated.

Resurfacing  strategies  involve  replacem ent  of  the  nucleus
pulposus  w ith  an  art ificial  m aterial,  usually  a  polym er  that
slides  and  that  does  not  in tegrate  w ith  the  endplate. Genetic
engineering strategies attempt  to replace  the  nucleus pulposus
w ith  living t issue. All techniques are fraught  w ith  di culties.

Fig. 23.31  (A) Although motion may not  be
detected  on flexion–extension views, this does
not  necessarily imply the  acquisition  of a solid
arthrodesis, as depicted in a case in which motion
was not  present. Other findings, such as adjacent
(to the  cage) lucencies, may help  to  diagnose
nonunion  even  if a  sentinel sign is present, as
depicted. (B) Close  scrutiny of the  radiograph
may reveal a halo, which is a manifestation of this
motion  (windshield  wiping) process.
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Strategies  to  restore  and  preserve  m otion  are  addressed  in
m uch  greater  detail in  Chapter  32. Hence, for  a  m ore  in-depth
discussion  on  the subject , please see Chapter 32.
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24  Lum bosacral–Pelvic Const ructs
The region  of the lum bosacral junct ion  is exposed  to significant
axial,  translational,  and  rotational  loads;  bending  m om ents;
and  stresses. An  appreciation  of the sacral anatomy that  is rele-
vant  surgically  is  of prim e  importance.1 To  e ectively  m anage
instability  in  the  lum bosacral  region, several  im portant  issues
m ust  be  considered. These  include  the  follow ing: (1) the  resto-
ration  and/or  preservation  of sagittal  balance;  (2)  the  restora-
tion  and/or  preservation  of neurologic funct ion; (3) the  acquis-
ition  of acute spinal stability by m eans of in ternal fixation;  and
(4) the  augm entation  of long-term  stability  (if appropriate) by
m eans of bony fusion. Finally, the degree of di culty associated
w ith  the  operative  exposure  and  the  restrict ions posed  by the
confines  of the  extraspinal soft  t issues  and  visceral structures
m ust  be  taken  in to  consideration  w ith  each  of the  factors  dis-
cussed below.

24.1  The Restorat ion and/or
Preservat ion of Sagit tal Balance
The  restoration  and/or  preservation  of a  norm al or  nearly nor-
m al sagittal balance should  be considered w ith  nearly all opera-
tive  procedures in  the  lum bosacral region  (� Fig. 24.1). For  ex-
am ple, decompression  (� Fig. 24.2) and  uninstrum ented  fusion
(� Fig. 24.3), as well as instrum ented  lum bar–sacral fusion  pro-
cedures, can  result  in  loss of lordosis and  a  loss  of sagittal bal-
ance. Instrum ented  fusions  usually cause  a  loss  of lordosis  via
dorsal distraction, w hich  results in  a  bending m om ent–derived
flexion  (kyphosis;  � Fig. 24.4). This flattening of the  back is  as-
sociated  w ith  two  fundam ental  problem s:  (1)  a  characteristic
pain  syndrom e  (flat-back syndrom e) and  (2) the  application  of

Fig. 24.1  Sagit tal balance. A plumb line dropped from the C7 vertebral
body in  the  standing  position should  pass through the  lumbosacral
junction  when normal sagit tal balance  is present, as depicted.

Fig. 24.2  Lumbar laminectomy can  result  in  a  loss of lumbar lordosis
and an abnormal “balance,” as depicted. This is secondary to the loss of
a  tension  band  and  weakened  paraspinous muscles.
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adverse  forces  and  stresses  to  the  spine, both  in  the  region  of
the fusion  and  at  adjacent  segm ents, as a result  of a nonphysio-
logic alignm ent. These iatrogenic adverse structural consequen-
ces can  result  in  an  augm ented risk for construct  failure and  ac-
celerated end-fusion  degenerat ive changes.

24.1.1  Flat -Back Syndrom e
The flat-back syndrom e is associated w ith  a fixed  forward incli-
nation  of the  trunk  and  an  inability  to  stand  erect. The  knees
are  usually  flexed  in  order  to  facilitate  forward  vision  and  an
erect  posture. Back pain  is the m ost  prom inent  sym ptom  and is
typically localized  to  the  upper  back. Patients  usually describe
the pain  as worsening during exertion  or assumption  of the up-
right  posture (standing). This fatigue-induced  pain  is secondary
to  e orts  to  hyperextend  the  thoracic and  cervical spine  in  or-
der  to stand  erect . Most  patients report  a worsening of posture
and  associated  upper  back  pain  and  cervical  pain  as  the  day
progresses. Many patients  also  report  lower  back  pain  as  well
as  pain  and  tightness  in  the  quadriceps  and  ham string  region
(ventral and  dorsal th igh). The  a ected  patient  is  unable  to  as-
sum e an  erect  posture and  acquire forward vision  w ithout  flex-
ing  the  knees  and  so  leans  backward  “from  the  knees.”  This
constellation  of sym ptom s and  signs is related  to an  inability to
extend  a pelvis that  is fixed  to the low  lum bar  spine in  a flexed
posture. Therefore, the only m ethods by w hich  pelvic extension
can  be  achieved  are  by knee  flexion  and/or  by excessive  upper
thoracic or  cervical extension—hence, the  prom inence of upper
thoracic and cervical pain  (� Fig. 24.5).

Fig. 24.3  Uninstrumented  lumbosacral fusions may incur the  same
loss of lordosis as nonfused  laminectomies, as depicted  (see
� Fig. 24.2).

Fig. 24.4  (A) Noncontoured  dorsal lumbar instrumentation  can result  in  a loss of lumbar lordosis, as depicted  graphically. (B) Dorsal distraction
(straight  arrows) can  result  in  kyphosis via the  application  of a  bending  moment  (curved arrow). (C) A radiograph  depicting  such  a  phenomenon.
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24.1.2  Deform it y Prevent ion and
Correct ion Strategies
A facile  and  savvy  surgeon  can  indeed  correct  deform ity  and
achieve sagittal balance  in  nearly all cases. In  som e cases, how -
ever, excessive surgery and  so excessive risk m ay be required  to
achieve th is. The surgeon, therefore, m ust quest ion  “how  m uch”
to  do  from  a  surgical perspective  and  “how  m uch” risk  to take
in  order  to  achieve  the  desired  correction. One  m ust  carefully
consider  the  preoperative sym ptom s and  the  patient’s expecta-
tions. Regarding  the  lat ter, the  pat ien t’s  expectations  m ust  be
aligned  w ith  the  surgeon’s  goals  before  surgery.  Therefore,  a
thorough,  inform ed  preoperative  decision-m aking  process  is
essential.

Preservation  of the  norm al lordot ic posture  is  crit ical. When
lost  in  a  prior  fusion  procedure, an  osteotomy m ay be  consid-
ered  as  a  t reatm ent  option  in  the  appropriately  sym ptom atic
patient. The  iatrogenc  surgical  loss  of  lordosis  can  usually  be
prevented. This can  be  accom plished, in  part , by in traoperative

positioning. For  example, the  alignm ent  and  fusion  of the spine
in  a  m ore  physiologic position  (sagittally balanced) are  assisted
by hip  extension  (and  the  avoidance  of in traoperative  h ip  flex-
ion) during surgery (� Fig. 24.6).

Wedge  osteotomy  is  an  extensive  procedure  that  should  be
select ively used  to correct  fixed  deform ities in  patien ts w ith  in-
tractable  pain  or  neurologic  deficit .  With  th is  procedure, the
goal is  the  achievem ent  of a  norm al or  nearly  norm al sagittal
alignm ent and an  associated reduct ion  of pain . There are funda-
m entally  two  surgical  approaches  that  can  be  em ployed  to
achieve  extension  of  a  lum bar  spine  w ith  wedge  osteotomy.
These are depicted in � Fig. 24.7 and � Fig. 24.8. Each  uses a dif-
ferent  axis of rotation  for deform ity correction .

24.1.3  Iat rogenic Adverse  Structural
Outcom es
An  iatrogenic  loss  of sagit tal  balance  and  alignm ent  increases
the chance of construct  failure, as well as the incidence of accel-
erated  end-fusion  degenerative  changes. The  creation  of an  ab-
norm ally aligned  spine  alters  the  m om ent  arm  through  w hich
forces  are  applied  to  the  spine.  This  results  in  an  increased
bending  m om ent  and  stress  application,  w ith  an  increased
chance for construct  failure (� Fig. 24.9a).

End-fusion  degenerative  changes  are  accelerated  by  repeti-
t ive eccentr ic loading of a disc and by loading of a disc in  a non-
physiologic or  unnatural m anner  (� Fig. 24.9b), as would  result
follow ing the  creation  of a  loss  of norm al lum bar  lordosis  (see
� Fig. 24.2 through � Fig. 24.5 and � Fig. 24.9c).

24.2  The Restorat ion and/or Pres-
ervat ion of Neurologic Funct ion
The im portance of restoring and preserving neurologic funct ion
cannot  be  overstated.  Occasionally,  however,  neural  injury  is
a  component  of  a  successful  lum bosacral–pelvic  operation,

Fig. 24.5  The  posture  and  spine  configuration of a patient  with  the
flat-back syndrome. Note the flat tened lumbar spine (loss of lordosis),
which is often  associated  with  a  compensatory loss of thoracic
kyphosis and/or a  compensatory exaggerated  cervical and  upper
thoracic lordosis with  knee  flexion, as depicted.

Fig. 24.6  (A) Hip  flexion  should  be  avoided  during  lumbar fusion
procedures, particularly when an  osteotomy is to  be  performed to
correct a deformity. (B) Beds or frames that provide low back extension
should be used. (C) Conversely, beds or frames that cause hip and knee
flexion  should  be  avoided.
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Fig. 24.7  Wedge osteotomy by means of disc excision via a dorsal approach. (A) Shaded area depicts resected spine (middle), with dorsal fusion (lower)
after reduction (extension). (B) An eggshell osteotomy can achieve reduction via removal of the remaining bone (with subsequent compression) of the
vertebral body. This lat ter technique often is not  as effective as the former, causing problems at  multiple levels, as depicted. Note that  the axis about
which  the  spine  deformity is corrected  (instantaneous axis of rotation) lies in  the  region of the  anterior longitudinal ligament.

Fig. 24.8  Wedge osteotomy via a combined ventral and dorsal approach. Shaded areas depict  the position of the resected spine (middle) and ventral
and  dorsal fusion  masses (right) after reduction (extension).
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particularly w hen  sacral resection  for  tum or  is  the  goal of sur-
gery.2,3 In  general, the preservation  of both  the S1 and  S2 nerve
roots w ill usually preserve  lower  extrem ity m otor  and  sensory
function, as  well  as  bowel  and  bladder  funct ion. The  lat ter  is
sacrificed  follow ing  total  sacrectomy  (� Fig.  24.10).2,4 Ult i-
m ately, the  preservation  of S3  is  associated  w ith  the  preserva-
tion  of bowel and bladder funct ion.3

Such  operat ions  are  associated  w ith  infect ious  and  other
complications. The incidence of infect ion  is increased w hen  spi-
nal instrum entation  is  em ployed, the  surgery  is  a  redo  opera-
tion, the album in  is less than  3.0 g/dL, and the operation  tim e is
excessive.5

Obviously, resection  of the coccyx is associated  w ith  m inim al
risk  for  neurologic injury. It  m ay uncom m only be  indicated  in
patients w ith  coccygeal pain  (coccydynia).6 Sacral resection, in-
cluding high  sacral resection, can  be enhanced  by using thread-
w ire saw  sacral am putat ion .7

Fig. 24.9  (A) An alteration  of normal spinal alignment  increases the
length  of the  moment  arm  through which  forces are  applied  to the
spine. (B) This causes discs to be loaded in a manner other than that  to
which they are  “accustomed” (eccentric loading). (C) This can result  in
an acceleration of end-fusion  degenerative  changes.

Fig. 24.11  The lumbosacral pivot point  (dot) is located in the region of
the  dorsal L5–S1 annulus fibrosus, as observed  in  a  lateral view.

Fig. 24.10  (A) Preservation of both the S1 and S2 nerve roots during a sacral resection or a sacrectomy, as depicted, usually preserves lower extremity
motor and  sensory function, as well as bowel and  bladder function. (B) If only S1 is preserved, bowel and  bladder function, as well as some plantar
flexion function, may be  affected, as depicted.
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24.3  The Augm entat ion of
Lum bosacral Stabilit y
The  acquisit ion  of acute  (short-term  or  early) spinal stability is
best  ach ieved  by surgery that  is m in im ally structurally destruc-
tive. A thorough  know ledge of regional anatomy8–10 and biom e-
chanics  is  therefore  im perative,11–13 including the  biom echani-
cal considerations that are associated w ith  the axis about  w hich
the lum bosacral region  rotates (flexes and extends) in  the sagit-
tal plane. This has been  defined  by McCord  and  colleagues and
is term ed the lumbosacra l pivot point (� Fig. 24.11).12,13 It  essen-
tially is located  at  the level of the  dorsal annulus fibrosis of the
L5–S1  m otion  segm ent.  The  lum bosacral  pivot  poin t  is  m ore
than  an  axis about  w hich  the lum bosacral region  rotates in  the
sagittal plane. It  represents a point  that  m ust  be exceeded (ven-
trally or  caudally) by a  fixator  (e.g., screw  or  hook) in  order  to
optim ally stabilize  the  spine from  a  sagittal plane  rotat ion  per-
spective. Dorsal im plants  that  provide  a  m om ent  arm  that  ex-
tends  ventral  to  th is  point  can  e ect ively  resist  rotation
(� Fig. 24.12a). Appropriately placed S1 screws can  provide th is.
The ilium  can  obstruct  such  appropriate placem ent. Kaptanoglu

et  al  have  devised  a  strategy  to  overcom e  these  lim itations.14

An  im plant  that  extends caudal to th is poin t  can  also provide  a
biom echanical  advantage  (� Fig.  24.12b,  c).  A  com bination
strategy presents a  still greater  advantage  (see  Chapter  28  and
� Fig. 24.12c). Alegre  et  al  dem onstrated  that  w ith  long  con-
structs extended  to the sacrum , S1 screw  bending m om ent  was
decreased  in  flexion–extension  w hen  the  long  construct  was
extended  either  to  the  ilium  or  to  S2  via  an  S2  sacral  screw.
They also  dem onstrated  no  advantage  of the  bolt  over  the  S2
screw. They did, however, also observe that adding ventral axial
load-bearing  support  significantly  decreased  the  bending  m o-
m ent  on  the  S1  screw.15 Cunningham  et  al  have  confirm ed
these findings.16 Of note, the  L5–S1 interbody fusion  support  is
essentially  the  equivalent  of passing  a  dorsal screw  ventral  to
the  lum bosacral  pivot  point.  This  has  been  confirm ed  clin i-
cally.17 Hence, screw  length  is  important. Shorter  iliac  screws
provide  suboptim al  fixation  potential.  Augm entation  of  short
screws  w ith  bone  cem ent  som ew hat  compensates  for  their
short  length .18 Iliac  bolt  fixation  m ay  provide  sligh tly  shorter
ventral fixation , and  the  security and  ease  of fixation  m ay out-
weigh  its disadvantages in  som e cirm um stances.19

Fig. 24.12  (A) A dorsal implant  that  applies a moment  arm extending ventral to the lumbosacral pivot point  can effectively resist  rotation (e.g., pelvic
flexion). (B) The extension of an implant  caudal to this point  can provide a similar effect. (C) A combination of strategies may be optimal. The letter d
indicates the length of the moment  arm caudal to the lumbosacral pivot point. The dashed line denotes the plane of the lumbosacral pivot  point. The
distance  (d) from  the  lumbosacral pivot  point  (dot) and  the  most  caudal fixation point.

Lumbosacral–Pelvic Constructs

318



Fig. 24.14  Techniques and  devices that  facilitate  use  of the  triangu-
lation effect  are  depicted.

Fig. 24.16  Dorsal translumbar fixation  with  a  fibula  strut.

Fig. 24.15  Intrailial fixation in  a  patient  who underwent  partial
sacrectomy for sacral chordoma. (A) an anteroposterior and (B) lateral
radiograph illustrating the technique. In this case, S2 sacral hooks were
connected  in-line  with  the  lumbosacral fixation technique, with
outriggers at tached  to  dual ilial screws bilaterally.
The bicortical ilial fixation technique is depicted in (C) an anteroposte-
rior and (D) lateral radiograph.

Fig. 24.13  S2  dorsal neuroforaminal hooks and  S1  sublaminar wire
fixation  provide  strong, biomechanically sound alternatives to con-
ventional fixation strategies such  as pedicle  screw fixation.
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These  concepts are  of part icular  clin ical relevance because  of
the  inability  to  obtain  fixation  poin ts  w ith  long  m om ent
arm s in  the sacral region  (as can  be obtained  w ith  m ore  rostral
constructs). Of note  is  the  fact  that  S2  dorsal neural foram ina
hooks and  S1  sublam inar  w ires or  cables provide  an  additional

excellen t  fixation  poin t  (� Fig. 24.13).20 If a  total sacrectomy is
perform ed, other  aggressive  strategies m ust  be  used  to achieve
spinal stability (see the follow ing).2,21

Clinically appropriate  fixation  is  also  enhanced  by the  use  of
m ultiple  fixat ion  points and  the t riangulation  e ect . These bio-
m echanical advantages can  be  enhanced  w ith  instrum entation
adjuncts such  as the  Chopin  and  Tacom a devices (� Fig. 24.14).
Current  instrum entation  strategies, such  as  ilial fixation, obvi-
ate the need for such  adjuncts, though.

24.3.1  Ilial Fixat ion
Ilial  fixat ion  is  a  useful  m ethod  of  augm enting  lum bosacral
fixat ion  (or, uncom m only, iliosacral  fusion 22). It  also  is  used
w hen  sacrectom y has been  perform ed  for  tum or  (� Fig. 24.15
a  and  b). Dorsal  approaches  to  tum or  resect ion  facilitate  the
decom pression  (i.e., tum or  rem oval) and  instrum entat ion  and
fusion  th rough  the  sam e  approach .23 Often ,  however,  the
ilium  is  th in , thus precluding long in tra-ilial rod  (e.g., Galves-
ton  and  slingshot  techn iques)  or  screw  placem ent . Bicort ical
ilial  fixat ion 24 and  other  form s  of  ilial  screw  fixat ion  are  an
alternative  to  in tra-ilial  fixat ion  (� Fig. 24.15c, d).2,25–31 Care
m ust  be  taken  w ith  all  of  the  aforem en tioned  st rategies  so
that  the  screw s or  rods project  th rough  the  bone  of the  ilium
ventral  to  the  lum bosacral  p ivot  poin t .  Th is  is  necessary  so
that  an  adequate  m om ent  arm  length  is  ach ieved  to  preven t
sacral–pelvic  flexion .  Alternat ive  techn iques  have  been  em -
ployed.10,32,33 The  com binat ion  of ilial and  S1  screw s provides
superior  fixat ion  for  lum bosacral fusion . Th is  has  been  clin i-
cally dem onstrated.34

Sacroiliac join t  pain  is a controversial entity. Its diagnosis and
m anagem ent  are  based  on  less than  t ruly object ive  data. Som e
have suggested arthrodesis of the sacroiliac join t as a viable m a-
nagem ent strategy.35–38

Fig. 24.18  Significant  obstacles to low lumbar and lumbosacral ventral plate fixation exist. These  include  (A) the sympathetic plexus and (B) the  iliac
arteries and  veins.

Fig. 24.17  Dorsal transsacral fixation. The  rod  is passed  longitudinally
into the  sacrum. This increases the  length  of the  moment  arm  caudal
to the  lumbosacral pivot  point.
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24.3.2  Dorsal Translum bosacral and
Transsacral Fixat ion Techniques
Dorsal  longitudinal  fixation  of  L5–S1  by  transsacral39–41

(� Fig. 24.16) or sacral42 (� Fig. 24.17) techniques is occasionally
usefu l, particularly  for  significant  spondylolisthesis. The  trans-
sacral  technique  uses  fibula, w hereas  the  sacral  technique  (of
Jackson)  uses  a  rod.  The  transsacral  technique  has  also  been
used for iatrogenic L4–L5 spondylolisthesis w ith  success.43

24.3.3  Vent ral Translum bosacral and
Transsacral Fixat ion Techniques
Although  the  m ajority of low  lum bar  and  lum bosacral fixation
procedures  are  perform ed  dorsally, ventral  strategies  are  also
feasible. However, ventral approaches place the juxtaposed  vas-
cular, particularly arterial, structures at  significant  risk. Ventral
fixation  that  uses plates, rods w ith  screws, or  cages to  span  L5
and  S1  is  part icularly  precarious  because  of the  anatomy  (ge-
om etry) and  nearby soft  t issue structures that  obstruct  surgical
trajectories  (� Fig. 24.18). An  appreciation  of anatom ical detail
is  im perative  for  safe  insertion.44 In  addition , the  bone  is  rela-
tively  soft .  Hence,  suboptim al  bony  purchase  further  compli-
cates the fixation  scenario.

Regardless, a percutaneous access m ethod for  ventral lum bo-
sacral fixat ion  that  used  custom  dissect ion  and  insertion  tech-
niques was developed.45,46

24.3.4  Dorsal Lum bosacral Fixat ion
Techniques
Although  pedicle screw  fixation  is the gold  standard  for lum bar
and  lum bosacral  fixation , less  invasive  strategies  that  provide
less, but  enough, stability m ay su ce. The  use  of in trasegm en-
tal fixation  for the repair of a pars defect ,33,47 if successful, elim -
inates the  need  for  segm ental fusion  (� Fig. 24.19a).48,49 Trans-
facet  or  t ranslam inar  transfacet  screw  fixation  (� Fig. 24.19b, c)
provides  su cient  fixat ion  in  m any cases. Although  the  latter
two  constructs  are  thought  to  be  less  structurally  sound  than
pedicle  screw  segm ental fixation  strategies, they resist  flexion
well (because  of their  tension-band  fixat ion  attributes). There-
fore, if com bined  w ith  an  in terbody fusion  (e.g., posterior  lum -
bar  in terbody fusion), they m ay, and  indeed  do, provide  a solid
construct  (� Fig. 24.19d, e).50–57

24.4  The Acquisit ion of Long-Term
Lum bosacral Stabilit y
Although  sacral or  sacral region  prostheses  can  be  e ect ively
used  to  provide  sustained  stabilit y  (� Fig.  24.20),58 m ost
w ould  acknow ledge  that  spinal fusion  and  the  acquisit ion  of
a  solid  ar th rodesis  are  the  ult im ate  goals  of  long-term
spinal  stabilit y,59,60 the  except ion  being  situat ions  in  w hich
the  pat ien t  has  a  lim ited  life  expectancy.61 Th is  has  been

Fig. 24.19  Less “invasive” dorsal lumbar fixation techniques. (A) Intrasegmental fixation may be used to achieve a fusion for a pars defect  repair with a
pedicle  screw–cable  construct. (B) Transfacet  or (C) translaminar transfacet  screw fixation may be  used  to provide  segmental tension-band  fixation.
(D, E) If either is used  with  an interbody fusion, axial load  bearing and  angular deformation  are  effectively resisted.
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accom plished  w ith  sacral prostheses and  allograft  bone st ru ts
(� Fig. 24.21)2,58,62–65

Structurally adequate  sacral in tegrity is achieved  w ith  reten-
tion  of the sacral alae and  the body above the S2 neuroforam ina
in  m ost  cases (� Fig. 24.22). This preserves enough  of the sacral
alae  and  the  lum bar–pelvic  ligam ents  to  provide  adequate
stability, w ith  optim ization  of neurologic function .66 If th is can-

not  be  achieved,  sacral  reconstruct ion  is  necessary.  This  has
been  achieved  w ith  sacral allografts (� Fig. 24.23) or  w ith  a va-
riety of sacral–pelvic stabilization  strategies (see  � Fig. 24.20).64

Both  require a close fit  and extensive surface contact  in  order to
achieve a reasonable chance for bony union  and clin ical success.

Finally, accurate  screw  placem ent  is  crit ical. The  assessm ent
of such  is often  fraught  w ith  di culty. CT has been  touted  as a

Fig. 24.20  A sacral prosthesis can be  used  for sacral–pelvic reconstruction  after sacrectomy. If a  solid  arthrodesis does not  occur, instability will
ultimately result. One  such  prosthesis, a  custom  device  (DePuy-AcroMed, Raynham, MA) is depicted  (A) in  a  photograph (upper, end  on; lower, top
view) and  in  (B) anteroposterior and  (C) lateral line  drawings. (Images courtesy of DePuy-AcroMed.)
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gold  standard.  This  m ay  not  be  so.  Orthogonal  plain  radio-
graphs and  system atic assessm ent  strategies, perhaps, provides
the  m ost  accurate  and  optim al  m ethod  for  the  assessm ent  of
screw  placem ent, particularly  w ith  artifact-r idden  im plants  –
such as stain less steel.67
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25  Regional Nuances
Multiple factors a ect  the e cacy of a spinal implant . These in-
clude  the  follow ing:  (1)  length  of the  construct;  (2)  spinal ac-
cess  for  decom pression, fusion , and  instrum entation;  and  (3)
select ion  of the  surgical approach . Each  is  discussed  in  the  pa-
ges that follow.

25.1  Length of Const ruct
Region-specific  anatomy, in  large  part ,  dictates  the  choice  of
surgical  strategies  and  so  the  course  of  the  decision-m aking
process. The  subaxial  spine, from  the  m idcervical to  the  m id-
lum bar  region ,  is  anatom ically  m onotonous.  Other  than  the
presence  of the  rib  cage  in  the  thoracic region, sm all variations
in  the  size  and  shape  of the  vertebrae  and  their  bony relation-
ships occur  from  level to  level. Dorsal constructs  in  th is  region
are  not  as  lim ited  by  length  as  are  ventral  constructs. Ventral
construct  length  is  lim ited  by  soft  t issue  confines  and  restr ic-
tions related to the surgical exposure.

The  occipitocervical  and  the  lum bosacral  regions, however,
are  lim ited  by  their  location  at  the  term ini of the  spine. Thus,
length  of construct  becom es  an  issue. Long  bending  m om ents
cannot  be  applied  to  the  spine  in  these  regions because  of the
short  m om ent  arm s  em ployed.  Alternative  techniques  to
achieve fixation  m ust  therefore be used.

25.2  Spinal Access
The  cervical, thoracic, and  lum bar  regions are  all readily acces-
sible  dorsally. The  only  region  that  is  not  truly accessible  ven-
trally is the upper thoracic region . Vascular structures that cross
the  m idline  are  the  m ain  im pedim ents in  th is  region . Vascular
obstruct ion  to  cervicothoracic spinal access can  be  lessened  by
brachiocephalic vein  ligation  (� Fig. 25.1). Di erences  in  para-
vertebral  vascular–spinal  relationships  in  other  regions  often
dictate  the  t rue  or ien tat ion  of  spinal  im plan t  applicat ion .  A
true  ven tral approach  is usually used  in  the  cervical spine  be-
cause  of the  ease  of access  to  the  ven tral spine  in  th is  region
and  the  im pedim ents  created  by the  ver tebral ar tery, exit ing
nerve  roots,  and  sym pathet ic  chain  in  the  param edian  and
lateral por t ions (� Fig. 25.2). The low  cervicothoracic junct ion
is  usually  best  instrum en ted  via  a  dorsal  approach , in  large
par t  because  of  the  anatom ical  barr iers  created  by  ven tral
vascular  st ructures.  How ever,  the  upper  thoracic  sp ine  can
often  be  approached  ven trally  if the  pat ien t‘s  anatom y  is  fa-
vorable  (� Fig. 25.3). As  the  spine  is  descended  far ther, both
ven tral (by m eans  of the  thoracic in let ) and  ven trolateral (by
m eans  of  a  thoracotomy  or  extrapleural  thoracotom y)  ap -
proaches  m ay  be  used  for  sp inal  decom pression  and  in stru-
m entat ion  (� Fig. 25.4).

Fig. 25.1  (A) Ventral cervicothoracic exposure is complicated by vascular structures that  cross the midline, as depicted. (B) This limits ventral exposure
to  approximately T3, even if the  innominate  vein  is ligated.
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25.3  Select ion of Surgical
Approach
The  decision-m aking  process  regarding  the  m ost  appropriate
approach  to  the  spine  is  often  complex. It  is  clearly influenced
by m any factors, including the  presence  of neural comprom ise;
extent  of instability, vertebral body com m inution, and  disper-
sion  of fragm ents;  the  presence  of deform ity, and  so  on . It  is
also heavily influenced by region-specific factors. Each  region  is
therefore worthy of fur ther discussion in  th is regard.

25.3.1  Craniocervical and Upper
Cervical Region
The  craniocervical and  upper  cervical region  is  un ique because
of its term inal location  in  the  spine;  its bony, ligam entous, and
anatom ical complexity;  and  the  vital importance  of upper  cer-
vical  spinal  cord  function .  Its  term inal  location  on  the  spine
m akes  it  sim ilar  in  m any  respects  to  the  lum bosacral  region .
Fixation  to the sacropelvis and  fixation  to the skull present  sim -
ilar  problem s  regarding  ease  and  security  of  fixation
(� Fig. 25.5). Augm enting  the  in tegrity  of fixation  by  substan-

tially increasing construct  length  is not  an  optim al option  in  ei-
ther of these regions. Therefore, increasing the in tegrity of fixa-
tion  is  crit ical. In  the  craniocervical  and  upper  cervical  spine,
th is  has  been  achieved  w ith  w ires, hooks, screws, and  button
skull fixation. Transarticular  screw  fixation  has been  e ect ively
used  to  lim it  C1–C2  rotation, thus  enhancing  overall  stability
(see Chapter 20).

Fig. 25.2  Cervical spine and regional anatomical impediments, such as
the  vertebral artery and  sympathetic chain, provide  an incentive  for
using  a  true  ventral instead  of a  ventrolateral exposure.

Fig. 25.3  The  cervicothoracic region  is usually instrumented  dorsally.
Ventral instrumentation may be precluded by the presence of vascular
structures, although ventral decompression  and  fusion  to T2 and  T3
can often be achieved through the thoracic inlet if the manubrium and
part  of the  clavicle  (hatched area) are  resected  (see  � Fig. 25.2).

Fig. 25.4  Below the  cervicothoracic region, both ventral and  dorsal
approaches may be used. (A) True ventral approaches in this region are
limited. (B) Ventral–lateral or lateral exposures via a  transthoracic or
extrapleural approach  may be  required.
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The bony and  ligam entous in tegrity and  complex anatom ical
relationships in  th is region  (� Fig. 25.6) both  ham per  and  assist
the  surgeon.  If  disrupted,  these  relat ionships  (and  in tegrity)
m ust  be  restored, usually at  the  expense  of m otion . Failure  to
account for  th is m ay have significant  consequences, particularly
regarding  the  prevent ion  of catastrophic  injury  to  the  spinal
cord.

The  surgical options in  the  craniocervical and  upper  cervical
region  include ventral and dorsal approaches and their  varian ts.
Transoral decompression  alm ost  always necessitates the  use  of
an  instrum entation–fusion  construct, usually  applied  dorsally.
Although  biom echanical studies have im plied  that  a lim ited de-
stabilization  e ect  occurs  follow ing  odontoidectomy  in  som e
cases, the ability of such  a spine to resist  h igh  stresses and loads
is  clearly  suspect .  Therefore,  a  t ransoral  decom pression  al-
m ost  always  necessitates  the  use  of a  dorsal instrum entat ion
construct .

25.3.2  Middle to Lower Cervical Spine
The  subaxial  cervical  spine  is  not  as  anatom ically  complex  as
the  craniocervical and  upper  cervical spine. It  is, in  fact, quite
anatom ically m onotonous and  very sim ilar  in  th is regard  to the
rem ainder  of the  subaxial  spine. The  subaxial  spine  is  readily
exposed both  ventrally and dorsally. The ease of circum ferential
access  facilitates  both  decompression  and  stabilizat ion  in  th is
region .

Both  vent ral  and  dorsal  region-specific  stabilization  techni-
ques  have  been  fraught  w ith  di cult ies. Therefore, com bined
strategies  have  been  recom m ended  in  selected  cases.1,2 The
need  for  these, however, m ay  be  infrequent  if  biom echanical
principles  are  appropriately  applied  (see  Chapter  29  and
� Fig. 25.7).1,2

25.3.3  Cervicothoracic Region
The  cervicothoracic  region  is  exposed  to  significant  stress  be-
cause  of its  t ransitional nature  and  its  configuration. Unfortu-
nately,  th is  region  is  di cult  to  decompress  ventrally  and  is
di cult  to  stabilize,  as  well.  Ventral  exposure  by  either  a

m anubriectomy or a transsternal approach  is lim ited by m edia-
stinal vascular  structures. These  structures, as  well as  the  nar-
row ness of the  exposure attained, lim it  transthoracic strategies
in  th is region. Therefore, the lateral extracavitary and  dorsolat-
eral approaches m ay often  be  the  m ost  relevant  approaches for
the ventral decom pression  of lesions in  the  region  of the  cervi-
cothoracic junct ion  if the lesions are located  below  the reach  of

Fig. 25.5  (A, B) The  cervicothoracic and  lumbosacral regions are  alike
regarding  their terminal spinal location. This poses problems with  the
length  of the  moment  arm  applied  (d and  d’).

Fig. 25.6  The  complex ligamentous anatomy and  anatomical rela-
tionships of the  cervical spine  in  (A) an anteroposterior and  (B) a
dorsolateral view.

Fig. 25.7  A combined ventral and dorsal construct  employed for gross
spinal instability as a result  of involvement  with rheumatoid arthritis at
both the  cervicomedullary junction  and  the  subaxial cervical spine.
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a  ventral approach.3 A ventral  transcervical approach, w ith  or
w ithout  m anubriectomy, m ay also  be  useful but  m ay not  pro-
vide adequate access for caudally located  lesions in  the cervico-
thoracic region  (� Fig. 25.8). The  preoperative  decision-m aking
process  can  be  facilitated  by  em ploying  m agnetic  resonance
im aging  to  help  determ ine  the  feasibility  of surgical  trajecto-
ries.4

Stabilization  is usually achieved  dorsally. Upper  thoracic ver-
tebrae  are  often  too  sm all  and  narrow  (w ith  a  heart-shaped
configuration)  to  accept  laterally  placed  im plants  (� Fig. 25.9).
Furtherm ore, the spinal curvature  (lordosis t ransitioning to ky-
phosis)  often  precludes  the  transcervical  application  of  t rue
ventral strategies.

Dorsal  instrum entation  techniques  are  complicated  by  the
risk for sublam inar cervical hook or  w ire  placem ent, by the rel-
atively weak nature  of lateral m ass screw  fixat ion  sites, and  by
im plant  design  lim itations.  Vendors  have  provided  user-
friendly  im plants  for  th is  region  since  the  early  1990s. In  th is
respect , care  m ust  be  taken  to ensure  alignm ent  of the  cervical
and  thoracic  components  of  an  im plant  if  they  are  to  be  at-
tached  at  the t im e surgery. Lack of appropriate  consideration  of
this phenom enon  can  place significant  stress at  the bone–m etal
juncture  (� Fig.  25.10).  A  bone–screw  interface  that  is  not
stressed  at  the  t im e  of screw  insert ion  and  im plant  assem bly
and  t ightening is  yet  to  be  achieved. The  surgeon  m ust  there-
fore  aggressively lim it  the  stressing of im plant–bone  in terfaces
during the assem bly and t ightening process.

25.3.4  Thoracic Region
The  thoracic  spine  provides  significant  longitudinal  “opportu-
nity”  for  both  ventral  and  dorsal  decom pression  and  instru-
m entation  (� Fig. 25.11). Care  m ust  be  taken  to consider  verte-
bral  body size  and  configuration  during  the  im plant  select ion
process. Both  size  and  shape  of the  vertebral  body  a ect  the
ability  to  place  screws. As  the  thoracic spine  is  ascended  from
the  thoracolum bar  junct ion,  the  vertebral  bodies  decrease  in
size  and  becom e  m ore  “heart-shaped” in  the  axial  plane  (see

� Fig. 25.9). Penetration  of both  the  ventral–lateral cortex  and
the  spinal  canal  by  a  screw  thus  becom es  m ore  likely  as  the
thoracic spine is ascended (� Fig. 25.12a). To prevent  th is, alter-
native  strategies, such  as  the  use  of an  outrigger  w ith  crossed
screws, m ay be required (� Fig. 25.12b, c).5

Ventral  surgery  alone  (in terbody  strut  plus  rigid  short-seg-
m ent  fixation)  for  tum or  is  usually  adequate. However,  if  an
operation  such  as  a  total  spondylectomy  is  perform ed, both  a

Fig. 25.8  (A) Ventral exposure  of the  cervicothoracic region  is limited  by mediastinal vascular structures and  the  sternum. The  manubrium  and
sternum are usually not  the limiting factor (dashed line). (B) Therefore, the lateral extracavitary and dorsolateral approaches are often employed in this
region  (arrow).

Fig. 25.9  Vertebral bodies in the upper thoracic spine are usually small
and  heart-shaped, as depicted. The  application  of ventral instrumen-
tation  is limited  not  only by the  midline  vascular structures and  the
sternum  but  also  by the  obligatory suboptimal trajectory to the
vertebral body at tained.
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ventral and  a dorsal stabilization  procedure are indicated. Crea-
tive strategic planning m ay be required (see � Fig. 25.12b, c).

25.3.5  Thoracolum bar Junct ion
The  thoracolum bar  junct ion  poses  surgical challenges  because
of its junct ional nature.6–8 The rib cage no longer  provides pro-
tection  or  stability.  The  ver tebral  bodies  are  relatively  sm all
compared  w ith  those  in  the  lum bar  region. Furtherm ore, the
thoracolum bar junct ion  is exposed  to sign ificant  stress because
of  the  em erging  kyphot ic  posture  as  the  sp ine  is  ascended
(� Fig.  25.13).  For  these  reasons,  it  is  a  com m on  site  for
t raum a-related  in jury.  It  is  em phasized,  how ever,  that
the  thoracolum bar  junct ion  is  less  “junct ion-like”  than  its

Fig. 25.10  A cervicothoracic implant  employing  lateral mass and
laminar fixation. Note  the  connection of the  thoracic rods to the
cervical plate. If these  two components are  not  optimally aligned  as
they are  fixed  to  each other, significant  stress can be  applied  to the
spine  during  this process, resulting  in  implant  dislodgement, as seen
on the  right  side.

Fig. 25.11  A long  thoracic implant  (lateral view).

Fig. 25.12  (A) The heart  shape of the upper thoracic vertebral bodies in the coronal plane predisposes to screw penetration of the contralateral cortex
or the spinal canal, as depicted. Suboptimal fixation and the risk for vascular injury thus become a significant  concern. Alternative strategies, such as
the  use  of an  outrigger that  permits lateral screw fixation and  that  is rigidly affixed  to the  longitudinal members (rods), may be  used. (B, C) This is
illustrated  by a case  in  which a  T7, T8, and  T9 spondylectomy was performed  for a  chordoma.
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occipitocervical,  cervicothoracic,  and  lum bosacral  coun ter-
par ts. In  the  lat ter  th ree, there  exist  abrupt  changes in  anato-
m y and  associated  adjunct ive  st ructural suppor t  at  the  “junc-
t ion .” In  the  thoracolum bar  region , the  anatom y and  the  ad-
junct ive  st ructural  suppor t  change  gradually.  The  ribs  be-
com e floating r ibs, the  m orph ology of the  ver tebrae  gradually
changes, the  ver tebrae  gradually increase  in  size, and  the  sag-
it tal  or ien tat ion  of  each  ver tebra  changes  gradually.  There-
fore,  the  thoracolum bar  junct ion  should  perhaps  be  consid-
ered  a  zone  rather  than  a  junct ion .  Hence,  the  not ion  that
one should  not  end  a  construct  at  the thoracolum bar  junct ion
m ay or  m ay  not  be  an  appropriate  not ion , depending  on  the
un ique  regional at t r ibutes of each  individual patien t .

The surgical exposure of the thoracolum bar region  is compli-
cated  by  visceral  anatom ical  barriers.  A thoracoabdom inal  or
extrapleural thoracotomy approach  is  required  for  ventral–lat-
eral  exposure. The  lateral  extracavitary  technique  is  used  for
lateral exposure, and  dorsal approaches are  used  for  dorsal ex-
posure. Of note  is  that  the  lateral extracavitary technique  does
not  provide  a long ventral exposure of the spine. When  ventral
colum n stability has been  disrupted, ventral reconstruct ion  and
instrum entation  provide  greater  stability  than  dorsal  pedicle

fixation  strategies.9,10 Dorsal  instrum entation  is  also  required
(com bined ventral and dorsal approach) in  selected cases.

25.3.6  Lum bar Spine
Overt  instability  of the  low  lum bar  spine  is  relat ively  uncom -
m on. Fractures  are  not  com m on  in  th is  region  because  of the
significant  size  of the  vertebral bodies. When  fractures  do  oc-
cur, they are  m ost  com m only burst  fractures. This is due  to the
lordot ic  configuration  of  the  spine  and  the  m anner  in  w hich
th is segm ent of the spine is loaded during failure.

Retroperitoneal exposures are straightforward from  the thor-
acolum bar  region  to the  L4 level. Below  L4, the  iliac vessels are
an  obstruction  to  decompression, and  part icularly  to  im plant
placem ent. Ventral  t ransabdom inal exposures  can  be  used  for
cage, dowel, or  other in terbody strut  placem ent. The lum bosac-
ral lordosis and the pelvic brim  significantly lim it  a m ore lateral
retroperitoneal exposure, however (� Fig. 25.14).

The  lateral  extracavitary  approach  becom es  m ore  compli-
cated  below  L2. The  ver tebrae  becom e  larger  and  m ore  ven-
trally positioned because of the lum bar lordosis. This m akes ex-
posure less lateral and  m ore  dorsal in  nature. Furtherm ore, the
lum bar  nerve  roots cannot  be  sacrificed, and  the  surgeon  m ost
often  m ust  “work  around”  them  during  surgical  exposure
(� Fig. 25.15).

Dorsal  approaches  are  relat ively  straightforward.  Pedicle
screw  fixation  strategies m ay be used to shorten  constructs and
preserve  m otion  segm ents  (� Fig.  25.16),  w hereas  hook–rod
fixation  m ay be  used  w hen  longer  m om ent  arm s are  required,

Fig. 25.13  The  vulnerability of the  thoracolumbar region (Xs) to
trauma is related  to the  relatively small size  of the  vertebral bodies
compared with those in the lumbar region (shaded areas), the absence
of protection by the  rib  cage, and  the  kyphotic posture. This causes a
significant  bending  moment  to be  applied  to  relatively weak and
unprotected  vertebrae. The  decision-making  process regarding  the
management  of unstable  injuries, as well as the  determination of the
level of termination of a long construct  in this region, largely depends
on the  pathology and  the  individual patient’s unique  anatomical and
morphological characteristics.

Fig. 25.14  Ventral exposure  of the  low lumbar and  lumbosacral
regions is limited  by visceral (predominantly vascular) structures. The
pelvic brim  poses an obstacle  to low lateral retroperitoneal exposures,
as depicted.
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Fig. 25.15  The  lateral extracavitary approach  becomes more  difficult
in  the  low lumbar spine. The  vertebrae  are  larger and  more  ventrally
placed  under large  paraspinous muscles. This makes the  trajectory of
the  exposure  less laterally and  more  dorsally oriented  (large arrow)
than the  trajectory achieved  in  the  thoracic spine  or thoracolumbar
junction (small arrow). Furthermore, the  surgeon must  “work around”
the  nerve  roots during  discectomy or vertebrectomy in  this region
because  they cannot  be  sacrificed.

Fig. 25.16  Rigid  fixed  moment  arm  cantilevered  devices may be  used
to  lessen the  segmental stabilization  length, as depicted.

Fig. 25.17  (A) Anteroposterior and  (B) lateral X-rays of a  long, complex lumbosacral–pelvic construct  that  was used  for significant  lumbosacral
instability related  to tumor (chordoma) and  bilateral fractures of the  sacral alae.
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particularly w hen  preservation  of the  m otion  segm ent  is  not  a
significant  issue, such  as in  the thoracic spine (see � Fig. 25.11).
In  general, thoracic m otion  segm ents are  relat ively im m obile,
and  lum bar  m otion  segm ents are  m ore  m obile. Therefore, the
preservat ion  of  lum bar  m otion  segm en ts  is  often  desirable.
When  lum bar  m otion  m ust  be  restricted ,  for  the  sake  of
stability, m uch  m ore  aggressive  st rategies  m ay  be  em ployed
(� Fig. 25.17).

25.3.7  Lum bosacral Region
The lum bosacral region  is  located  at  the  term inus of the  spine.
It  presents significant  stabilization  problem s for  the surgeon. In
addition  to the factors m entioned  in  the  sect ion  on  the  cranio-
cervical and  upper  cervical spine, the  soft  character  of the  pre-
dom inantly cancellous bone of the sacrum  and  ilium  poses fur-
ther problem s for fixation  security. Also, the complex forces ap-
plied  to  th is  region  m ust  be  resisted  by  forces  applied  by  the
construct. An  appropriate  consideration  of the biom echanics of
th is  region  should  dim inish  the  incidence  of complications.11

Long, complex constructs  m ay be  required  (see  Fig. 25.17). Al-
ternatively, com bined  ventral  and  dorsal  operations  m ay  pro-
vide a biom echanical advantage, at  least  for short-segm ent dor-
sal fixation  in  selected cases (see � Fig. 25.12b, c).12

25.3.8  Junct ional Regions
Of final note regarding regional nuances, the application  of long
im plants m ust  be guided  by additional structural and  m echani-
cal factors. The  application  of long m om ent  arm s to vulnerable
regions  of the  spine  can  have  significant  adverse  e ects. The
junct ional  regions  of  the  spine  (i.e.,  the  cervicothoracic  and
thoracolum bar  regions) are  such  vulnerable  regions. As has al-
ready been  noted, the  thoracolum bar  junct ion  is  t ruly a  region
or  zone  rather  than  a  junct ion . Regardless, in  both  of these  re-
gions (or  zone, as it  pertains to  the  thoracolum bar  region), the
spinal  curvature  is  t ransitional,  but  kyphotic  in  the  sagittal
plane. The  cervical lordosis and  thoracic kyphosis are  just  end-
ing  in  the  cervicothoracic  and  thoracolum bar  regions, respec-
tively, as  the  spine  is  descended  (� Fig. 25.18). Furtherm ore, in
both  regions, the  configuration  and  shape  of the  ver tebrae  are
changing, as discussed.

25.4  Apical and Neutral Vertebrae
In general, the e ect  of applying a bending m om ent  to an  apical
vertebra  of a  curve  is  exaggerated. This  exaggeration  is  often
m anifested by a progression  of the existing spinal configuration,
w hether  or  not  it  be  pathologic. The  e ect  is  m inim ized  if the
aforem entioned  bending m om ent  is  applied  to  the  region  of a
neutral vertebra (the ver tebra betw een  curves; � Fig. 25.19 and
� Fig. 25.20). Sim ilarly, a  lam inectomy at  a  kyphotic apical seg-
m ent  (in  the  sagittal  plane)  m ay significantly  disrupt  the  ten-
sion-band contribut ion  to stability that  prevents fur ther kypho-
sis. Such  an  exaggerated kyphosis m ay be com m onplace follow -
ing  lam inectomy  at  a  kyphotic  apical  segm ent,  although  de-
form ity  progression  is  uncom m on  follow ing lam inectomy at  a
neutral  segm ent. In  the  case  of the  form er, there  is  a  delicate
balance betw een  a stable physiologic kyphosis and  the anatom -
ical  structures  m aintaining  th is  stability  (e.g., the  lam ina  and
the in terspinous ligam ents by their applied tension  band).

Taking  these  biom echanical and  geom etric  factors  in to  con-
sideration, it  m ay be prudent  to avoid  the term ination  of a long
construct  at  C7 or  T1, or  at  T10–L1. The  extension  of a  thoracic
construct  to C5 or C6, a lum bar construct  to T9 or T10, a cervical
construct  to  T1  or  T2, or  a  thoracic  construct  to  L2  or  L3  m ay
dim inish  complications related to the term ination  of an  im plant
in  a t ransitional region. These guidelines should  be variably ap-
plied  in  the  thoracolum bar  region ,  w here  unique  individual
anatom ical and  m orphological characteristics m ust  be carefully
considered. Part icularly in  th is  region , “one  guideline  does  not
fit  all.”  Nevertheless,  these  guidelines  allow  the  surgeon  to
avoid  term inat ing an  implant  at  both  transit ional and  apical re-
gions. Also, avoiding lam inectomy at  kyphotic apical segm ents
is  prudent . If th is  is  to  be  perform ed, an  accom panying stabili-
zation  procedure  m ay  be  prudent . It  is  em phasized  that  each
case  m ust  be  carefully considered  individually during the  deci-
sion-m aking  process. For  example, the  angle  of the  disc in ter-
space  m ust  be  taken  in to  consideration. In  the  standing-erect
position, disc in terspaces that  are  parallel to the floor  are  m ore
stable  than  those  that  are  not. Hence, a  sharp  angle  at  the  C7–
T1 disc in terspace, for example, would subject  the cervicothora-
cic junct ion  to  m uch  greater  stress  if a  long construct  were  to
be  applied  to, but  not  beyond, the  C7–T1  disc in terspace. Con-
versely, a m ore horizontal C7–T1 disc in terspace would  present

Fig. 25.18  The  junctional regions (shaded areas) are  characterized  by
transitional vertebrae, usually lit tle  or no curvature  in  the  sagit tal
plane, and  changes in  anatomical characteristics. These  are  neutral
vertebrae, but  they are  still vulnerable  because  of their transitional
location.
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Fig. 25.19  (A) An apical vertebra is the  vertebra in  a  curve  (in  any plane) that  is associated  with  the  greatest  angle  (α) between  it  and  its adjacent
vertebrae  of all the  vertebrae  in  the  curve. (B) This vertebra and  the  adjacent  disc interspaces are  exposed  to significant  stresses because  of the
application of a bending moment  (length d). (C) Extending a long construct  up to, but  not  beyond, an apical vertebra exaggerates this effect  and (D)
causes a  tendency to  further deformation.

Fig. 25.20  (A) A neutral vertebra is the  vertebra
that is located between curves (in any plane). It  is
associated with the smallest  angle  (β) between it
and  its adjacent  vertebrae  (approximately zero).
(B) A neutral vertebra is usually located  in  line
with the spinal axis. Therefore, a minimal bending
moment  is applied  by axial loads because  a
moment  arm  does not  exist. Extending  an
implant  to  this vertebra does not  usually
adversely affect  stability.
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a m uch  m ore stable junct ion  and  so would  tolerate such  an  ap-
plied  construct  (� Fig. 25.21).
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Fig. 25.21  The angle, in the sagit tal plane, of the C7–T1 disc interspace affects the stability of the joint  when exposed to the stress of a long implant
extending  to, but  not  beyond, the  C7–T1 interspace  (cervicothoracic junction). (A) A significant  C7–T1 sagit tal plane  angle  (dotted line) in  a patient
undergoing a C3–C7 laminectomy and instrumented fusion subjects (B) the C7–T1 joint  to significant stresses, resulting in failure at  the caudal C7–T1
motion segment and necessitating subsequent removal of the implant, with extension of the fusion to T1. (C) If the C7–T1 sagit tal plane angle is more
horizontal, the  caudal extent  of the  fusion could  be  C7, without  extension  across the  cervicothoracic junction. This is so  because  of the  absence  of
translational stresses that  are  related  to a steep  C7–T1 sagit tal plane  angle.
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26  Deform ity Prevent ion and Correct ion: Com ponent
St rategies
This chapter addresses deform ity and its correct ion  and preven-
tion. To convey and  portray the fundam entals and  their  clin ical
techniques,  a  “building  block”  approach  is  undertaken  here.
First , com m only used  strategies are  discussed. Next , clinical ap -
plications are addressed, w ith  a discussion of deform ity-specific
principles that  build  on  these com m only used  strategies. This is
followed  by a region-specific approach  to deform ity prevention
and  correct ion. Finally, factors  that  are  not  region-specific  are
addressed.

26.1  Com m only Em ployed
Strategies
One  or  a  com binat ion  of two  fundam ental  techniques  can  be
used  for  deform ity  correction:  (1)  im plant  force  and  bending
m om ent  application  that  “brings the  spine  to the  im plant” and
(2) im plant  force and  bending m om ent  application  w ith  in  vivo
im plant  configuration  alteration  techniques.  A  fundam ental
understanding of these techniques provides the  surgeon  w ith  a
broadened  surgical  latitude  and  allow s  an  individualized  and
custom ized  im plant  select ion  process  for  the  patien t  in  each
case. Finally, strategies  that  m aintain  the  acquired  correction
m ust be used.

Im plant  forces, w hen  “bringing the spine to the im plant,” can
be  applied  along any of the  three  axes of the  Cartesian  coordi-
nate  system . They  are  usually  applied  in  the  sagittal  plane  of
the  spine  (e.g., lordosis  or  kyphosis  correction  or  prevention).
They can  also be applied  in  the coronal plane (e.g., scoliosis cor-
rect ion  or prevention; � Fig. 26.1).

Im plant  force  and  bending m om ent  application  by m eans of
in vivo alteration  of implant configuration  first  involves applica-
tion  of the  im plant  to the  spine  (insert ion), followed  by adjust-
m ent  of the  implant  shape. This is achieved  by one  or  a  com bi-
nation  of three fundam ental types of im plant  m anipulat ion: (1)

im plant  contouring, (2) derotat ion , (3) or  the  application  of an
in tr insic implant  bending m om ent (� Fig. 26.2).

26.2  Com ponent  St rategies for
Deform it y Prevent ion and
Correct ion
26.2.1  Bringing the Spine to the
Im plant
Various  techniques  can  be  used  to  bring  the  spine  to  the  im -
plant. As m ent ioned previously, th is is accom plished via the ap-
plication  of forces  to  the  spine  along  one  or  a  com bination  of
the  three  axes  of the  Cartesian  coordinate  system . Forces  ap-
plied  along the  long axis  of the  spine  (e.g., distract ion) can  be
used  to  correct  compression  deform ations, as  well  as  coronal
and  sagittally oriented  t ranslat ional deform ations  (� Fig. 26.3).
Bending m om ents  applied  in  the  sagittal plane  are  of a  three-
or  four-point  bending or  applied  m om ent  arm  cantilever  beam
type (� Fig. 26.4).

Three- or Four-Point  Bending Force
Applicat ion
Three-point  bending constructs  were  discussed  in  Chapter  17.
The forces that  they apply to the spine are  com m on and, for  the
m ost  part , well understood. Three-  and  four-point  bending im -
plants  are  a  classic  example  of  the  strategy  that  “brings  the
spine  to  the  im plant.” They can  be  applied  to  reduce  subluxa-
tions (� Fig. 26.5). Crossed-rod techniques can  be applied in  the
sagittal and coronal planes (see below ). They are prim arily used
to correct  angular (kyphotic) spine deform it ies via a th ree-point
bending  m echanism  applied  dorsally.  Regardless,  three-poin t

Fig. 26.1  In “bringing the spine to the implant,” forces that  are oriented along any axis or plane may be used: (A) the long axis, (B) the sagit tal plane,
and  (C) the  coronal plane. Arrows depict  forces applied  by the  implant.
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bending  techniques  can  be  em ployed  dorsally  to  correct  de-
form ity  by  essentially  “bringing  the  spine  to  the  im plant”
(� Fig. 26.5a).

A ventral approach can  be applied in  the cervical spine to cor-
rect  kyphotic  deform it ies  via  a  “bringing  the  spine  to  the  im -
plant” strategy, as well (� Fig. 26.5b). Such  a technique provides
an  advantage for both  deform ity correct ion  and  m aintenance of
fixation. The latter is achieved via the application  of th ree-point
bending forces (see Chapter 27).

Term inal  th ree-point  bending  techniques  can  be  used  to
“bring the spine to the  implant” as well as to prevent  the  spine
from  “falling away from  the im plant” (� Fig. 26.5c). This techni-
que can be applied to any spinal level. It  is m ost com m only used
in  the  cervical  region  because  of the  lesser  loads  accepted  by
the  im plant  and  the  relatively  insubstantial design  of the  con-
struct . It  is m ost  useful for the prevent ion  or reduct ion  of trans-
lational deform ation  (see Chapter 17).

Note  that  if  a  ventral  translation  deform ation  is  to  be  cor-
rected or prevented, the long arm  of the construct  m ust  be situ-
ated  caudal to the  site  of t ranslation, w hereas if dorsal t ransla-
tion  deform ation  is  to  be  corrected  or  prevented, the  long arm
of the  construct  m ust  be  situated  rostral to  the  site  of transla-
tion  (� Fig. 26.6).

Four-poin t  bend in g  of th e  sp ine, as  defined  by  Wh ite  an d
Panjabi,  involves  load in g  a  long  st ructu re  (i.e .,  th e  sp ine)
w ith  t w o t ransverse  forces on  on e  side  and  t w o on  th e  other
(� Fig. 26.7a). The  ben ding  m om en t  is  constan t  betw een  the
t w o  in term ediate  poin ts  of force  app licat ion  if all  forces  are
equal, w h ereas  in  th ree-poin t  bend in g, the  bending m om en t
peaks  at  the  in term ediate  poin t  of  force  app licat ion  (see
Chapter  17  and  � Fig.  26.7a,  b).  If  the  forces  applied  by  a
th ree-  or  four-poin t  bending  construct  are  orien ted  in  the
opposite  d irect ion ,  the  techn ique  is  term ed  reversed  three-
point  or  reversed  four-point  bending  fixa t ion  (� Fig.  26.8).

Fig. 26.2  Implant  force application by in vivo alterations of implant  configuration with (A) implant  contouring, (B) intrinsic implant  bending moment
application about  the  long axis of the  spine (i.e., derotation), and (C) intrinsic implant  bending  moment  application about  an axially oriented axis of
the  spine. Straight  arrows depict  forces; curved arrows depict  bending  moments.
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This  tech n ique  m ay  be  used  to  reduce  lum bar  spon dylolis-
thesis.

The  forces  applied  to  the  various  components  of an  im plant
m ust  be  carefully considered. For  example, a  screw  can  be  ex-
posed  to  significant  three-point  bending  forces. This  m ust  be
considered  during the  implant  design  decision-m aking process
(� Fig. 26.9).

Crossed-Rod Deform it y Correct ion
The  crossed-rod  techn ique  is  a  well-established  m ethod  of
thoracic  and  lum bar  kyphot ic  deform ity  correct ion .  It  w as
first  used  w ith  Harr ington  d ist ract ion  rods  (� Fig. 26.10a);  it
w as  later  em ployed  m ore  e ect ively  w ith  m ult isegm en tal
sublam inar  w iring  (Luque)  techn iques  (� Fig. 26.10b).1 Most
recen t ly, it  has  been  m ost  e ect ively  used  via  the  sequen t ial
hook  in ser t ion  (SHI)  techn ique  w ith  un iversal  spinal  instru-
m entat ion  system s (� Fig. 26.10c).2 It  can  also  be  used  to  cor-
rect  coronal  p lane  deform ities  (� Fig.  26.10d).  Creat ive  ad-
juncts  m ay  also  be  used  (� Fig.  26.10e).  Regardless  of  the
construct  type, the  techn ique  involves  the  sim ultaneous  ap -
plicat ion  of deform ity reduct ion  forces to  the  spine  by m eans
of  m om ent  arm s  (longitudin al  m em bers;  i.e.,  rods).  Gradual
reduct ion  is thus ach ieved  via  a th ree-poin t  bending force  ap -
plicat ion  m echan ism  (� Fig. 26.11).

26.2.2  In Vivo Alterat ion of Im plant
Configurat ion
Applied Mom ent  Arm  Cant ilever Beam  Force
Applicat ion
Applied  m om ent  arm  cantilever  beam  constructs, w hich  were
introduced  and  discussed in  Chapter  17, are applicable in  situa-
tions  in  w hich  short-segm ent  constructs  are  desired  as  the
m ethod  of deform ity  reduction .3,4 They  are  often  used  in  the
thoracolum bar  and  lum bar  regions  for  the  reduct ion  and  fixa-
tion  of wedge  compression  and  burst  fractures. The  nature  of
their  application  dictates  that  substantial  loads  pass  through
the  im plant, both  at  the  t im e  of insertion  and  later, as  the  de-
form ity  correction  is  m aintained  w hile  fusion  t ranspires  (e.g.,
during am bulation).

Fig. 26.3  Distraction  (a force  applied  along  the  long  axis of the  spine) can  be  used  to  correct  (A) compression deformations, (B) coronal plane
translational deformations, and (C) sagit tal plane translational deformations if enough ligamentous integrity is present. Arrows depict  applied forces.

Fig. 26.4  Bending  moments applied  in  the  sagit tal plane  by (A) a
three-point  bending  mechanism  and  (B) an applied  moment  arm
cantilever beam  mechanism. Straight  arrows depict  forces; curved
arrows depict  bending  moments.
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Applied  m om ent  arm  cantilever  beam  constructs  are  gener-
ally  applied  via  either  flexion  or  extension  bending  m om ents
(� Fig. 26.12). They can  be  used  w ith  or  w ithout  distract ion  or
compression  or  an  accom panying ventral dural sac decom pres-
sion  and/or in terbody bone graft . These factors are im portant  to
consider  if an  optim al construct  design, custom ized  to  a  given
clin ical  situat ion, is  to  be  used. For  example, if extension  and
distraction , w ithout  an  accom panying in terbody fusion, are  to
be  used, large  screws  m ust  be  em ployed  to  w ithstand  the  ap-
plied  axial loads  (� Fig. 26.13a). Despite  th is, construct  failure
m ay result .5 Pedicle  diam eter  or  geom etry m ay dictate  the  use

of relatively sm all screws. In  these situations, the use of distrac-
tion  and extension  is followed by (1) ventral decompression, (2)
the  placem ent  of an  in terbody weight-bearing bone  graft , and
(3) compression  of the construct  on to the ventral graft  and  oth-
er  in trinsic ventral weight-bearing spinal elem ents. This results
in  “sharing  of the  load” by  the  construct , the  spinal elem ents,
and  the  in terbody  fusion  and  sim ultaneous  application  of the
desired  extension  bending  m om ent  for  deform ity  reduct ion
(see Chapter 12 and � Fig. 26.13b–d).

The  techn ique  of  sequen t ially  applyin g  d ist ract ion  forces
(load  bearing),  decom pressin g  the  dural  sac,  p lacing  an

Fig. 26.5  (A) A three-point  bending construct  that  “brings the spine to the implant” via a dorsal approach. (B) This is further illustrated by an example
of cervical spine  deformity and  subsequent  ventral deformity correction  by “bringing  the  spine  to the  implant” by sequentially tightening  the
intermediate screws of a ventral cervical plate, thus applying three-point  bending forces. (C) Terminal three-point  bending constructs simply have one
long  and  one  short  moment  arm. Arrows depict  forces applied.
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in terbody  st ru t , an d  finally  com pressing  of the  const ruct  to
share  the  load  w ith  th e  ven t ral  sp inal  elem en ts  is  term ed
load  bea r ing-to-loa d  sha r ing  force  a pplica t ion  (see
� Fig. 26.13b–d). It  p rovides  biom echan ical (load  sharing)  as
w ell as clin ical advan tages (see  Chap ter  12). Such  techn iques
can  be  app lied  to  the  m anagem en t  of  lum bar  spondylolis-
thesis. Th e  abilit y, h ow ever, of  in terbody  st ru ts  to  m ain tain
in terbody  d ist ract ion  is  suspect , par t icu larly  w hen  osteopo-
rosis  an d  other  form s  of  m ot ion  segm en t  degenerat ion  are
con sidered .6–8

A m om ent arm  can  be applied to the spine during the grow th
of an  im m ature spine that  has been  fused  dorsally. This  “crank-
shaft”  phenom enon  m ay  not  be  desirable.9 Finally,  if  a  short
hook–rod  system  is  used, placem ent  in  a  compression  m ode
m ay m inim ize the chance of failure.10

Short -Segm ent  Parallelogram  Deform it y
Reduct ion
The  short  segm ent  parallelogram  deform ity  reduct ion  techni-
que  is  a  rigid  cantilever  beam  pedicle  fixation  technique  that
can  be used in  the thoracic and lum bar regions to reduce lateral
translat ional deform ities. It  involves the  application  of a  bend-
ing m om ent  in  the coronal plane. This technique is best  used  in
circum stances  in  w hich  short-segm ent  fixation  constructs  are
desired.  The  technique  involves  the  follow ing:  (1)  the  place-
m ent  of the  pedicle  screws, (2)  appropriate  dural  sac  decom -
pression , (3) the attachm ent of the longitudinal m em bers to the
screws (i.e., rods), (4) the application  of rotatory and dist ract ion
forces  to  the  rods  and  screws,  (5)  the  m aintenance  of  the
achieved  spinal reduct ion  by rigid  cross fixation , (6) the  place-
m ent  of a  fusion  (in terbody and/or  lateral), and  finally  (7)  the
compression  of the  screws so that  load  sharing is achieved  and
the  in terbody  bone  graft  or  cage  is  secured  in  its  acceptance

Fig. 26.6  For terminal three-point  bending  constructs to  be  effective
in  reducing  translational deformation, they must  be  applied  properly.
The  long  arm  of the  construct  must  be  placed  (A) caudally with  a
ventral translational deformation  and  (B) rostrally with  a  dorsal
translational deformation.

Fig. 26.7  (A) Four-point  bending  and  (B) three-point  bending  con-
struct  forces and  associated  bending  moments. In  the  four-point
bending construct depicted here, all forces (F4PB) and the distance from
the  intermediate  and  terminal points of force  application  (1/3 ×D4PB)
are  equal. In  this situation, the  maximum  bending  moment, which is
constant  between the  two intermediate  points of force  application, is
defined  by the  following  equation: M4PB= F4PB x 1/3  D4PB. D4PB is the
length of the  entire  construct. Because  the  forces (F4PB) are  applied at
points dividing  the  construct  into three  equal sections, the  moment
arm  defining the bending moment  is one-third of the entire  construct
length. In  the  three-point  bending  construct  depicted  here, the
intermediate  force  is applied  halfway between  the  terminal points of
force  application. Therefore, as demonstrated  in  Chapter 17, the
maximum  bending  moment  occurs at  the  point  of intermediate  force
application  and  is defined  by the  following  equation: M3PB= 1/4  F3PB x
D3PB. However, because  F4PB is the force applied at  the  terminal hook–
bone  interface  and  F3PB is the  force  applied  at  the  fulcrum, at  the
outset, F4PB and  F3PB by definition vary by a  factor of 2. The  force
applied at  the terminal hook–bone interface in this example is thus 2 x
F3PB. This is defined here  as Fterminus3PB and is equal to 2F3PB. Therefore,
M3PB= 1/4 ×2 ×Fterminus3PB×D3PB. To compare  three-point  and  four-
point  bending  constructs, the  following  derivation  is performed.
Assume  that  a  three-point  and  four-point  bending  construct  are  of
similar length  and  that  the  bending  moments applied  are  equal. The
following  derivation, thus depicts the  comparison between the
constructs; because D4PB= D3PB, and M4PB= M3PB, then F4PB× 1/3 ×D3PB -
2 ×Fterminus3PB×D3PB; F4PB= 3/2 ×Fterminus3PB. The  forces applied  at  the
terminal hooks by each construct are depicted by the above equations.
The  closer the  intermediate  forces are  applied  to the  terminus of the
four-point  bending  construct, the  greater the  numerator of the  right
half of the  equation and the  greater the  forces required  to achieve  an
equivalent  bending  moment  (compared  to  a three-point  bending
construct  of similar length). Conversely, the  closer the  intermediate
forces of a  four-point  bending  construct  are  placed  to the  middle  of
the construct, the more it  biomechanically approximates a three-point
bending  construct  (i.e., F4PB= Fterminus3PB).
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Fig. 26.8  (A, B) Reversed  three-point  bending
forces (dorsally directed force at  the fulcrum) can
be  used  to reduce  a spondylolisthesis. This
subjects the  screw to significant  pullout  stresses.

Fig. 26.9  A depiction  of three-point  bending  forces applied  to a  nonfixed  moment  arm  screw that  traverses potentially mobile  media or media of
different  densities. (A) Solid arrows depict  the three-point  bending forces applied to the screw. (B) Similar forces can be applied when a screw passes
across a fracture, such as a transodontoid  screw used for a dens fracture. (C) A screw fractures at  the  point  of maximum  stress (maximum  bending
moment  if the  inner diameter is constant).

Fig. 26.10  The crossed-rod technique of thoracic
and  lumbar kyphotic deformity correction used
with (A) the Harrington distraction rod, (B) Luque
sublaminar wiring, and  (C) universal spinal
instrumentation. The  lat ter technique  is facili-
tated  by the  use  of sequential hook insertion
(From  Benzel et  al2). (D) The  crossed-rod
technique  can be  used  for coronal plane  (scoli-
otic) deformities, as well. (E) Two-rod  translation
force application strategies can similarly be used.
In this situation, a small rod may be applied to the
spine and brought  to a longer rod that  spans the
concave  side  of the  deformity, thus partially
correcting  the  deformity.
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Fig. 26.11  Use  of the  crossed-rod  technique  to achieve  gradual
reduct ion  of a  kyphotic deformity, as illustrated  serially. Wires, as
depicted here, or hooks or screws can be used to “anchor” the fixation
and  achieve  deformity correction.

Fig. 26.12  Sagit tal plane  applied  moment  arm
cantilever beam forces may be applied with either
(A) flexion  or (B) extension  bending  moments.
Straight  arrows depict  forces; curved  arrows
depict  bending  moments.

Fig. 26.13  (A) An applied moment  arm cantilever beam construct  that
uses distraction and  an  extension bending  moment, without  an
interbody fusion. This may be  associated  with  a suboptimal success
rate.5 Load bearing-to-load sharing force application may minimize this
complication by permit ting the implant  and the spine to share the load
(unloading  the  implant). In  this case, the  spine  is distracted  (with  or
without  extension  or flexion  bending  moment  application) by (B) the
implant, followed by (C) bone graft  placement  and (D) compression of
the  implant. This causes the  load  to  be  shared  between  the  implant
and  the  spine. Straight  arrows depict  forces; curved  arrows depict
bending  moments (see  Chapter 12).
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bed  (� Fig. 26.14). This provides a  load  bearing-to-load-sharing
force application.

Short-segm ent  parallelogram  deform ity  reduct ion  is  best
used  in  the  low  lum bar  region,  w here  sacropelvic  fixation
points  are  often  suboptim al.  In  addition ,  techniques  such  as
posterior  lum bar  in terbody fusion  (PLIF) can  be  used  in  th is re-
gion  to attain  a ventral in terbody fusion  m ass.

Crossed-Screw  Fixat ion
The crossed-screw  fixation  technique was not designed  prim ar-
ily  for  deform ity  reduct ion  but  can  m ost  certainly  be  used  in
this  m anner.11 It  is  an  uncom m only  used  short-segm ent  fixa-
tion  technique that  is applicable from  the m idthoracic region  to
the  upper  lum bar  region . It  is  used  in  the  lateral extracavitary
approach  to  the  spine.12 It  is  an  alternative  to  other  short-seg-
m ent  fixation  techniques, such  as  pedicle  fixation  and  hook–
rod  fixation  constructs. It  uses two large vertebral body screws

that  bear  axial loads and  two ipsilateral sm aller  pedicle  screws
that  attain  reduct ion  and prevent  flexion  or extension  deform a-
tion.  Screw  triangulation  (extrem e  toe-in)  e ect ively  resists
pullout  (see  Chapter  15).11 Finally,  the  load  bearing-to-load
sharing technique  a xes the  in terbody graft  in to the  vertebral
body acceptance  bed  and  reduces  the  load  applied  to  the  im -
plant  during  am bulation.  This  allow s  the  use  of shorter  con-
structs  to  achieve  the  sam e  biom echanical advantage  achieved
w ith  m uch  longer constructs. It  also obviates the need  for blind
pedicle screw  insert ion  because the screw  is applied only under
direct  vision  on  the  sam e  side  of the  exposure. Finally, single
large screws resist  stresses m uch m ore e ect ively than  m ultiple
sm aller  screws  (see  Chapter  15). This  technique  is  used  w ith
6.5- to 8.5-m m -diam eter t ransverse screws (� Fig. 26.15).11

Deform ity  reduct ion  in  both  the  sagit tal  and  the  coronal
plane  can  be  achieved  w ith  th is technique. Manipulation  of the
relationship  of the  pedicle  screw  w ith  the  rod, via  the  pivoting
of the  spine about  the  already placed  t ransverse  screws, can  be

Fig. 26.14  Short-segment  parallelogram  deformity reduction. A lateral translational deformity. (A) Pedicle  screws are  placed. (B) The pedicle  screws
are connected by rods. (C) The rods are connected (friction–glide tightness), and a torque is applied to both rods simultaneously with rod grippers. (D)
This technique  is illustrated  in  a case  of lateral L4–L5 dislocation. (E) Reduction  was achieved and  then  maintained  with  rigid  cross fixation. (F)
Distraction, followed by interbody bone  graft  placement  and  finally compression, is used  to secure  the  bone  graft  in  place.
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used  to  reduce  flexion  deform ation. With  the  use  of variable-
angle  screws, coronal  plane  deform it ies  can  also  be  corrected
(� Fig. 26.16).

In Vivo Im plant  Contouring
Contouring of the  longitudinal m em ber, usually a  rod, provides
the  opportunity to  alter  spinal segm ental relationships. This  is
com m only  used  after  the  im plant  has  been  shaped  to  fit  the
contour  of  the  spine  but  can  be  problem atic  because  subse-
quent  excessive  in  vivo  rod  contouring  (after  fixation  of  the
spine) necessitates  the  application  of unknow n, and  often  sig-
nificant , stress to the spine through the anchors.

In  vivo im plant  contouring that  is used  to alter  segm ental re-
lationships  for  deform ity  reduct ion  is  often  e ect ive. A hook–
rod  universal spinal instrum entation  system  m ay be inserted  to
conform  to  a  spinal  deform ity.  Follow ing  insert ion,  the  rods
m ay  then  be  contoured,  along  w ith  the  attached  spine,  to
achieve  an  improved  alignm ent  (� Fig. 26.17). Adequate  hook–
bone  in terface  or  screw–bone  in terface  security  is  m andatory.
Im plant  contouring, by  its  nature, alters  the  relationships  be-
tween  the  im plant  and  the  spine. In  th is case, hooks m ay over-
tighten  or  loosen, in fringe  on  the  spinal canal, or  m igrate  later-
ally or  m edially, depending on  their  orientation  (rostral or  cau-
dal)  and  on  the  orientation  of the  applied  bending  m om ents

(� Fig. 26.18). Screws m ay be  “overstressed,” thus leading to fa-
tigue and fracture.

Spine Derotat ion
The  popularization  of “spinal derotation” as  a  therapeutic m a-
neuver  is credited  to Cotrel et  al.13 It  can  be  used  for  very com -
plex spinal deform ations, as  well as  for  sim ple  scoliot ic curva-
tures of the  thoracic and  lum bar  spine. With  scoliotic deform a-
tions, there  is  usually  a  coexisting  obligatory  rotatory  compo-
nent. This  is  related  to  the  phenom enon  term ed  coupling (see
Chapter  2).  This  rotatory  component  m ust  be  borne  in  m ind
continuously during implant  application  (see Chapter 5).

Spinal derotat ion  essentially is  a  m aneuver  w hereby a  scoli-
otic  curvature  is  converted  to  a  kyphotic  curvature  w hile  the
rotatory  component  of the  deform ity  is  also  corrected. This  is
accom plished  by rotating the  rods, w hich  are loosely applied  to
the  spine  via  the  anchors, 90  degrees. If the  resultant  kyphotic
curvature  is  unacceptable, it  is  then  altered  by rod  contouring.
To accom plish  th is task, the rods are first  inser ted  and  attached
to hooks, screws, or  w ires. These  are  attached  loosely (frict ion–
glide t ightness) so that rotat ion  can occur at  the connect ion site.
The hooks, screws, or w ires then  rotate about  the rod as the rod
is rotated. This allow s the anchors to m aintain  their appropriate
relationship  w ith  the  spinal attachm ent  site. Finally, the  hooks

Fig. 26.15  The crossed-screw fixation technique. (A) An intraoperative anteroposterior radiograph of two pedicle  and two transverse  vertebral body
screws in place. (B) A lateral and (C) an axial view of the crossed-screw fixation technique. Note that rigid cross fixation maintains the nearly 90-degree
angle  of screw toe-in.
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or  screws are  secured  to  the  rods. Two cross  m em bers  m ay be
inserted to help m aintain  correct ion  (� Fig. 26.19).

Care  m ust  be  taken  to  perform  these  m aneuvers  gradually.
This allow s continuous assessm ent  and  reassessm ent of the im -
plant–bone  and  component–com ponent  relat ionships. For  ex-
am ple, a  hook m ay not  rotate  on  the  rod  during rotation  of the
rod;  th is  places  significant  stress  at  the  hook–bone  in terface
(� Fig.  26.20).  This  is  fur ther  complicated  by  the  fact  that
pedicle  hooks  are  often  subopt im ally  placed. This  can  be  con-
firm ed  radiographically.14 Som e  im plants, especially  those  us-
ing rods  w ith  rough  surfaces, are  prone  to  th is  form  of cutout.
Of note, screw  rotat ion  w ith  the  rod  m ay be  desirable  in  som e
circum stances. Each  case m ust be individualized.

Int rinsic Im plant  Bending Mom ent
Applicat ion in the Sagit t al or Coronal Plane
Intrinsic  im plant  bending  m om ent  application  in  the  sagit tal
or  coronal plane  is  usually  used  to  achieve  the  reduction  of a

Fig. 26.16  The  crossed-screw fixation  technique  can  be  used  to  alter (A) sagit tal plane  angles and  (B) coronal plane  angles.

Fig. 26.17  Rod contouring can be used to alter spinal alignment from a
pathologic kyphotic curvature, with  the  rods configured  to  match  (A)
the  curvature  of the  pathologic spine  to (B) the  desired  alignment.
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scoliosis  or  kyphosis. This  force  complex can  be  applied  in  ei-
ther the sagittal or the coronal plane.

One-segm ent or  two-segm ent scoliot ic (coronal plane) defor-
m ation, usually lum bar  (degenerative), can  be  at  least  partially
corrected  by  th is  technique. Pedicle  screws  are  inserted, and
rods are then  attached to the screws. The screws on  the concave
side of the curvature are  distracted, and  the screws on  the con-
vex side  of the  curvature  are  compressed  by an  equal am ount .
Cross  fixation  is  usually  used  to  m ain tain  the  correction
(� Fig. 26.21). A sim ilar  technique  m ay  be  used  on  the  lateral
aspect  of  the  spine  to  reduce  a  sagittal  plane  deform ation

(� Fig.  26.22).  The  use  of  an  applied  m om ent  arm  cantilever
beam  construct  also  applies  an  in tr insic im plant  bending  m o-
m ent (see � Fig. 26.12  and � Fig. 26.13).

With  dist ract ion  or compression  of screws by m eans of any of
the techniques m entioned here, the relationship  of the screw  to
the  rod  m ust  be  carefully m onitored  to avoid  untoward  screw –
rod  relationships—for example, flexion  of the screw  on  the  rod.
In  th is  vein , the  surgeon  should  carefully consider  the  type  of
screw–rod  in terface  em ployed  (e.g., variable-angle  vs fixed-an-
gle). The  application  of distract ion  forces to  fixed-angle  screws
results in  sim ple distraction w ith  m inim al or no application  of a
bending  m om ent  to  the  spine.  If,  however,  a  variable-angle
screw  is used, sim ple dist ract ion  m ay result  in  screw angulation
at  the  screw –rod  in terface, thus  causing a  bending m om ent  to
be  applied  to the  spine  (� Fig. 26.23). This can  be  prevented  by
tightening the  screw  to  a  frict ion–glide  t igh tness  before  appli-
cation  of the distraction  forces.

26.3  Maintenance of Correct ion
26.3.1  Cross Fixat ion
The connection  of bilaterally placed rods or plates to each  other
m ay substan tially augm ent  the in tegrity of the construct .15–19 It
is often  stated  that  short  constructs do not  significantly benefit
from  cross  fixation. However, if the  m ain tenance  of deform ity
reduct ion  depends, in  par t , on  cross fixation  (e.g., as depicted in
� Fig.  26.14),  then  cross  fixation  is  m andatory.  In  addition ,
the t riangulation  e ect , w hich  requires rigid cross fixation  to be

Fig. 26.18  (A) During  rod  contouring, implant–
bone  interface  relationships must  be  observed
closely. Some hooks may overdistract, although
others may loosen. (B) Impingement  of a
sublaminar hook on the  dural sac, and (C) lateral
or medial migration  of pedicle  hooks or (D)
transverse  process hooks, may also  occur.

Fig. 26.19  (A) Spinal derotation is accomplished  by careful simulta-
neous rotation of two rods that  have been at tached to the  spine  in its
deformed  scoliotic state. The  rotation of the  rods by 90 degrees
converts (A) a scoliosis to  (B) a  kyphosis. If the  resultant  kyphotic
deformity is unacceptable, it  may be  corrected  by rod  contouring. (C,
D) This strategy can be  applied  to  biconcave  curves.
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e ect ive, can  be  used  w ith  short-segm ent  fixators  to, am ong
other th ings, optim ally resist  screw  pullout.

With  longer constructs, cross fixation  is also biom echanically
usefu l. It  provides a quadrilateral fram e construct , w ith  its asso-
ciated  e ects on  rotatory stabilization  and  augm entation  of the
integrity  of im plant–bone  in terfaces. Im plants  usually  fail  one
im plant–bone  in terface  at  a  t im e.  With  a  rigid  quadrilateral
fram e, w hich  is  ach ieved  w ith  cross  fixat ion, m ultiple  m etal–
bone  in terfaces  m ust  fail sim ultaneously  for  implant  failure  to
occur. This  is  unlikely, thus  m aking construct  failure  itself less
likely. In  general, two cross m em bers should  be  placed  roughly
at  the junct ions of the  m iddle  w ith  the  upper  and  lower  th irds
of the construct  (i.e., at  each  end  of the m iddle th ird  of the con-
struct; � Fig. 26.24).19

An  additional indication  for  cross  fixation  is  m aintenance  of
the desired w idth  betw een rods. This m ay prevent  pedicle hook
m igration , screw  dislodgem ent  from  the  ilium , and  other  prob-
lem s (� Fig. 26.25).

When  cross  m em bers  are  used  w ith  short  constructs  to
m aintain  deform ity reduction , very rigid  cross m em bers should
be  used. Substantial bending m om ents are  applied  at  the  cross
m em ber–rod  in terface. These  can  be  resisted  only by the  m ost

Fig. 26.20  During  rotation, if hooks are  overly secured  (not  friction–
glide  tightness), they will rotate  with  the  rod. This results in  hook
cutout, as depicted.

Fig. 26.21  Intrinsic implant  bending  moment  application. (A) In  this
case, simple  distraction of the  concave  side  of the  curvature  and
compression of the  convex side  achieves the  reduction  of a scoliotic
deformity. (B) Cross fixation is usually used to assist  in maintaining the
reduction.

Fig. 26.22  Intrinsic implant  bending  moment  application. (A) In  this
case, laterally placed transverse vertebral body screws are manipulated
(distracted  and  compressed; arrows) to reduce  a  kyphotic deformity.
Compression of the two most  dorsal screws and distraction of the two
most  ventral screws achieves reduction  of this deformity. (B) Cross
fixation is usually used  to  assist  in  maintaining  the  reduction.
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Fig. 26.23  Screw flexion may occur during distraction if the screw–rod
interface  is of a variable-angle  type. This untoward occurrence  can be
avoided  by taking  care  to achieve  friction–glide  tightness at  the
interface  before  distraction so  that  the  angular relationship  of the
screws with  the  rod  is maintained  during  distraction. Arrows depict
distraction forces applied  by the  distractor. Resistance to distract ion is
exerted at  the tip  of the  screw by the spinal elements (or, in this case,
fingers).

Fig. 26.24  A depiction  of cross members placed  roughly at  the
junctions of the  middle  third  with  the  upper and  lower thirds of the
construct.

Fig. 26.25  Besides providing  a quadrilateral framed  construct, cross
members make  it  possible  to  maintain  the  desired  distance  between
rods. This may be particularly useful in sacropelvic fixation, as depicted.
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rigid  of cross  m em bers  (� Fig. 26.26). The  diagonal placem ent
of cross fixators is not  recom m ended.15

26.3.2  Screw  Triangulat ion
As  depicted  in  Chapter  17, tr iangulation  plays  an  in tegral role
in  the  prevention  of  lateral  translational  deform ation. As  de-
picted  in  � Fig. 26.14, screw  toe-in  m ay be  used  in  conjunct ion
w ith  cross  fixat ion  to  ach ieve,  in  a  “belt -  and  suspenders-
like” m anner, the  m ain tenance  of deform it y  reduct ion .11 The
forces  resisted  by  the  toe-in  techn ique  are  sim ple  (t ransla-
t ion),  but  the  m echan ism  by  w hich  th is  is  ach ieved  is
com plex (� Fig. 26.27).

26.3.3  Toggle, Cutout , Pullout , and
Im plant  Fracture Prevent ion
Toggle, cutout, and  pullout  are  undesirable  m ovem ents  at  the
im plant–bone  in terface  (� Fig. 26.28a–c). Im plant  fracture  usu-
ally  occurs  at  the  poin t  of application  of the  m axim um  stress
(� Fig. 26.28d, e). The occurrence of each  of these complications
is  m inim ized  by  the  application  of  the  principles  outlined  in
previous  chapters.  In  general,  toggle  can  be  m inim ized  by
attempting to achieve a bicort ical purchase (� Fig. 26.29) and  to
optim ize  load-sharing  principles  (see  Chapter  12).  Cutout
can  be  m inim ized  by  avoiding  the  untoward  application  of

Fig. 26.26  Rigid  cross members are  useful with  short-segment
deformity reduction. The  stresses placed at  the  cross member–rod
junction are often associated with a large bending moment. Only cross
members with  substantial torsional resistance  capabilities can resist
these stresses. In this case, the cross member maintains the reduction
of a  translational deformity (A) by applying  (or resisting) (B) a  torque
(see  Fig. 26.14).

Fig. 26.27  Screw toe-in  results in  much greater pullout  resistance, translational deformity prevention, and  construct  security. (A) Parallel screws
cannot  resist  translation and resist  pullout  poorly (B) Moderate  toe-in provides moderate  security in  this regard. (C) Significant  toe-in results in even
greater security. (D) Cross fixation  plus significant  screw toe-in  provides optimal pullout  resistance  and  translational deformation  resistance. This
concept  is applied in the  crossed-screw fixation technique  (see  � Fig. 24.15 and  � Fig. 24.16). With this configuration, pivoting of the  bone about  a
screw is prevented  by its toed-in  counterpart. (E) Finally, adding  a  level of screw fixation  (in  this case, an  undetermined  point  of fixation) provides
three-point  bending  characteristics that  assist  translation resistance  in  all planes. For further discussion, see  Chapters 15 and  17.
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Fig. 26.30  Three-point  bending  force  application  (small arrows) to  a
rigid  screw–plate  or screw–rod  construct  may result  in  screw pullout
(large arrow).

Fig. 26.28  Screw–bone  interface  failure  can occur via  (A) toggle, (B) cutout, or (C) pullout. Plate  (or rod) fracture  occurs at  the  point  of maximum
stress application—that  is, maximum bending moment  application at  a weak point  in the plate (low section modulus). (D, E) The lat ter may occur at  a
stress riser caused  by plate  contouring. This is illustrated  by radiographs.

Fig. 26.29  Screw toggle can be minimized by using bicortical purchase
and  adhering  to load-sharing  principles (i.e., with  an  interbody bone
graft  that  shares the  load).

Fig. 26.31  The risk for screw pullout can be minimized by using larger-
diameter screws with  a large  thread  depth  and  a  large  pitch.
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three-point  bending  forces. These  forces  m ay  cause  screws  to
pull out, particularly at  the term ini of the construct  (Fig. 26.30).
Pullout  can  be  m inim ized  by  using  larger  screws  w ith  an  ac-
companying increased  thread  depth  and  pitch  (see  Chapter  15
and  � Fig.  26.31).  The  risk  for  implant  fracture  can  be  m ini-
m ized  by  using  of  im plant  components  that  are  structurally
sound at  points of m axim um  bending m om ent and stress appli-
cation  (see  Chapter  2  and  � Fig. 26.32).20 Im plant  contouring
obviously  weakens  the  implant  by  creating  stress  risers  (see
� Fig. 26.28d, e).
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27  Deform ity Prevent ion and Correct ion: Com plex Clinical
St rategies
The component  strategies addressed  in  Chapter  26 are  often  ef-
fect ive for sim ple deform it ies. However, m ore complex patholo-
gies  m ay  require  a  com bination  of often  complex  component
strategies. Before  a  surgeon  can  apply  these  component  strat-
egies in  a  complex m anner, an  understanding of deform ity and
deform ity correction  fundam entals is necessary. The indications
for deform ity correct ion  are num erous. They include neurologic
im provem ent  and  the  prevention  of neurologic decline, fur ther
deform ation , and secondary spinal cord changes.1

27.1  Fundam entals
Spinal deform it ies can  be  divided  in to three  fundam ental cate-
gories:  (1)  sagittal  plane  deform ities  (e.g.,  kyphosis,  transla-
tion);  (2) coronal plane  deform it ies (e.g., scoliosis, t ranslat ion);
and  (3) axial plane deform ities (e.g., rotation; see Chapter 7 and
� Fig. 27.1a). From  a balance perspective, Dubousset 2 described
the  “cone  of balance” or  rather  the  “cone  of econom ical func-
tion” (� Fig. 27.1b). This cone defines the lim it  of t ilt  or  “tipping
point” param eters, if you  w ill. It  describes a  range  of deform a-
tions  or  postures  that  can  be  tolerated  w ithout  “tipping”  or
w ithout  the expenditure of an  exceptional am ount  of energy to
prevent  “tipping.” Hence, at  the  periphery of the  cone, outside

the stable zone, significant energy is expended to m aintain  pos-
ture—and is often associated w ith  pain .

Treatm ent  strategies for deform ities in  each  of the aforem en-
tioned  planes di er. Rotational deform ities often  do not  require
a separate or  isolated attem pt  at  correct ion. However, m any de-
form it ies  are  complex, w ith  a  com bination  of sagittal, coronal,
and  axial plane  components. For  example, a  lum bar  degenera-
tive  scoliosis  nearly  always  is  associated  w ith  a  rotational and
kyphosis component. It  m ight  therefore  be  m ore  appropriately
term ed  a  “degenerative  rotatory kyphoscoliosis.” This term  im -
plies that  a kyphosis is present. In  th is case, kyphosis is relative.
A  loss  of  lordosis,  in  the  aforem entioned  context,  can  be
thought  of as a kyphosis. In  m any clin ical situations, only a loss
of lordosis is present. Therefore, on ly a relative kyphosis (loss of
lordosis) exists (� Fig. 27.2).

The  coupling  phenom enon  explains  in  part  the  rotational
and  kyphosis  components  that  are  secondary  to  the  scoliosis
component  of a  degenerative  lum bar  curve  (see  Chapter  2). A
scoliot ic curvature  causes deform ation  of the  spine  so  that  the
axis through w hich  m ost of the axial load is borne (neutral axis)
is sh ifted  by spine  deform ation  toward  the  concave  facet  joints
(� Fig. 27.3a). This  has  been  observed  in  long-term  follow -up
studies. Degenerative  lum bar  scoliosis  appears  to  be  t riggered

Fig. 27.1  (A) Sagit tal plane, coronal plane, and  axial plane  deformations are  the  three  fundamental deformations that  contribute  to  all spine
deformities, either individually or in  combination. (B) Dubousset’s cone  of balance  portrays the  limits of tolerable  posture. (Data obtained  from
Dubousset.2)
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Fig. 27.2  Degenerative  rotatory lumbar kyphoscoliosis consists of (A) a  primary scoliotic deformity that  is secondarily associated  with  (B) a  lumbar
kyphosis, or straightening of the spine (loss of lordosis), and (C) rotation. (D) This is illustrated by a clinical example in which the low lumbar spine has
become deformed  in  all three  planes (scoliosis, kyphosis, and  rotation).

Fig. 27.3  (A) A scoliotic lumbar deformity causes
a shift  of the  weight-bearing  axis of the  spine
(neutral axis) toward  the  concave  facet  joints,
which are  excessively loaded  along  the  new
neutral axis (shaded region). This creates a  new
axis that  is off the  midline  axis (off axis), which
causes the  rotated  lumbar vertebral bodies to
move  (B) dorsally and  (C) laterally while  rotation
occurs. The  result  is a  straightening  of the  spine
in a  lateral view (loss of lumbar lordosis; B). (D)
This complex deformation is akin to the swinging
of a  bucket  handle. Note  that  the  bucket  handle
grip  (analogous to an apical vertebra) rotates
with the handle  from  the  down (normal lordosis)
position  to the  scoliotic (lateral) position.
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by  disc  degeneration, w ith  the  loss  of segm ental  lordosis  and
accom panying  segm ental  wedging  in  the  coronal  plane. Such
deform ities can  progress or  even  uncom m only retrogress.3 This
is  term ed  o -a xis deformation. The  “new ” axis is  not  loaded  in
the  m idsagittal plane, as is the case  in  a norm al spine. It  is now
loaded  o  axis. In  the  lum bar  spine, th is  results  in  a  relative
dorsal m igration  of ventrally situated  ver tebral bodies w ith  re-
spect  to their norm al position . This causes a loss of lordosis (rel-
ative  kyphosis),  particularly  in  the  standing  position
(� Fig. 27.3b).4,5 Therefore, both  the  rotatory and  sagittal plane
deform ations  are  secondary,  at  least  in  part ,  to  the  scoliotic
component  (� Fig. 27.3c). In  a sense, the a ected  portion  of the
spine  is  sw ung o axis  (out  of the  sagittal plane) in  a  m anner
sim ilar  to  the  sw inging of a  bucket  handle  that  is  held  upside
dow n  (� Fig.  27.3d).  With  th is  analogy,  the  bucket  handle
sw ings “o axis,” w hile the grip  rotates w ith  the handle. There-
fore, a  rotatory  scoliosis  is  m anifested  because  of the  o -axis
position  of the  spine. In  addition, a  loss  of lordosis  occurs  be-
cause  the  bucket  handle  m oves  relatively  dorsally as  it  rotates
o axis. Hence, the  curvature  is correctly term ed  a  rota tory ky-
phoscoliosis.

To  bring  these  o -axis  deform ations  back  in to  alignm ent ,
concave  side  distract ion  or  convex side  compression  alone  w ill
not  completely correct  the  complex o -axis deform ity, part icu-
larly  if  facet  joint  in tegrity  is  disrupted  by  the  surgery
(� Fig. 27.4). Such disrupt ion  rem oves the m echanism  by w hich
the  rotat ional  deform ity  occurred  in  the  first  place  (facet  en-
gagem ent  resulting in  the coupling phenom enon; see below ). It
then  elim inates  the  m echanism  via  w hich  facet  engagem ent
could be used to correct  the deform ity. The surgeon should con-
sider  the  m echanism s  or  causes  of the  deform ation  and  strat-
egies  for  their  reversal  during  strategic  planning  and  the  de-
form ity correct ion process.6

A reversal  of the  m echanism s  that  caused  the  deform ity  is
often  an  appropriate  therapeutic  strategy.  The  surgeon  m ust
keep  in  m ind, however, that  complete  deform ity  correction  is
not  usually  necessary  in  order  to  alleviate  the  pat ient’s  sym p-
tom s and  to  “attain  and  m aintain” a nonpathologic relationship
betw een  the  neural  elem ents  and  their  bony  and  soft  t issue
confines. Nevertheless, complex  m ultiple-axis  deform it ies  can ,
at  least  in  part , be  corrected  by using the  derotation  m aneuver
in  com bination  w ith  other  strategies. This approach  essentially
reverses and neutralizes the pathology.

The  com binat ion  of concave side  distraction  and  convex side
compression  (see  � Fig.  27.4)  and  sagittal  plane  correct ion
strategies  (i.e.,  the  crossed-rod  technique  and  “in  situ”  rod
bending) and the derotat ion m aneuver (� Fig. 27.5) can  be used,
usually  in  com bination, to  address  the  vast  m ajority  of spinal
deform ities (see � Fig. 27.4 and � Fig. 27.5).

27.2  Principles of Deform it y
Correct ion
Applying  the  basic  deform ation  correct ion  component  forces
(distraction ;  three-poin t  bending;  tension-band  fixat ion;  and
fixed, nonfixed, and  applied  m om ent  arm  cantilever beam  fixa-
tion) to the spine, either alone or in  com binat ion, provides a va-
riety of m echanism s for  sim ple  and  complex deform ity correc-
tion. Five additional factors, however, m ust also be considered.

First ,  spine  deform ations  are  frequently  m ultisegm ental.  In
these  situations, the  strategies  outlined  above  m ust  be  applied
to  m ultiple  spinal  segm ents.  This  complicates  the  deform ity
correct ion process.

Second,  the  coupling  phenom ena  (see  � Fig.  27.5  and
� Fig. 27.6), w hich results in  o -axis complex deform it ies, often
complicates  the  situation. A m otion  (or  deform ation)  that  oc-
curs  along or  about  an  axis  of the  Cartesian  coordinate  system
often  obligates another  m otion  (or deform ation) along or  about
another  axis. This is a  m anifestation  of, and  in  fact  defines, the
coupling phenom enon. In  the  coupling phenom enon, a  m otion
along or  about  an  axis of the  Cartesian  coordinate  system  obli-
gates another  m otion  along or  about  another  axis. Perhaps the
m ost  com m on  and  graphic clin ical example  of th is m ultiplanar
phenom enon  is  degenerative  rotatory kyphoscoliosis. Rem em -
ber, kyphosis is included in  th is term  because of the relat ive loss
of lum bar  lordosis (straightening of the  lum bar  spine). The  ro-
tational component  of the  deform ity, as well as the  relative ky-
phosis,  is  coupled  (over  several  segm ents)  w ith  the  scoliosis
(see  � Fig.  27.6).  Thus,  a  correct ion  of  th is  deform ity  should
ideally include  a  consideration  of each  of these  three  deform a-
tions. Of note, the orientation  of rotation  (clockw ise vs counter-
clockw ise) is di erent  in  the  cervical and  lum bar  regions. With
a  left  cervical  bend, the  spinous  processes  rotate  to  the  right .
Conversely, w ith  a  left  lum bar  bend, the  spinous processes  ro-
tate to the left  (see � Fig. 27.6).

Third, the m anner in  w hich  the spine bears loads, particularly
axial loads, is of significant  relevance. The  surgeon  should  con-
sider  the  load-bearing  axis  (neutral  axis)  in  th is  regard
(� Fig.  27.7a).  This  axis  essentially  defines  the  region  of  the
spine  that  bears  the  predom inance  of the  axial load. It  should
be  considered  in  both  the  sagittal and  coronal planes. This axis
cuts corners, as a race car  m ight  do w hile  negotiat ing a serpigi-

Fig. 27.4  (A) Concave  side  distraction  and/or (B) convex side  com-
pression  (arrows) alone  or in  tandem  are  relatively ineffective  in
reducing  scoliotic/rotational deformities, particularly if the  dorsal
elements are  disrupted. Such disruption, usually caused  by surgical
intervention, removes the  mechanism  by which the  rotational
deformity occurred in the first  place (facet engagement resulting in the
coupling  phenomenon; see  below). It  then eliminates the  mechanism
via which  facet  engagement  could  be  used  to  correct  the  deformity.
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Fig. 27.5  The  use  of concave  side  distraction  and/or convex side
compression (see  � Fig. 27.4) for sagit tal plane  deformity correc-
tion. (A) The crossed-rod technique, (B) in situ rod bending, and (C)
the  derotation maneuver can  be  used, usually in  combination, to
correct most spinal deformities. (D, E) The use of multiple modalities
to correct  (F, G) a degenerative  rotatory kyphoscoliosis is depicted.
Concave  distract ion  at  (F, right) L3–L4 and  (F, left) L4–L5, with
opposing  compression and  distraction forces, is combined with the
derotation maneuver to  correct  the  deformity. Correction was
incomplete  but  satisfactory. (Lordosis; G) Note  the  partial restora-
tion  of sagit tal balance.
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nous course. In  the  norm al cervical and  lum bar spine, the load-
bearing  axis  is  located  in  the  dorsal  region  of  the  ver tebral
bodies. In  the  norm al thoracic spine, it  is  located  in  the  region
of the  vertebral bodies (see  � Fig. 27.7a). This  is  exaggerated  if
the  spinal  contour  is  exaggerated. For  example, in  extension,
the  load-bearing axis passes even  farther  dorsally in  the  cervi-
cal  region, thus  explain ing  w hy  axial  loads  applied  w hile  the
spine  is  extended  result  in  sign ificant  dorsal  elem ent  (facet
joint)  loading  (� Fig.  27.7b).  The  converse  is  also  t rue
(� Fig. 27.7c). In  patients w ith  scoliosis, the concave facet  joints
are loaded excessively because the neutral axis is sh ifted toward
the  concave facet  joints (� Fig. 27.7d). It  should  be  obvious that
a  consideration  of the location  of the  neutral axis is relevant  in
both  norm al and pathologic spinal configurations.

Fourth , sign ificant  atten tion  m ust  be  paid  to  the  concept  of
spinal (sagittal  and  coronal) balance  (� Fig. 27.8). This  is  m ost
often  considered  in  the  sagittal  plane  (sagit tal  balance).4,5,7–9

The  spine  indeed  seeks  a  balanced  posture, w ith  the  m ainte-
nance  of a  generous, but  not  excessive, cervical lordosis, thora-
cic kyphosis, and  lum bar  lordosis (� Fig. 27.8a). When  a  plum b
line  is dropped  from  the m id-C7 vertebral body in  the standing

position  (sagittal vertical axis, or  SVA) in  the  balanced  spine, it
falls  through  the  region  of the  lum bosacral pivot  point  (dorsal
L5–S1  annulus  fibrosis  region, or  slightly  dorsal  to  the  sacral
prom ontory;  � Fig. 27.8b). Other  m ethods  have  been  used  to
assess balance.4,5 The  SVA is  assessed  object ively by m easuring
its  distance  from  the  sacral  prom ontory. A negative  2  to  4 cm
(behind  the prom ontory) is norm al. As stated, th is is the region
of the  lum bosacral  pivot  point, as  defined  by  McCord  et  al.10

This  line  usually m oves forward  w ith  aging. A significant  posi-
tive  m easurem ent, however, is  clearly abnorm al. If the  norm al
contour  of the  spine  is  disturbed  (� Fig. 27.8c), compensatory
m echanism s that  adjust  for  aberrations in  the  spinal curvature
m ay ensue. A loss of balance  m ay also result , w ith  the  SVA fall-
ing in  a  very abnorm al location  w ith  respect  to  the  ventral S1
vertebra  (� Fig. 27.8d).1 Of note  is that  the  asym ptom atic adult
lum bar  spine  is  less lordotic than  that  of adolescents. This cor-
roborates  the  fact  that  lordosis  naturally  dim inishes  w ith
aging11 and  that  the  SVA m oves  forward  w ith  aging. Kyphosis
tends to  occur  w ith  aging in  the  cervical, thoracic, and  lum bar
regions;  hence, aging  is  kyphogenic. The  loss  of sagittal  align-
m ent  and  balance  is  exaggerated  in  pat ients  w ith  spondylolis-
thesis, w ho have  a  kyphotic lum bosacral angle. Of fur ther  note
is that  the progression  of such  deform it ies in  patients w ith  isth-
m ic  spondylolisthesis  is  exaggerated  those  w ith  advanced  de-
generat ive changes. In  th is patient  populat ion, the SVA m igrates
significantly forward.

The  center  sacral line  (CSL) can  be  used  to  assess  balance  in
the  coronal  plane. In  a  scoliotic  curve, the  vertebrae  bisected
m ost  closely by th is  line  are  defined  as  the  stable  ver tebrae  in
the coronal plane (� Fig. 27.8e).1

Fifth , and  finally, a  consideration  of im plant  length  and  loca-
tion  is  crit ical. Im plant  length  m ust  be  su cient  to  apply  the
necessary bending m om ent  to  the  spine. However, it  m ust  not
be  so  long  that  it  creates  excessive  spinal  sti ness, over  and
above that  expected. This is of relevance in  both  the rostral and
caudal  regions  of the  im plant. In  general, for  long  dorsal  im -
plants that are used for overt  instability, three to four segm ental
levels rostral and two to three segm ental levels caudal to the fo-
cal pathology are  appropriately  included  in  the  construct  (see
Chapter  18). This  is  part icularly  relevant  for  hook–rod  fixation

Fig. 27.6  (A, B) The  coupling  phenomenon. Lateral bending  obligates
rotation (arrows). Note  that  the  orientation  of rotation (clockwise  vs
counterclockwise) is different  in the  cervical and lumbar regions. With
a left  cervical bend, the  spinous processes rotate  to the  right.
Conversely, with  a  left  lumbar bend, the  spinous processes rotate  to
the  left.

Fig. 27.7  (A) The  load-bearing axis, or neutral axis (shaded region), is
generally considered to be located in the region of the  middle  column
of Denis. (B) However, in  extension, the  load-bearing  axis is shifted
dorsally in the cervical spine. (C) In flexion, it  is shifted ventrally. (D) In
lateral bending, it  is shifted laterally toward the concavity of the curve.
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and  less  relevant  for  screw–rod  fixation  strategies.  Ventral
thoracic  and  lum bar  screw –rod  fixation  strategies  do  not  re-
quire  such  length . Screw–rod  constructs  m ay  be  one  to  three
segm ents shorter at  each  end. This, however, presents addition-
al challenges, such  as screw  fracture caused by excessively load-
ing of the screw.

McCord et al defined and characterized the lum bosacral pivot
(� Fig. 27.9).10 This poin t, w hich  is located  at  the dorsal annulus
of the L5–S1 joint, defines the approxim ate location  of the  “nor-
m al” plum b  line  and  also  defines  the  point  beyond  w hich  im -
plants  should  gain  the  m echanical  leverage  required  to  ad-
equately  resist  angular  deform ations  at  th is  juncture. Im plants

Fig. 27.8  Sagit tal balance. (A) A spine in sagit tal balance, with generous but not excessive cervical lordosis, thoracic kyphosis, and lumbar lordosis. (B)
A plumb line  that  is dropped  from  the  mid-C7 vertebral body (sagit tal vertical axis, or SVA) in  the  standing  position falls in  the  region  of the
lumbosacral pivot  point  (dorsal L5–S1 disc interspace). (C) If this normal spinal contour is disturbed by a focal deformity, balance may be achieved by
compensatory mechanisms. Note that  if loss of lumbar lordosis is present, the  SVA falls through the region of the sacral promontory. (D) Significant
imbalance, however, may be present, resulting in the SVA falling at a significant distance ventral to the sacral promontory. (E) The center sacral line can
be used to assess balance in the coronal plane. In a scoliotic curve, the vertebrae bisected most  closely by this line are defined as the stable vertebrae
in  the  coronal plane.

Fig. 27.9  McCord et  al defined and characterized
the  lumbosacral pivot10. This point, which is
located  at  the  dorsal annulus of the  L5–S1 joint,
defines the approximate location of the  “normal”
plumb line  and  also  defines the  point  beyond
which, both ventrally and  caudally, implants
should  gain  the  mechanical leverage  required  to
adequately resist  angular deformations at  this
juncture. Implants that  pass ventral or caudal to
this point  provide  significant  mechanical advant-
age10. (Data obtained  from  McCord  et  al10.)
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that  pass ventral or  caudal to th is poin t  provide significant  m e-
chanical advantage.10

For  both  focal  and  gradual  curves, a  consideration  of apical
and  neutral vertebrae  (in  the  sagit tal and  coronal planes) is ex-

trem ely important. The apical vertebra is the vertebra that is as-
sociated w ith  the greatest  segm ental angulation  at both  its rost-
ral and caudal disc in terspaces, compared w ith  all the other disc
interspaces in  the curve. It  is located, in  general, in  the m idpor-
tion  of the  curve, at  the  “horizon” of the  curve  (� Fig. 27.10).
The neutral vertebra is the vertebra that  is associated w ith  lit t le
or  no  angulation  at  its  rostral and  caudal disc spaces. It  is  the
vertebra that  is located betw een curves (� Fig. 27.11).

The  definition  of  the  apical  and  neutral  vertebrae  (� Ta-
ble  27.1) should  be  determ ined  by assessing  the  spine  in  both
the  coronal and  sagittal planes (� Fig. 27.12). In  addition  to the
consideration  of overall im plant length , as previously discussed,
an  implant  (construct) should  usually not  term inate  at  or  near
an  apical vertebra (� Fig. 27.13a). An im plant, in  general, should
be  long enough  to  extend  to  a  neutral ver tebra  (� Fig. 27.13b).
The  apical ver tebra  is the  m ost  crit ical ver tebra  in  a  curve, and
as  such, it  is  prone  to  deform ation  if a  long m om ent  arm  (i.e.,
via  an  im plant  and/or  fusion)  is  extended  to  that  level
(� Fig. 27.13c). This  is  also  true  for  coronal  plane  deform ities
(� Fig. 27.13d, e). It  is em phasized  that  both  the  apices and  the
neutral regions of a  curvature  m ay occur  at  a  disc space, rather
than  at  a vertebra. For sim plicity, the vertebra that  m ost  closely
approxim ates  one  of these  locales  is  considered  herein  as  the
apical or  neutral “location.” It  is ideal to extend  a fusion  to both
a neutral AND a stable vertebra (� Fig. 27.13f). The stable verte-
bra  is  defined  as  the  thoracic or  lum bar  vertebra  that  is  posi-
tioned  rostral  (or  caudal)  to  a  scoliotic curve  and  that  is  m ost
closely  bisected  by  the  central  sacral  line, assum ing  that  the
pelvis is level.

Finally,  the  cervicothoracic  and  thoracolum bar  junct ion
regions  are  prone  to  deform ity  and  deform ity  progression  if
im plants  are  placed  to,  but  not  beyond,  these  regions
(� Fig.  27.14a,  b).  Despite  the  fact  that  these  regions  usually

Fig. 27.10  An apical vertebra occurs at  the horizon or apex of a curve,
be  it  in  the  (A) sagit tal or (B) coronal plane. It  is associated  with
adjacent  disc interspaces that  have the  greatest  segmental angulation
(α) of all the  interspaces in  the  curve, as depicted.  Fig. 27.11  A neutral vertebra is located between curves, be it in the (A)

sagit tal or (B) coronal plane. There is lit tle or no angulation at its rostral
and  caudal disc interspaces (β), as depicted.

Fig. 27.12  The location of apical vertebrae (arrows) can be assessed in
both the  (A) coronal and  (B) sagit tal planes.
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Table 27.1  Glossary of Terms

Angle  of trunk inclination  (ATI)  with  the  trunk flexed  to the  horizontal, the  angle  between  the  horizontal and  the  plane
across the  back at  the  greatest  elevation of a  rib  prominence  or lumbar prominence, as
measured  by an inclinometer (scoliometer)

Apical disc  in a curve, the disc most  deviated laterally from the vertical axis of the patient  that  passes
through the  sacrum, i.e. from  the  central sacral line

Apical vertebra  in a  curve, the  vertebra most  deviated laterally from  the  vertical axis that  passes through
the  patient’s sacrum, i.e. from  the  central sacral line

Apical vertebral/disc lateral deviation
(from  the  global vertical axis)

distance in millimeters from  the central sacral line to the midpoint  of the apical body/disc
(see Note 3). In a decompensated patient, the apical translation should be measured from
the central sacral line for the thoracolumbar and lumbar spine, and from the C7 plumb line
for the  thoracic spine

Café-au-lait  spots  light brown or black irregular areas of skin pigmentation with smooth margins. If 6 or more
are  1.5 cm  or more  in  diameter, neurofibromatosis is suggested

Central sacral line  the  vertical line  in  a  frontal radiograph  that  passes through the  center of the  sacrum
(identified  by suitable  landmarks, preferably on the  first  sacral segment)

Cervical scoliosis  scoliosis having  its apex at  a  point  between C1 and  the  C6-C7 disc

Cervical-thoracic scoliosis  scoliosis having  its apex at  C7, T1, or the  intervening  disc space

Chest  cage  asymmetry nonscoliotic  any clinical asymmetry of the  posterior chest  wall associated  with  a  radiographic Cobb
measurement  of < 10°

Chronologic definition  of idiopathic scoliosis presentations  infantile  scoliosis - presenting  from  birth  through age  2 + 11
juvenile  scoliosis - presenting  from  age  3  through age  9 + 11
adolescent  scoliosis - presenting  from  age  10  through age  17 + 11
adult  scoliosis - presenting  from  age  18  and  beyond

Compensation  the  vertical alignment  of the  midpoint  of C7 with  the  midpoint  of the  sacrum  in  the
coronal plane  (equates with  the  term  coronal balance)
i.e. horizontal distance  of the  C7 midpoint  from  the  central sacral line

Compensatory curve  a  minor curve  above  or below a major curve  that  may or may not  be  structural

Congenital scoliosis  scoliosis due  to  congenitally anomalous vertebral development

Curvature  measurement  Cobb method: angle between lines drawn on end plates of the end vertebrae (superior end
plate  of upper end  vertebra; inferior end  plate  of lower end  vertebra)

Decompensation  compensation  greater than  a specified  threshold  value

Double  structural scoliosis  a spine  with  two structural scolioses

Double  thoracic scoliosis  a  double  structural scoliosis with  the  apex of each curve  located  in  the  thoracic spine

End  vertebrae  the  vertebrae  that  define  the  ends of a  curve  in  a  frontal or sagit tal projection
cephalad  end  vertebra: the  first  vertebra in  the  cephalad  direction from  a  curve  apex
whose  superior surface  is tilted  maximally toward  the  concavity of the  curve
caudad  end  vertebra: the  first  vertebra in  the  caudad  direction  from  a curve  apex whose
inferior surface  is tilted  maximally toward  the  concavity of the  curve

Fixed pelvic obliquity  pelvic obliquity which  implies a  nonidiopathic diagnosis, or an  intrapelvic cause

Gibbus  a  localized  kyphosis

Hyperkyphosis  a  kyphosis greater than the  normal range

Hypokyphosis  a  kyphosis of the  thoracic spine  less than the  normal range

Hyperlordosis  a  lordosis greater than the  normal range

Hypolordosis  a  lordosis of the  cervical or lumbar spine  less than  the  normal range

Hysterical scoliosis  a  deformity of the  spine  that  develops as a manifestation  of a  conversion reaction

Idiopathic scoliosis  defined  radiographically as a lateral curvature  of the  spine  greater than or equal to  10°
Cobb with  rotation, of unknown etiology

Iliac apophysis  the  apophysis along  the  crest  of the  ilium

Inclinometer  an  instrument  used  to measure  the  angle  of trunk cage  inclination in  the  forward  bend
position
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Inflection vertebra  where  curves change  direction  from  convex to concave  and  vice  versa

Kyphosis  a posterior convex angulation  of the  spine. (For recommended  measurement  procedure,
see  Note  4.)

Kyphoscoliosis  a nonidiopathic scoliosis associated  with  an  area of true  hyperkyphosis

Lordoscoliosis  a scoliosis associated  with  an area of lordosis

Lordosis  an  anterior convex angulation of the  spine. (For recommended  measurement  procedure,
see  Note  4.)

Lumbar scoliosis  a scoliosis that  has its apex at  a point  between the L1-L2 disc space through the L4-L5 disc
space

Lumbosacral scoliosis  a scoliosis that  has its apex at  L5 or below

Major curve  the curve with the largest Cobb measurement on upright long casset te coronal x-ray of the
spine

Minor curve  any curve  that  does not  have  the  largest  Cobb  measurement  on upright  long  cassette
coronal x-ray of the  spine

Myopathic scoliosis  a scoliosis due  to a  muscular disorder

Neuromuscular scoliosis  a scoliosis due  to either a  neurologic or muscular disorder

Neuropathic scoliosis  a scoliosis due  to a  neurologic disorder

Neutral vertebra  a vertebra without  axial rotation (in reference to the most cephalad and caudal vertebrae that
are not  rotated in a  curve)

Nonstructural curve  a measured curve in the coronal plane in which the Cobb measurement  corrects past  zero
on supine  lateral side  bending  x-ray

Paravertebral height  difference  with  the  trunk flexed  to the  horizontal, the  difference  in  height  (in  millimeters) between
two points on the  posterior rib  cage. The  two points are  identified  as (1) the  most
prominent point (2) a point on the opposite side of the back, at an equal distance from the
midline

Pelvic inclination  deviation of the  pelvic outlet  from  the  vertical in the  sagit tal plane. Measured as an angle
between the line from  the top of the sacrum  to the top of the pubis, and a horizontal line
perpendicular to  the  lateral edge  of the  standing  radiograph

Pelvic obliquity  angulation of the  pelvis from  the  horizontal in  the  frontal plane, possibly secondary to  a
contraction below the  pelvis, e.g. of the hip  joint. If this angulation is due  to a leg  length
inequality, then  the  leg  lengths should  be  equalized  to create  a level pelvis for
measurement  purposes

Pelvic axial rotation  rotation of the  pelvis in  the  transverse  plane  around  the  vertical axis of the  body

Radiographic plumb line  the  vertical line  drawn on  a  radiograph that  is used  to  measure  compensation

Regional apical vertebral translation  distance  in  millimeters from  the  line  joining  the  midpoints of the  upper and  lower end
vertebrae  of the  measured  curve  to the  midpoint  of the  apical vertebral body or disc

Rib  rotational prominence  the  prominence  of the  ribs best  exhibited  on  forward  bending

Risser sign  in the frontal plane x-ray of the pelvis, the state of ossification of the iliac apophysis used to
denote the  degree  of skeletal maturity: 0-no evidence of ossification of the  apophysis; 1–
25% excursion; 2–50% excursion; 3–75% excursion; 4–100% excursion; 5-fusion  of the
apophysis to the  iliac crest

Sacral inclination  the angle between the line along the posterior border of S1 and the vertical lateral edge of
a lateral standing  radiograph  (or between perpendiculars to these lines)

Sacral obliquity  an angular deviation of the sacrum from the line drawn parallel to a line across the femoral
heads on a supine  AP view of the  sacrum

Sagit tal spinal balance  alignment  of the  midpoint  of the  C7 body to the  posterior superior corner of the  sacrum
on an  upright  long  casset te  lateral radiograph  of the  spine

Scoliosis  a lateral curvature  of the  spine

Skeletal age  the  age  obtained  by comparing  PA x-ray of the  left  wrist  and  hand  with  the  standards of
the  Gruelich and  Pyle  atlas

Stable  vertebra  the thoracic or lumbar vertebra cephalad to a lumbar scoliosis that  is most closely bisected
by a  vertically directed  central sacral line  assuming  the  pelvis is level

Structural curve  a measured  spinal curve  in  the  coronal plane  in  which  the  Cobb measurement  fails to
correct  past  zero  on supine  maximal voluntary lateral side  bending  x-ray
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encompass  a  neutral  vertebra  in  the  sagittal  plane,  the  disc
spaces  adjacent  to  these  neutral  vertebrae  are  not  parallel  to
the floor  in  the standing position. This angulat ion  causes trans-
lation  and  angular  stresses  (component  vectors) to  be  applied.
This is  part icularly true  in  the  cervicothoracic region, in  w hich
the  angles  are  greater  and  the  vertebrae  sm aller. Longer  con-
structs  m ay  therefore  be  required.  Hence,  in  addition  to  the
caut ion  applied  to term inating long constructs in  these regions,
stabilization  and  fusion  procedures should  be  considered  as an
adjunct  to  lam inectomy in  the  cervicothoracic region . Of note,
the  cervicothoracic  junct ion  is  a  true  junct ion . It  is  associated
w ith  an  abrupt  change  in  m orphology—w ith  the  addition  of
ribs at  T1  being of par ticular  note. The thoracolum bar  region  is
m ore  of a  “zone” w ithin  w hich  there  exists  a  very gradual loss
of rib  stabilization  (via floating and  then  no ribs) and  a gradual
change  in  vertebral  size. Therefore, use  of  the  thoracolum bar
junct ion  as  a  “site  for  im plant  term ination” is  rather  nebulous
and  precarious. Much, however, is  yet  to  be  learned  regarding
the nuances of instrum entation  term ination  in  the thoracolum -
bar junct ion  (zone).

27.3  Spinal Pelvic Param eters
A consideration  of the  sacropelvis  in  any  discussion  of spinal
deform ity is im perative. The anatom ical and pathologic nuances
of th is region  are substantial and  crit ical to an  understanding of

deform ity and  its  appropriate  correction. To  begin  sim ply, one
m ay best  consider  the  sacropelvis  as  a  vertebra. Dubousset, in
fact, considered  it  as  such  and  term ed  it  the  pelvic  vertebra .2

The pelvic vertebra m ay be angled or t ilted dorsally or ventrally.
The angle of the pelvis, or  rather  the pelvic vertebra, a ects the
ent irety  of the  spine. The  t ilt  of the  pelvis  (or  pelvic vertebra)
a ects the m ore rostral segm ents in  a m anner sim ilar  to a chain
react ion,  as  do  alterations  of  spinal  alignm ent  at  any  level
(� Fig. 27.15). In  th is  regard, Sm ith  et  al observed  an  improve-
m ent of cervical alignm ent after the correction  of global sagit tal
balance follow ing pedicle subtraction  osteotomy.12 Others have
dem onstrated  the  im portance  of  considering  sagit tal  balance
for  cervical deform ity and  deform ity correct ion.13 In  asym pto-
m atic adults, the neutral upright  sagittal balance is m ain tained,
w ith  a significant  variation  in  the undulation  of the lordotic and
kyphotic  regional  curves.14 The  m ajority  of  asym ptom atic
adults  are  able  to  m aintain  their  norm al sagittal alignm ent  as
they age. Loss of lum bar  lordosis is  the  m ost  com m on  etiology
for  loss  of  such  alignm ent.  Surgeons  should  act  accordingly
w hen perform ing lum bar spine surgery.15

Of final note  here  is that  spinopelvic param eters vary am ong
ethnic groups.16 This should  be  taken  in to  consideration  in  the
clin ical arena.

Glassm an et al observed that as the plum b line shifts forward,
disability  increases  and  quality  of  life  decreases.17 This  can
be  a ected  by the  t ilt  of the  pelvic ver tebra  and  the  e ects  of

Thoracic scoliosis  a scoliosis that  has its apex at  a point  between the T2 vertebral body through the T11-T12
disc

Thoracogenic scoliosis  spinal curvature  at tributable  to disease  or operative  trauma in  or on the  thoracic cage

Thoracolumbar scoliosis  a  scoliosis with  its apex at  T12, L1, or the  intervening  T12-L1 disc

Vertebral axial rotation  transverse  plane  angulation  of a  vertebra; one  method  of measurement  is with  the
Perdriolle  technique  (in  degrees)

Vertebral tilt  vertebral angulation  to the  horizontal in  the  coronal plane, measured  from  specified
landmarks on the vertebra in a standing radiograph (normally lines drawn on the upper or
lower end  plate)

Source: Used with permission of the Scoliosis Research Society: SRS Terminology Committee and Working Group on Spinal Classification Revised Glossary
of Terms by the  SRS Working  Group  on 3-D Classification and  SRS Terminology Committee, March  2000.
Note  1:
Drawing  curve  (Cobb) measurements. The  major curve should  be  measured first. It  is normally measured from  the  superior end plate  of the  upper end
vertebra to the inferior end plate  of the lower end vertebra. Minor curves above or below the major curve will utilize  the same upper or lower inflection
vertebra.
If the  end  plates cannot  be  visualized, then the  inferior portion  of the  pedicles should  be  utilized  as landmarks.
In congenital curves, it  may be  necessary to draw a perpendicular line to the lateral aspect  of the vertebral body to determine the upper and lower end
vertebra tilt.
Note  2:
Radiographic plumb line. The  preferred technique  involves drawing a vertical line up from  the midpoint  of the sacrum  and measuring the distance from
this line  to the  C7 vertebral body center in  millimeters. The  alternate  technique  involves drawing  a  vertical line  or dropping  a plumb line  from  the  C7
spinous process down to the sacrum, with the distance to the midpoint  of the sacrum  measured in millimeters. In both instances, it  is assumed that  the
vertical edge  of the  radiograph  is a true  vertical.
Note  3:
The  midpoint  of a  vertebra body/disc is determined  by drawing  a cross (X) in  the  body/disc.
Draw a line  from  the  upper left  corner to  the  lower right  of the  body/disc and  a line  from  the  upper right  to  the  lower left  of the  body/disc. The
intersection  is the  midpoint.
Note  4:
The recommended measurement  of thoracic kyphosis from  a lateral radiograph is the  angle  between the  superior end plate  of the  highest  measurable
thoracic vertebra, usually T2  or T3, and  the  inferior end  plate  of T12.
The recommended measurement of lumbar lordosis from a lateral radiograph is the angle between the superior end plate of L1 and the superior end plate
of S1.
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congenital and  aging-related  param eters. Blondel et  al sim ilarly
em phasized  the  im portance  of complete  sagittal plane  deform -
ity correction  if the optim ization  of health-related quality of life
is  the  goal.18 Sim ilarly,  uncorrected  sagittal  plane  im balance
predisposes  to  sym ptom atic  instrum entation  failure.19 Hence,
deform ity entails disability and  adversely a ects quality of life,
as  well  as  the  success  of surgical  procedures. Obviously, prior
surgery can  have a profound e ect on  sagittal alignm ent .

The  sagittal alignm ent  of the  spine  is  critical regarding both
the  determ ination  of surgical  strategy  and  quality  of  life  and
disability.20,21 It  therefore  becom es  imperative  to  understand
the  etiologic factors  and  underlying param eters  that  a ect  the
curvature  of the  spine.22–27 In  order  to enhance understanding,
each  param eter is presented individually, and then  the param e-
ters are considered collectively.

27.3.1  Pelvic Incidence
Pelvic  incidence  is  defined  as  the  angle  betw een  a  line  joining
the  m iddle  of the  sacral end  plate  to  the  center  of the  femoral
head  (fem oral head  axis) and  a  line  drawn  perpendicular  to the
sacral  end  plate  (� Fig. 27.16). It  is  a  unique  param eter  that  is
specific for  each  individual. It  does  not  change  with  position  or
alterations  of  spatial  orientation.  The  greater  the  pelvic  inci-
dence, the  greater  the  pelvic tilt  and  the  greater  the  lum bar  lor-
dosis,  thoracic  kyphosis,  and  cervical  lordosis. The  pelvic  inci-
dence has been  shown to be greater (significant  pelvic tilt) in  pa-
tients  w ith  spondylolisthesis.25 A sm all pelvic incidence  is  asso-
ciated  with  m inim al pelvic tilt  and  a  relative  loss of lum bar  lor-
dosis, thoracic  kyphosis, and  cervical  lordosis. Pelvic  incidence
helps define an  individual’s natural lum bar lordosis (see below).

Fig. 27.13  (A) A long  implant  should  usually not
terminate  at  or near an  apical vertebra. (B) A
longer implant  may be  required. (C) Spine
deformation at  the termini of the implant  is to be
expected if the implant  terminates at  the apex of
a curve. (D) This is also shown for correction of a
scoliotic deformity. (E) Note  the  postoperative
progression of deformity. The implant  was placed
up to, but  not  beyond, the  apical vertebra. (F)
The  stable  vertebrae  (arrows) are  located  at  the
juncture  of the central sacral line and the termini
of a  curve.
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Fig. 27.14  The  (A) cervicothoracic and  (B) thoracolumbar regions
(dashed lines) are  prone  to further deformation if an  implant  is
terminated there. Because of the translational nature of these regions,
as well as the fact  that  the disc interspaces within them are not parallel
to the  ground  (in  the  standing  position), translational and  angular
force  vectors are  applied. Fusions that  end  within  these  regions are
prone to angular deformation. Fusion and instrumentation procedures
that  extend  beyond (and  not  to) this region, particularly if a
laminectomy has been performed, are  optimal.

Fig. 27.15  The  pelvic vertebra. In  this illustration, the  sacropelvis is
depicted  as a single  terminal vertebra. (A) A normal configuration. (B)
If the  lumbosacral (L5–S1) joint  is relatively horizontal to  the  floor, a
loss of the  normal alternating  lordosis with  kyphosis is observed. (C)
When there  is a  significant  tilting  of the  lumbosacral joint, an
exaggeration  of the  natural lordosis and  kyphosis may be  seen.

Fig. 27.16  Pelvic incidence  is defined as the  angle  between a line
joining the  middle  of the  sacral end plate  to the  center of the femoral
head  (femoral head axis) and a line  drawn perpendicular to the  sacral
end  plate, as depicted.

Fig. 27.17  Pelvic tilt  is the  angle  between a  vertical reference  line
drawn from  the  center of the  femoral head  (femoral head  axis) and  a
line  drawn from  the femoral head (femoral head axis) to the  midpoint
of the  sacral end  plate, as depicted.
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27.3.2  Pelvic Tilt
Pelvic t ilt  is a  m easure  of the  degree  of pelvic retroversion . It  is
the angle betw een  a vert ical reference line draw n  from  the cen-
ter  of the  fem oral  head  (fem oral  head  axis)  and  a  line  draw n
from  the  fem oral head  (fem oral head  axis)  to  the  m idpoint  of
the  sacral  end  plate  (� Fig. 27.17). As  opposed  to  pelvic  inci-
dence, pelvic t ilt  is a ected by position. It  is a compensatory pa-
ram eter. Pelvic  t ilt  norm ally  ranges  from  10  to  25  degrees. If
these param eters are exceeded (e.g., a pelvic t ilt  greater than  25
degrees), the  patient  m ay be  at  the lim it  of h is or  her  ability to
sagittally compensate.23Hence, pelvic tilt  correlates w ith  energy
expended to m aintain  an upright  posture.

27.3.3  Sacral Slope
Sacral slope is defined  as the  angle betw een  a line draw n  along
the sacral end  plate  and  the horizontal (� Fig. 27.18). Sim ilar  to
pelvic  t ilt , sacral slope  is  a ected  by  position . It  is, likew ise, a
com pensatory param eter. Norm al sacral slope  ranges from  30
to  50  degrees. If a  steep  sacral slope  is  presen t , an terior  lum -
bar  in terbody fusion  (ALIF) m ay be  con traindicated, although
not  absolutely.28 Th is  is  so  because  of the  steep  angle  of the

lum bosacral  junct ion , w h ich  exposes  an  in terbody  device  to
extrem e shear  forces.

27.3.4  Spinal Pelvic Param eters
Considered Collect ively
The  pelvic incidence  is  equal to  the  pelvic t ilt  p lus  the  sacral
slope  (Pelvic  Incidence  ¼  Pelvic  Tilt  þ  Sacral  Slope).  Th is
sim ply  represen ts  a  geom etr ic  calcu lat ion  or  phenom enon
(� Fig. 27.19). Clin ical  relevance, how ever, is  ach ieved  w hen
the  aforem entioned  param eters are  considered  in  the  con text
of  an  overall  deform it y.  To  assist  w ith  th is  considerat ion ,  a
general ru le  of thum b is helpfu l:

Equation  (23)

Lumbar Lordosis ¼ Pelvic Incidence þ 9 degrees

A sim ple  restoration  of sagittal alignm ent  alone  m ay not  al-
ways  represent  the  optim al  treatm ent  strategy  w hen  recon-
struct ive spine surgery is being considered. Osteotom ies can  be
used  to  achieve  th is, but  if the  patient  is  m axim ally  compen-
sated, as assessed by the observation  of a pelvic t ilt  greater  than

Fig. 27.18  Sacral slope  is the  angle  between  a  line  drawn along  the
sacral end  plate  and  the  horizontal.

Fig. 27.19  Spinal pelvic parameters. All three  spinal pelvic parameters
(pelvic incidence, pelvic tilt, and  sacral slope) and  their relationships
are  depicted. Pelvic Incidence = Pelvic Tilt + Sacral Slope
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25 degrees and  a  decreased  sacral slope, the  pat ient’s ability to
extend  after  the  procedure  rem ains  lim ited. An  overcorrection
m ay be  appropriate  in  such  a  pat ient, thus  leaving the  pat ient
w ith  a reserve, if you  w ill, for  extending the spine. Schwab et  al
suggest  that  patients w ith  large  spinopelvic deform it ies should
perhaps  be  overcorrected  via  m ore  extensive  osteotom ies  or
additional  correct ive  procedures  beyond  standard  correct ive
osteotom ies in  order to avoid undercorrect ion.29

Individuals w ith  a  large  pelvic incidence  tend  to have  a  rela-
tively horizontal sacrum  (large  sacral slope), w ith  an  accom pa-
nying significant  lum bar  lordosis, thoracic kyphosis, and  cervi-
cal lordosis. The converse is also true (� Fig. 27.20).

Pelvic incidence  and  pelvic t ilt  essentially  “define” the  ability
of an  individual to  compensate  for  sagittal im balance. An  indi-
vidual w ith  relatively norm al spinal curvatures  (lum bar  lordo-
sis, thoracic kyphosis, and  cervical lordosis) m ay be  grossly out
of balance  if the  pelvic  t ilt  is  sm all, resulting  in  a  large  sacral
slope. Another  individual w ith  a  large  pelvic tilt  (> 25  degrees)
m ay have a norm al sagittal alignm ent  and  balance but  be at  the
edge of compensation . Pelvic t ilt  is, indeed, a compensatory pa-
ram eter. Hence, if a  superimposed  loss  of sagittal  balance  oc-
curred in  the latter scenario as a consequence of progressive de-
generat ive  changes and  a  deform ity correction  procedure  were
to be  perform ed, overcorrect ion  m ight  be  in  order  to provide  a
reserve  via  a  decrease  in  pelvic  t ilt  (at  the  expense  of an  in-
creased  sacral  slope)  to  a  m ore  norm al  range  (< 25  degrees;

Fig. 27.20  (A) Individuals with  a large  pelvic incidence  tend  to  have  a
relatively horizontal sacrum (large sacral slope), with an accompanying
significant  lumbar lordosis, thoracic kyphosis, and  cervical lordosis, as
depicted. (B) The  converse  is also  true  (B)  Fig. 27.21  (A) An individual with  a  relatively normal spinal curvature

(lumbar lordosis, thoracic kyphosis, and  cervical lordosis) may be
grossly out of balance if the pelvic tilt  is small, resulting in a large sacral
slope. (B) Another individual with a large pelvic tilt  (> 25 degrees) may
have  normal sagit tal alignment  and  balance  but  be  at  the  limit  of
ability to compensate. Hence, if sagit tal balance were to be lost  in such
an individual, overcorrection of the deformity might be in order so that
a  “reserve” for compensation was created.

Fig. 27.22  The King classification scheme for idiopathic scoliosis40. (A)
Type I: a double concave curve in which the lumbar curve is larger and
more rigid than the thoracic curve. (B) Type II: a double concave curve
in which the thoracic curve is more rigid. (C) Type III: a thoracic curve.
(D) Type IV: a long thoracic curve that  tilts into the curve. (E) Type V: a
double  thoracic curve  that  tilts into the  concavity.
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� Fig. 27.21). The prediction  of postoperative sagit tal alignm ent
preoperatively is key.30 An  understanding of the  complex in ter-
play  betw een  alignm ent  and  spinal  pelvic  param eters  is  crit-
ical.2,22,23,25 Am es  et  al  have  provided  a  very  inform ative  in-
depth  review  of  the  deform ity  correction  decision-m aking
process  and  the  im pact  of spinopelvic alignm ent  on  th is  proc-
ess.31 Such  variables m ay also a ect  the  success of long fusions
to  L5  and  help  determ ine  the  indications  for  ending  such  fu-
sions at  L5 or extending them  to the sacrum  or the pelvis.32

Postoperative  spinal pelvic param eters  such  as, m ost  notably,
a  large  pelvic incidence  and  sm all lum bar  lordotic angle  are  as-
sociated  w ith  a  greater  risk  for  adjacent  segm ent  stresses  and
degenerative changes.33–39 Specifically regarding the lum bar lor-
dotic angle, the m aintenance of lum bar lordosis following fusion
results  in  a  dim inished  incidence  of adjacent  segm ent  stresses
and  instability in  comparison  w ith  a kyphotic spine.34,35

27.4  Clinically Relevant  Deform it y
Classificat ion Schem es
It  is im portant  to consider  the fundam ental categories in  w hich
complex deform ities fall. Category-specific treatm ent  strategies
(w ithin  reason) can  then  be devised.

Com plex  spine  deform it ies  can  be  divided  in to  dist inct
categories. King and  colleagues  divided  coronal plane  deform -
ities in to five  categories (� Fig. 27.22).1,40 These deform it ies are
m ultiplanar, as is their degenerative counterpar t  (i.e., degenera-
tive  rotatory  kyphoscoliosis). The  m anagem ent  of these  com -
plex deform it ies di ers, depending on  the curve type and  other

Fig. 27.23  Complex deformity definition may be
enhanced  with  additional use  of the  scheme  of
Lenke. This scheme emphasizes the  center sacral
line (CSL). (A) The CSL is between the pedicles up
to the  stable  vertebra with minimal or no lumbar
scoliosis (lumbar modifier A). (B) The CSL touches
the  apical vertebral body or pedicles (lumbar
modifier B). (C) The CSL does not touch the apical
vertebral body or the  bodies immediately above
and  below the  apical disc (lumbar modifier C).
Arrows denote  apical vertebrae. (Data  obtained
from  from  Lenke  et  al.41,42)

Table 27.2  Radiographic surgical structural criteria

Coronal
(side  bend)

Sagit tal
(upright)

Axial
(side  bend)

Proximal thoracic  ≥ 25 degrees  T2–T5 ≥ + 20
degrees

Main  thoracic  ≥ 25 degrees  T10–L2 ≥ + 20
degrees

Thoracolumbar–lumbar  ≥ 25 degrees  T10–L2 ≥ + 20
degrees

<Nash-Moe

Source: After Lenke  et  al.41,42

Table 27.3  Curve types 1 through 6

No.  PT  MT  TL/L  Curve  type

1  NS  S(M)  NS  Main  thoracic

2  S  S(M)  NS  Double  thoracic

3  NS  S(M)  S  Double  major

4  S  S(M)  S  Triple  major

5  NS  NS  S(M)  Thoracolumbar/lumbar

6  NS  S  S(M*)  Thoracolumbar/lumbar–main
thoracic

M, major (largest  curve); M*, TL/L curve > MT by 10  degrees; MT, main
thoracic; NS, surgical nonstructural; PT, proximal thoracic; S, surgical
structural; TL/L, thoracolumbar/lumbar. Source: After Lenke  et  al.41,42
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patien t-specific  characteristics. In  addition, t reatm ent  is  often
controversial.

Other  m ethods have been  used  for  the  defin ition  of complex
spine  deform ities.  Their  utilit y  is  enhanced  by  a  m eticulous
defin ition  of the  deform ity, such  as  the  schem e  described  by
Lenke  et  al.41,42 This schem e places strong em phasis on  the  po-
sition  of  the  lum bar  apical  vertebra  w ith  respect  to  the  CSL,
both  before  and  after  surgery.41,42 It  has  been  validated  clin i-
cally  (� Fig. 27.23).43 � Table  27.2,  � Table  27.3,  � Table  27.4,
� Table  27.5, and  � Table  27.6  portray object ive  guidelines  for
using th is schem e in  operative decision  m aking.

The  aforem entioned  deform ity  classificat ion  schem es  were
designed  for  pediatr ic and  adolescent  scoliosis. They were  use-
ful predom inantly  for  determ ining  the  levels  of fusion  and  fu-
sion  term ini. Adult  and degenerative deform it ies are not  always
served  well by these  schem es. Three  separate  additional classi-
fication  schem es  have  been  devised  to  address  adult  deform -
ities:  the  schem es  of Aebi,44 Schwab  et  al,45 and  the  Scoliosis
Research  Society. The Aebi schem e divides deform it ies in to four
types, based on  etiology (see � Table 27.6).44

Schwab  et  al in troduced  a  schem e  that  derived  classification
criteria from  a prospective study of a large patient  population.45

They categorized  patients  in to  five  groups, based  on  the  loca-
tion  of the  apex  of the  m ajor  curve, and  further  subclassified
them  on  the  basis  of two m odifiers:  degree  of lum bar  lordosis
and  subluxat ion. Finally, a  th ird  m odifier, global  balance, was
added (� Table 27.7).46–49

Most  deform ities are  associated  w ith  a  prim ary and  a  secon-
dary (compensatory) component. The  secondary component  is
indeed  compensatory if it  occurs  as  a  response  to  the  prim ary
curve.  This  is  a  m anifestat ion  of  the  attempt  by  the  spine
and  the  nervous  system  to  “right”  them selves  in  order  to
achieve  balance.  The  aforem entioned  schem es  are  included
herein  for completeness, The surgeon should  use these schem es

Table 27.4  Surgical structural criteria

PT  ●  Side-bending  Cobb angle ≥ 25 degrees
●  T2–T5 kyphosis ≥ + 20 degrees

MT  ●  Side-bending  Cobb  angle ≥ 25 degrees
●  T2–T5 kyphosis ≥ + 20 degrees

TL/L  ●  Side-bending  Cobb  angle ≥ 25 degrees
●  T2–T5 kyphosis ≥ + 20 degrees

MT, main  thoracic; PT, proximal thoracic; TL/L, thoracolumbar/lumbar.
Source: After Lenke  et  al.41,42

Table 27.5  Treatment options according to curve type

Curve  type  Structural regions  Regions by
arthrodesis

Approach

1. MT  MT  MT  PSF or ASF

2. DT  PT, MT  PT, MT  PSF or ASF

3. DM  MT, TL/L  MT–TL/L  PSF

4. TM  PT, MT, TL/L  PT, MT, TL/L  PSF

5. TL/L  TL/L  TL/L  ASF or PSF

6. TL/L–MT  TL/L, MT  TL/L, MT  PSF

ASF, anterior spinal fixation; DT, double  thoracic; DM, double  major; MT,
main thoracic; NS, surgical nonstructural; PSF, posterior spinal fixation; PT,
proximal thoracic; S, surgical structural; TL/L, thoracolumbar/lumbar; TM,
thoracic major.
Source: After Lenke  et  al.41,42

Table 27.6  Potential for curve progression

Type  Descript ion  Etiology  Problem  located
in  the  spine

Problem  located
beyond the spine

Type  I  Primary degenerative  scoliosis (de  novo scolio-
sis), mostly lumbar or thoracolumbar; curve
apex at  L2–3 or L4 most  frequently

Asymmetric disc degeneration  and  facet  joint
degeneration

+

Type  II  Progressive  idiopathic scoliosis of the  lumbar
and/or thoracolumbar spine  (e.g., double  major
curve)

Idiopathic scoliosis present  since  adolescence  or
childhood, progression due  to  mechanical rea-
sons or bony and/or degenerative  changes

+  ?

Type  III(a)  Secondary adult  scoliosis, mostly thoracolumbar
or lumbar/lumbosacral

Secondary to  an  adjacent  thoracic or thoraco-
lumbar curve  of idiopathic, neuromuscular, or
congenital origin
Obliquity of the  pelvis due  to  leg  length
discrepancy or hip  pathology with  secondary
lumbar/thoracolumbar curve
Lumbosacral transitional anomaly

+  +

Type  III(b)  Deformity progression  mostly due  to  bone
weakness (e.g., osteoporotic fracture  with  sec-
ondary deformity)

Metabolic bone  disease, osteoporosis  +  +

Source: From  Aebi,44 with  permission  of Springer-Verlag.
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to  categorize  patients  in  such  a  m anner  as  to  facilitate  the  de-
term ination  of clin ical strategy.

27.5  Region-Specific St rategies
Because each  region  is un ique, a consideration  of region-specif-
ic strategies is appropriate. Therefore, the follow ing regions are
addressed  separately:  (1) cran iocervical and  upper  cervical, (2)
cervical, (3) cervicothoracic, (4) thoracic, (5) thoracolum bar, (6)
lum bar, and (7) lum bosacral.

It  is  clearly beyond  the  scope  of th is  book to  discuss  techni-
ques or  even  clin ical strategies  in  an  in-depth  m anner. Biom e-
chanical and  geom etric  principles  are  thus  em phasized. Many
treatises and  texts are available regarding the clin ical aspects of
deform ity  correct ion. They should  be  accessed  for  m ore  infor-
m ation  regarding clin ical decision  m aking. Finally, because  the

biom echanical considerations  of som e  techniques, such  as  os-
teotomy and the m anagem ent of complex spinal curvatures, are
not  necessarily region-specific, they are  considered  in  the  final
sect ion.

27.5.1  Craniocervical Junct ion and
Upper Cervical Spine
The  craniocervical junct ion  and  upper  cervical spine  are  prone
to rotatory, coronal plane, and  sagittal plane  (usually kyphosis,

Table 27.7  Guide to the classification system, including curve type and three sagit tal modifiers

Coronal curve  t ypes  Sagit tal modifiers

T: Thoracic only
with  lumbar curve < 30 degrees

PI minus LL  0: within  10 degrees
+ : moderate  10–20 degrees
+ + : marked > 20 degrees

L: TL/L only
with  thoracic curve < 30 degrees

Global alignment  0: SVA< 4 cm
+ : SVA 4–9.5 cm
+ + : SVA> 9.5 cm

D: Double  curve
with  T and  TL/L curves >30 degrees

PT  0: PT< 20 degrees
+ : 20–30 degrees
+ + : PT>30 degrees

N: No major coronal deformity
with  all coronal curves < 30 degrees

LL, lumbar lordosis; PI, pelvic incidence; PT, pelvic tilt; SVA, sagit tal vertical axis; T, thoracic; TL/L, thoracolumbar/lumbar.
Source: From  Schwab  et  al,45 with  permission  of Lippincott  Williams & Wilkins.
Curve  type  T: Patients with  a  thoracic major curve  of greater than  30  degrees (apical level of T9  or higher) are  classified  with  curve  type  T.
Curve type L: Patients with a lumbar or thoracolumbar major curve of greater than 30 degrees (apical level of T10 or lower) are classified with curve type
L.
Curve  type  D: Patients with  a  double  major curve, with  each  curve  greater than  30  degrees, are  classified  with  curve  type  D.
Curve  type  N: Patients with  no coronal curve  greater than 30 degrees (i.e., no  major coronal deformity) are  classified  with  curve  type  N (normal).

Fig. 27.24  (A) The craniocervical junction and upper cervical spine are
exposed  to multiple  deformations, as depicted  (arrows). (B) Rotatory
injuries result in a particularly unique set of challenges. (C) Imaging can
assist  with  the  nonoperative/operative  decision-making  process. Of
particular note is that  lateral inclination of the axis is associated with a
poor chance  for reduction, thus necessitating surgery.

Fig. 27.25  The  correction  of craniocervical and  upper cervical defor-
mations may be  achieved  via  a distraction mechanism, as depicted.
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spondylolisthesis, and subsidence) deform ations (� Fig. 27.24a).
Axial and  distraction  injuries have been  outlined  and  addressed
in  Chapter 6. Rotatory injuries result  in  a particularly unique set
of challenges  (� Fig. 27.24b). Im aging can  assist  w ith  the  non-
operative and/or operative decision-m aking process. Of part icu-
lar  note  is  that  lateral inclination  of the  axis  on  three-dim en-
sional  com puted  tom ographic  (CT)  reconstructions  is  associ-
ated  w ith  a  poor  chance  for  reduct ion  or  the  m aintenance  of
reduct ion  if achieved  via  closed  m eans  (� Fig. 27.24c). This  is
likely  due  to  deform ation  of the  facet  articu lations.50 In  such
cases, open  reduct ion  and  stabilization  m ay be  required. These
deform ations  can  often  be  corrected  by  nonoperative  strat-
egies, as  stated,51 including distract ion , C1–C2  fixation  techni-
ques  (see  Chapter  20),52 and  occipitocervical  fixation
(� Fig. 27.25 and � Fig. 27.26). Goel has in tensively studied  and
published  on  the  m echanics  of C1–C2  pathology, par ticularly
C1–C2  rotatory  subluxation  and  basilar  invagination,  and  of
C1–C2  fixation .52–56 Others  have  addressed  th is  topic  as  well,
part icularly  in  the  pediatric  population.57–61 Angular  bending
m om ent  application  m ay  be  required  to  prevent  rotation  (i.e.,
w ith  transar ticular  C1–C2 screw  fixation;  see  � Fig. 27.26). Oc-
casionally, a ventral (e.g., transoral) spinal canal decompression
is required  for  the release of a dislocated  C1–C2 join t.62 Sagittal
balance  m ust  be  carefully  considered  during  the  decision-
m aking process.9

27.5.2  Cervical Spine Deform it ies
Cervical spine deform ity correct ion  strategies are di eren t  from
those  used  in  the  thoracic and  lum bar  spine. This is so because
of the ease of surgical access to the ventral and dorsal aspects of
the  cervical  spine  and  the  relatively  poor  fixation  points  em -
ployed in  the cervical spine, am ong other factors.

Coronal Plane Cervical Spine Deform it ies
Fortunately, cervical spine  scoliotic deform ities  are  not  a  com -
m on  problem .  Concave  distraction  and  convex  compression
(� Fig. 27.27) or  derotation  (� Fig. 27.28) are  uncom m only em -
ployed  in  th is  region. Both, though, m ay  be  applied  from  the
ventral or  dorsal approach. The em ploym ent  of rod–screw  con-
structs in  cervical spine  surgery has facilitated  these  strategies
(see � Fig. 27.27 and � Fig. 27.28). Unfortunately, the use of pol-
yaxial screw  heads dim inishes the e cacy of such strategies.

Sagit tal Plane Cervical Spine Deform it ies
Sagittal  plane  cervical spine  deform ities  usually  consist  of ky-
phosis, subsidence, or  spondylolisthesis. They are  all relatively
com m on. However, because of their complexity, they are associ-
ated w ith  significant  surgical challenges.

Cervical Spine Kyphosis and Subsidence
Kyphotic  cervical  spine  deform it ies  are  a  com m on  m anifesta-
tion  of  the  spondylot ic  process.  They  often  accom pany  the
pathologic  en tity  of cervical  spondylotic  myelopathy. The  de-
generat ive (aging) process in  the cervical spine first  involves the
loss  of  ventral  disc  in terspace  height,  followed  by  vertebral
body  height  loss  (subsidence), and  so  on. This  process  is  self-
propagat ing because of the increasing length  of the applied m o-
m ent  arm  resulting  from  the  repetit ive  application  of  axial

Fig. 27.27  (A, B) Concave distraction and convex compression may be
used  to  correct  a  focal cervical scoliotic deformity.

Fig. 27.26  Angular (rotational) bending  moment  application (or
resistance) to the  craniocervical and  upper cervical spine  regions may
be  required  to correct  deformities. This is achieved  in  this case  with
C1–C2 transarticular screw fixation (to prevent  rotation) and  occiput–
C2 fixation  to prevent  flexion  and  extension.
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loads. This  creates  an  increasingly  large  bending m om ent  that
tends to exert  increasingly greater  adverse e ects on  the spinal
contour (� Fig. 27.29).

Cervical spine kyphosis can  be approached ventrally, dorsally,
or  via a com bined approach . The literature on  th is subject  is ex-
panding at  a  steady rate. This  is  likely due  to  the  uncertain ties
associated  w ith  determ ining the  “m ost  appropriate” strategy in
any  given  situation. Regardless, because  of th is  literature  and
the in terest generated  regarding the restoration  of kyphotic de-
form ity, significant  advances have been  m ade in  both  the cervi-
cal spine63–71 and the cervicothoracic junct ion.72,73

Fig. 27.28  (A, B) The  derotation maneuver can
be  used  with  new rod–screw fixation  systems to
correct  cervical scoliotic deformity, as depicted.

Fig. 27.29  The  aging  process affects the  cervical spine  (A) by causing
first  a  decrease  in ventral disc space  height  (B), then a  loss of ventral
vertebral body height  (C), and  so  on. The  moment  arm, d, applied  by
axial loads thus becomes longer and  longer (“deformity begets
deformity”). (D) Kyphotic deformation results,  as is illustrated  by a
clinical example.

Fig. 27.30  (A, B) Ventral approaches to kyphotic cervical spine
deformation  that  address both the  deformity and  neural compression
can  be  used  to treat  ventral neural compression, as depicted.
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Ventral  approaches  are  desirable  as  approaches  to  kyphosis
because  they  address  both  the  neural  compression  and  spine
deform ation  aspects of the  pathology. If deform ity correction  is
not  m andatory, a  ventral approach  for  decom pression  m ay be
all that  is necessary in  selected cases (� Fig. 27.30).

Ventral approaches to  the  cervical spine  provide  two advan-
tages  and  a  host  of disadvantages. Regarding  the  advantages,
they provide the opportunity to decom press the spine ventrally
(see � Fig. 27.30) and the ability to help  “relax” the spine via de-
compression  and/or  discectomy, so that  deform ity correction  is
facilitated (� Fig. 27.31).

The disadvantages include the often  suboptim al bony fixation
sites, a  poor  m echanical advantage, and  the  reliance  on  screw
fixation  as  the  only m edium  for  bony fixat ion . The  latter  is  fa-
cilitated  by the  use  of an  in term ediate  ver tebral body for  fixa-
tion .  When ,  for  example,  a  C4,  C5,  and  C6  corpectomy  is
planned, consideration  should  be  given  to  preserving  the  C5
vertebral  body  (or  another  in tervening  vertebral  body  or
bodies), thus perform ing a C4 and C6 corpectomy (� Fig. 27.32).
This provides (1) spinal cord decom pression  and an  appropriate
surgical  t rajectory  for  such  (� Fig.  27.33)  and  (2)  additional
in term ediate  fixat ion  poin ts  for  deform ity  correct ion  and
increased  securit y  of  fixat ion .  In  these  circum stances,  the

ver tebral  body  can  be  “brough t  to  the  con toured  im plan t”
if  bone  in tegrit y  is  adequate.  Other  st rategies  m ay  also  be
used  to  assist  w ith  the  kyphot ic deform it y  reduct ion  process
(� Fig.  27.34).  The  st rategy  of  bringing  the  sp ine  to  the

Fig. 27.31  (Arrows, A) Ventral cervical spine  decompression (discec-
tomy) can relax (release) the spine so that  a deformation is more easily
reduced  via  the  application  of forces—for example, (B) with  Caspar
distractors.

Fig. 27.32  (A) A C4–C6 ventral decompression can  be  accomplished
with a C4, C5, and C6 corpectomy. (B) This requires a C3–C7 interbody
strut, usually with  a  ventral bridging  implant. (C) Alternatively, an
intermediate vertebral body (e.g., C5) can be preserved. This facilitates
intermediate  fixation, as well as spinal cord  decompression. A C3–C5
and  a  C5–C7 interbody fusion  are  thus performed.

Fig. 27.33  A C3–C5 corpectomy and  a C5–C7 corpectomy, with
retention of the C5 vertebral body, provide an advantageous trajectory
for dural sac decompression (dashed lines), as well as an  intermediate
point  for fixation.
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con toured  im plan t  has  the  advan tages  of  (1)  addit ional
poin ts of fixat ion , (2) the  abilit y to resist  axial loads in  an  op -
t im al m anner  as  a  resu lt  of the  increased  num ber  of fixat ion
poin ts,  and  (3)  the  abilit y  to  resist  t ranslat ional  loads  by  a
th ree-poin t  bending  force  applicat ion  (see  Chapter  19  and
� Fig. 27.35). Adjunct ive  lateral m ass fixat ion  m ay be  alterna-

t ively or  addit ionally em ployed. It  p rovides m ult ip le  poin ts of
fixat ion ,  thus  ach ieving  resistance  to  t ranslat ional  loads  by
an  analogous th ree-poin t  bending (in term ediate  poin ts of fix-
at ion) m echan ism .

It  is  em phasized  that  dynam ic  constructs  o -load  stresses
at  the  screw–bone  in terface.  This,  w hen  em ployed  clin ically,

Fig. 27.34  (A) An intermediate  point  of fixation with  a ventral cervical spine  implant  can be  used  to correct  a  kyphosis during  (B) screw tightening.
(C, D) Additional adjunctive  techniques for deformity correction  include  the  use  of a  head  pillow or donut  (with  a  high  thoracic roll) after ventral
decompression and  the  use  of angled  (convergent) distractor pins (e.g., Caspar pins). (E, F) “Straightening” the  pins thus extends the  spine.
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fur ther  contributes to a  dim inished  incidence  of structural fail-
ure  (see  Chapter  22). Dorsal  approaches  m ay also  be  used  for
kyphotic  deform ation  reduct ion.74 They  can  be  used  to  apply
forces  that  are  sim ilar  to  those  of  the  crossed-rod  technique,
w hich  is  com m only  used  in  the  thoracic  and  lum bar  spine
(� Fig.  27.36).  Of  note,  sublam inar  w ire  techniques  were
supplanted  long  ago  by  hook–rod  and  screw –rod  techniques.
This  strategy,  however,  is  often  ine ect ive  unless  a  ventral
release p rocedure  is  perform ed  in  com bin at ion  w ith  th e  fix-
at ion  p rocedure  (� Fig.  27.37).  Lam in op last y  an d  lam in ec-
tom y  ten d  to  exaggerate  sagit t al  p lan e  deform at ion s  by
w eaken in g or  d isrup t in g  th e  dorsal t en sion  ban d .75 Th is  en -

cou rages  th e  use  of  fusion  in  selected  cases,  as  addressed
p reviously.

Cervical Translat ion and Coronal Plane
Deform it ies
Cervical spine subluxat ion  can  be m anaged by ventral or  dorsal
approaches. In  a  ventral  approach  to  locked  facet  join t  reduc-
tion,  the  locked  facet  joint  m ay  be  treated  w ith  discectomy,
angled  distraction  w ith  vertebral body pins, or  deform ity  cor-
rect ion  and  reduct ion  via  postural  techniques  (� Fig. 27.38).76

This  strategy  has  been  used  by  m any  surgeons  because  of

Fig. 27.35  (A) An intermediate point  of fixation can be used to resist  translational deformities via a three-point bending mechanism. (B) This results in
maximal bending moment  application at  the fulcrum, as depicted (C, D) clinically in a patient  with a kyphotic spine following multiple operations. (E)
The  strategies outlined  in  Fig. 27.27 were  used  to achieve  significant  deformity correction.
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the  fear  of an  inadvertent  retropulsion  of disc m aterial in to the
spinal canal if solely a dorsal approach or solely a closed distrac-
tion  approach  is used  (� Fig. 27.39)6 A curet  or  a  sim ilar  device
m ay be  used  as a lever  to assist  w ith  th is process (� Fig. 27.40).
Cloward, in  fact,  developed  a  tool  to  specifically  address  th is
technique for deform ity correct ion (� Fig. 27.41).

Dorsal cervical spine reduct ion  strategies often  require a par-
tial resection  of the  facet  joint  (facet  osteotomy), reduction  of
the  deform ity, and  in ternal fixation  (� Fig. 27.42). Facet  osteot-
omy (� Fig. 27.42c, d) is an  e ect ive m eans of “relaxing” a fixed
deform ity to enable deform ity correction . It  essentially involves
a t ransfacet joint  foram inotomy. Com plete disruption  of the fac-
et  join t  is  required  to  achieve  the  desired  destabilization. Any-
thing short  of a t ransfacet  (m edial to lateral) osteotomy w ill re-
sult  in  suboptim al  “relaxation .” This  m ay  be  used  at  m ultiple
levels  to  achieve  adequate  correct ion  of  deform ation .  Often,
spine  fixation  for  traum atic  facet  injuries  from  a  dorsal  ap -
proach  requires the  incorporation  of an  additional m otion  seg-
m ent  in to the fusion  because  of the traum atic or  iatrogenic de-
stabilization  of the facet joint  (� Fig. 27.43).

Cervical spine  coronal plane  deform ities  can  be  challenging,
as show n in  a case in  w hich  m ultiple facet  osteotom ies and sur-
gical reconstruct ion  were  perform ed  at  a  level other  than  that
of the deform ity (upper cervical spine; � Fig. 27.44).

A com bined  ventral–dorsal–ventral  approach  (540  degrees)
m ay  be  required  if ventral reduct ion  cannot  be  achieved. This
provides  ventral  decompression  and  both  ventral  and  dorsal
stabilization  (� Fig. 27.45).

27.5.3  Cervicothoracic Junct ion
The low  cervical and upper  thoracic spine is indeed a junct ional
region . The  natural cervical lordosis  t ransitions  in to  a  thoracic
kyphosis  in  th is  region . In  addition , the  sm aller,  unprotected
(by the rib cage) cervical vertebral bodies transit ion  to the larg-
er  thoracic vertebral bodies  that  are  protected  by the  rib  cage.

The  com bination  of the  aforem entioned  characteristics  m akes
this  region  d i cu lt  to  m anage  from  a  biom echan ical  per-
spect ive.  Th is  is  fur ther  com plicated  by  the  geom etric,  im -
plan t–bone  in terface  in tegrit y, and  ven tral  surgical exposure
problem s  observed  in  th is  region .  These  factors  have  been
aggressively studied .72,73 In  general, it  is  p ruden t  to  fuse  and
stabilize  cervicothoracic lam inectom ies  and  to  not  term inate
a  long in strum entat ion  const ruct  at  the  cervicothoracic junc-
t ion 77 (see  � Fig. 27.14e  and  � Fig. 27.46). Tradit ional  dorsal
crossed-rod  st rategies,  w ith  or  w ithout  ven tral  d ist ract ion ,
m ay be  used  in  th is  region  (� Fig. 27.47). Wire  or  cable  tech-
n iques  w ere  em ployed  in  years  gone  by. They  have  been  re-
p laced  by screw –rod  const ructs. The  principles, never theless,
rem ain  the  sam e.

The  cervicothoracic  junct ion  poses  significant  anatom ical
advantages  in  cases  of  severe  kyphosis.  Dorsal  access  to  the
ventral  spine  is  achievable  in  th is  region .  Recently  reported
m odifications  of  an  old  technique  provide  significant  advan-
tages regarding safe  osteotomy (pedicle subtract ion  osteotomy)
in  th is  region .78,79 Such  procedures  have  been  studied  biom e-
chanically.80

27.5.4  Thoracic Spine
The  thoracic spine  is  characterized  by relatively large  ver tebral
bodies that  are  protected  by the rib cage. The thoracic spine as-
sum es  a  relatively  sm ooth  bend  at  each  segm ental  level
throughout  its  length . The  natural dorsal tension  band  associ-
ated  w ith  the  ligam enta  flava, capsular  ligam ents, and  in terpi-
nous  ligam ents  provides  a  reign, of sorts, that  resists  kyphotic
deform ation. In terestingly, lam inectomy m ay not a ect  stability
and  prom ote kyphotic deform ation  as m uch  as once  thought.81

Thoracic deform it ies are often  complex, being composed of sag-
ittal plane  (e.g., kyphosis)  or  coronal plane  (e.g., scoliosis)  and
rotat ional components  (� Fig. 27.48). Entit ies  such  as  neurofi-
brom atosis  w ith  scoliosis  m ay be  particularly di cult  to  m an-
age because of m ultiplanar deform ations.82 Scoliotic deform it ies
have  a  substantial  o -axis  component—that  is,  a  significant
portion  of  the  curve  is  th rust  o  the  axis  of  the  m idsagittal
plane (axis of the spine) in  an  anteroposterior  view. This is akin
to  the  bucket  handle  analogy  presented  earlier  in  th is  chapter
(� Fig.  27.49).83,84 In  th is  case,  the  spine  m oves  laterally  (o 

Fig. 27.36  The  crossed-rod  technique  of three-point  bending  force
application for deformity reduction in  the  cervical spine. This can  be
applied  with  rods and  screws or, as depicted, with  rods and  wires or
cables.

Fig. 27.37  (A, B) A ventral release  (relaxing) procedure  must  often  be
performed before  a  dorsal deformity correction procedure. Note  that
the discs have been removed (release procedure). (C, D) Dorsal fixation
and  interbody fusion  may then  be  performed, thus reducing  the
deformity and  stabilizing  and  fusing  the  spine.
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Fig. 27.38  The  management  of a cervical dislocation with locked  facet  joint(s) by means of a  ventral technique. (A) A discectomy is followed by (B)
distract ion with a disc interspace spreader. This disengages the locked facet  joints. (C, D) Dorsal rotation and relaxation of the applied forces (after the
facets have been “unlocked”) result  in a resumption of the normal spinal posture. (E) Fixation and fusion in normal alignment  may then be achieved.
Caspar pins and  distractors can also  be  used. (F) Pins placed in  an angular orientation can be  used  to exaggerate  a kyphosis to disengage the  facet
joints, (G) thus permit ting  reduction. Removal of the  distractor and  pins then  restores normal spinal alignment. (H) Rotational deformity, such as
occurs with  a  unilateral locked  facet, can  be  reduced  by placing  Caspar pins out  of the  midsagit tal plane.
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axis). This m ay be  associated  w ith  back pain , and  correct ion  of
the  deform ity is associated  w ith  im provem ent.85 The  ver tebrae
rotate about the axis (as the grip of a bucket handle m ay rotate),
and  the lordotic curvature is lost  (as can  be seen  by view ing the
bucket  from  the  side). The  pedicles  are  often  deform ed, thus
complicating the use of pedicle screws.86 It  is em phasized that  a
relaxat ion  of m otion  segm ents  m ay be  required  to  achieve  ad-
equate  deform ity  correct ion. Such  release  procedures  m ay  be
accom panied  by  ventral  in terbody  fusion  (including  cages)  to
help  m aintain  the  deform ity correct ion  and  to  increase  the  ar-
throdesis rate (� Fig. 27.50).

The  load-sharing  classificat ion  schem e  of  McCorm ack  et  al
can  be  helpful  in  the  decision-m aking  process  for  evaluat ing
traum a  patients.87 This  is  part icularly so  for  the  determ ination
of  the  adequacy  of ventral  weight-bearing  structures. It  pro-
vides  insight  in to  the  assessm ent  of  the  ability  of an  injured
spine  to  eventually  reestablish  ventral  weight-bearing  ability.
This was addressed and illustrated in  Chapter 6.

Coronal Plane Deform it ies
Ventral, dorsal, and  com bined  surgical strategies  m ay  be  used
to correct  thoracic spine  coronal plane  deform it ies.88,89 Skeletal
m aturit y m ay be relevant  regarding the choice of ventral versus
dorsal procedures. Dorsal approaches for  patients younger  than
10  years  of  age  m ay  be  associated  w ith  unopposed  ventral
grow th  (crankshaft  phenom enon), resulting in  loss of the natu-
ral kyphosis.90 Com bined ventral and  dorsal procedures m ay be
considered  in  these  patients.  Concave-side  rib  resection  has
been  advocated and used to address cosm etic issues.91 In  gener-
al, ventral strategies usually use segm ental screws and  rods, ei-
ther  paired  or  single.92 The  perform ance  of  such  techniques
varies.93 The  instrum ents  are  placed  through  a  “tradit ional
thoracotomy” or  an  extrapleural  thoracotomy. The  screws  are
placed  on  the convex side of a scoliot ic curve. Com pression  and
distraction, the  crossed-rod  technique  (or  variant), the  derota-
tion  m aneuver, or  a  com bination  of strategies  m ay  be  used  to
reduce  the  deform ation  (� Fig. 27.51). As  a  rule  of thum b, the
fixation  poin ts are placed from  “neutral ver tebra to neutral ver-
tebra,” so  that  a  shorter  construct  can  be  used  than  in  equiva-
len t dorsal strategies (� Fig. 27.52).

Fig. 27.40  A curet  or similar device  may be  used  to  apply ventral and
dorsally directed  forces (straight  arrows) and  a  moment  arm  (curved
arrow) to assist  with  translational deformity reduction, as depicted.

Fig. 27.41  Ralph  Cloward  developed  an instrument  to  assist  with
cervical subluxation reduction via the  ventral approach, as depicted. It
provides translational reduction forces (straight arrows) and  the
opportunity to  apply a  bending  moment  (curved arrow).

Fig. 27.39  (A) If traction alone  or a dorsal reduction approach is used
for a  cervical dislocation, (B) retropulsion of disc material into the
spinal canal may occur.
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Fig. 27.42  (A, B) Dorsal cervical spine reduction strategies often require  partial facet  joint  resect ion (removal of the  superior articulating process) to
facilitate reduction, as depicted. The technique can be extended to achieve “relaxation” by performing a transfacet (medial to lateral) disruption of the
superior and  inferior articulating  process interfaces, as depicted  in  (C) a  computed  tomographic scan  and  (D) an intraoperative  photograph.

Deformity Prevention and Correct ion: Complex Clinical Strategies

379



Predom inantly because  of reliance  on  the  derotat ion  m aneu-
ver  as a  m ajor  correct ive force  and  its significant  e cacy w hen
applied  ventrally, ventral  techniques  tend  to  be  m ore  kypho-
genic than  dorsal techniques, although  the  placem ent  of cages
at  m ultiple levels and  increased  rod  diam eter can  be used  to in-
crease  sti ness and  the  chance  for  success.94 Other  techniques,
including  ver tebral  decancellation,95 can  be  used  to  enhance
correct ion. In  addition, dorsal approaches are  not  as precise  re-
garding  the  conversion  of  a  scoliosis  to  a  kyphosis
(� Fig. 27.53). Although  screw  fixation  would  in tuit ively  pro-
vide better control of fixation  than  hybrid  system s using hooks,
Hwang et al dem onstrated that  hybrid  constructs achieved sim -
ilar  outcom es, but  w ith  a greater  reliance on  concurrent  anteri-
or  releases and  thoracoplasties to  obtain  such  results.96 In  fact,
the  derotation  technique  em ployed  does not  appear  to  sign ifi-
cantly  alter  the  extent  of  deform ity  correct ion .97 Regardless,
surgical  outcom es  vary, depending  in  large  part  on  technique
and patien t-specific degenerative and geom etric factors.98–100

Dorsal  strategies  rely  on  the  sam e  basic  m aneuvers  as  do
their  ventral  counterpar ts.  The  rods  are  a xed  to  the  spine
w ith  hooks, screws, cables, or  w ires. Because  rotat ion  (and  sco-
liosis correct ion) is som ew hat  m ore di cult  to achieve dorsally,
longer constructs are often  used, w ith  a greater reliance on  con-
cave  dist ract ion  and  convex  compression .101 In  fact , adequate
correct ion  m ay not  be  achieved.102 This m ay have  adverse  con-
sequences, such  as  rod  fracture  or  accelerated  end-fusion  de-
generat ive  changes. The  incidence  of the  latter  m ay be  dim in-
ished by the use of cross fixation, larger-diam eter rods, external
im m obilization , and  procedures that  enhance correction.103 Re-
garding the enhancem ent of correct ion , lateral spine curvatures
cause  shear  force  application  that  tends  to  exaggerate  or  wor-
sen  the scoliosis.104 Regardless of the strategy em ployed  for de-
form ity correction, careful consideration  should  be given  to the
num ber  of levels  incorporated  in  the  construct. Screw  fixation
and  ventral reconstructions  can  be  used  to  shorten  constructs
(� Fig. 27.54).

Sagit tal Plane Deform it ies
Sagittal  plane  deform it ies  are  m ost  often  kyphotic  in  nature.
Their  assessm ent  and  quantification  are  crit ical.  For  thoraco-
lum bar  traum a,  m easuring  the  angle  from  the  superior  end
plate of the vertebral body one level above the injured vertebral
body to  the  in fer ior  end  p late  of the  ver tebral body one  level
below  m ay be  opt im al for  quan t ificat ion  and  characterizat ion
of the  deform ity.105 Crossed-rod  applied  bending  m om ents83

and/or  ven tral  in terbody  dist ract ion  m ay  be  used  to  correct
such  deform it ies  (� Fig. 27.55). Shor t-  or  long  segm ent  fixa-
t ion  techn iques  m ay  be  used  to  m ain tain  correct ion .  Long
constructs  are  m ore  e ect ive  because  of the  longer  m om en t
arm  (� Fig. 27.56). In  situ  rod  bending can  be  used  to  ach ieve
the  final  correct ion .  It  is  im portan t  to  rem em ber  that  th is
strategy can  p lace  sign ifican t  st ress on  the  im plan t , as well as
the  spine.106

Congenital  anom alies  can  pose  unique  challenges. A variety
of approaches to deform it ies associated w ith  hem ivertebra have
been  described. A dorsal approach  provides sign ifican t  advant-
age in  m ost cases.107

27.5.5  Thoracolum bar Junct ion
The  thoracolum bar  junct ion  is  a  transit ional  region. However,
the  vertebral bodies  are  large  and  not  located  at  the  apex of a
natural curve  in  the  sagit tal  p lane. The  st rategies  applied  for
both  coronal  and  sagit tal  p lane  deform it ies  are  sim ilar  to
those  applied  in  the  thoracic  region  (see  � Fig.  27.51,
� Fig.  27.52,  � Fig.  27.53,  � Fig.  27.54,  � Fig.  27.55,
� Fig. 27.56). Ven tral (or  dorsal) release  procedures w ith  ven-
tral  in terbody st ructural  st ru ts  m ay  help  provide  greater  de-
form ity  reduct ion  abilit y  and  m ain tain  correct ion .  They  can
be  perform ed  via  either  an  open  techn ique  or  endoscopi-
cally.108 Coronal p lane  deform ities  that  span  the  thoracolum -
bar  junct ion  are  usually  com plex.  They  often  require  the

Fig. 27.43  (A) Iatrogenic spine  destabilization, as
depicted  in  � Fig. 27.42  a, b, or trauma may
require  fixation  to three  instead  of (B) two
vertebral bodies. Obviously, the  length  of instru-
mentation (three spine segments) depicted in (A)
is less preferable  than that  (two spine  segments)
shown in (B). Facet joint disruption, however, may
preclude  a  two-segment  fusion.

Deformity Prevention and Correct ion: Complex Clinical Strategies

380



correct ion  of tw o or  m ore  curvatures and  therefore  long dor-
sal  fixat ion .  In  th is  vein ,  fusion  length  correlates  w ith  the
lim itat ion  of m otion  observed  below  the  fusion . Th is  is  par-
t icu larly so for  fusions extended  to L4 or  below.109

Dorsal  short-segm ent  fixation  has  been  used  w ith  variable
results.87,110 Although  appropriate  consideration  is  usually giv-
en  to sagittal balance, coronal plane balance m ust  not  be forgot-
ten . This m ay be  assessed  via CSL determ inations (� Fig. 27.57),
w hich  m ay help determ ine both  the length  and the type of fixa-
tion  used.

Adult  degenerative rotatory scoliosis can  be particularly di -
cult  to  m anage.111 Com orbidities  and  osteoporosis  are  signifi-
cant  confounding  factors. Predictors  of deform ity  progression
are thus valuable to help  select  candidates for surgery. These in-
clude  lateral spondylolisthesis  of the  apical ver tebrae, the  Har-
rington  factor  (Cobb angle  divided  by the  num ber  of vertebrae
in  curve), and  disc index (an  indication  of disc wedging w ith in
the  curve).112 In  addition  to  these  factors, Pritchett  and  Bortel
observed  that  passage  of the  in tercrest  line  through  L5  (rather
than L4) is associated w ith  deform ity progression.113

Fig. 27.44  Coronal plane  deformities can be  challenging. The  case  of a  middle-aged  woman with  neurofibromatosis and  multiple  prior surgical
procedures exemplifies (1) the employment  of deformity correction at  a level other than that  of the primary pathology, (2) the employment  of facet
osteotomies, and (3) an  emphasis placed on the  achievement  of coronal and  sagit tal balance. (A) A three-dimensional computed tomographic (CT)
reconstruction and (B) a cut  of a coronal CT angiogram  demonstrate  significant  upper cervical spine coronal plane  deformation and vertebral artery
ectasia in the presence of a solid fusion from the occiput to C2. (C) It  was felt  that  surgical correction of the occipitocervical deformity was too risky, so
facet  osteotomies were  performed from  C2–3 to C5–6. The head holder was then loosened and the  deformity corrected manually. (D) This position
was then  held  with  a lateral mass screw and  C2 laminar screw–rod  fixation. (E, F) Postoperative  radiographs demonstrate  the  alignment. (G) The
postoperative three-dimensional CT reconstruction demonstrates the alignment  achieved. (F) Compare with the preoperative image. The patient  had
a preexisting  thoracic scoliosis, which  may have  in  part  contributed  to the  upper cervical deformity.
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27.5.6  Lum bar Spine
The  strategies  used  for  the  thoracic  and  thoracolum bar  spine
are also applicable to the lum bar spine.114 Translational deform -
ities  are  com m on  in  the  thoracolum bar  and  lum bar  regions.
The  etiologies  and  types  of deform it ies  vary,115 as  do  surgical
strategies  to  address  them .116–119 They can  be  associated  w ith
coronal plane degenerative deform it ies, traum atic lesions in  the

Fig. 27.46  (A) A long  implant  should  perhaps not  terminate  at  the
cervicothoracic junction. (B) This may result  in deformity exaggeration
at  the  terminus of the  implant.

Fig. 27.45  A 540-degree  operation  is occasionally indicated. (A) A
ventral decompression, followed by (B) a dorsal reduction, then by (C)
a ventral stabilization and fusion may be  used to decompress, reduce,
and  stabilize  the  spine, respectively.

Fig. 27.47  (A–C) Crossed-rod  deformity reduction strategies may be
used  in  the  cervical and  cervicothoracic regions. Note  that  wire  or
cable  fixation obligates the  use  of a straight  rod because a curved rod
would rotate  during tightening. Today, screw–rod  strategies would be
employed, thus eliminating  these  concerns.

Fig. 27.48  (A) Kyphosis and  (B) scoliosis and  rotational deformities
may occur in  the  thoracic spine. Scoliotic deformities are  often
complex, as suggested  by the  biconcave  curve  (B).
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Fig. 27.50  (A, B) A thoracic release  procedure  (e.g., multiple-level
discectomies) may be  required  (C, D) before  a  dorsal reduction  (via
derotation and  distraction/compression) and  stabilization  procedure
with  interbody fusion is performed. Note  that  the  normal kyphosis is
restored.

Fig. 27.49  (A) Thoracic scoliotic deformations occur in  an  off-axis manner that  loads the  concave  facet  joints, (A, B) with  rotation of the  spinous
processes toward the concave side of the curve. (C) This results in a loss of thoracic kyphosis. (D) This is akin to the swinging of a bucket handle. Note
the  relative  rotation of the  grip  (apical vertebral body; curved arrow).

Fig. 27.51  Coronal plane  deformities may be  reduced  by using  (A)
compression and  distract ion, (B) the  crossed-rod  technique, (C) the
derotation maneuver, or a  combination of these  techniques.

Fig. 27.52  (A) Ventral thoracic constructs for scoliosis correction are
commonly applied  from  neutral vertebra to  neutral vertebra. (B) The
derotation maneuver (curved arrow), combined  with  convex compres-
sion force  (straight  arrows) and  crossed-rod  force  applications, results
in  deformity reduction. A kyphosis (relative) usually develops and  is
generally a  desired  result.
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coronal or  sagit tal plane, or sagittal plane degenerat ive congen-
ital or acquired deform it ies (� Fig. 27.58). They can also be asso-
ciated  w ith  varying neurologic deficits and  sym ptom s, depend-
ing  on  both  geom etric  and  degenerat ive  factors.  Treatm ent
should  be  tailored  accordingly.33,120–122 Of part icular  note  here,
unilateral pedicle  fixation  for  such  pathologies  should  be  con-
sidered suspect.123,124 In  general, conceptually sim ple (but often
clin ically challenging) strategies  m ay be  used  (see  Chapter  26).
Sagittal  balance  m ust  be  carefully  considered. Loss  of balance
can  best  be  prevented  by  surgeon  awareness;  str iving  to
achieve balance, both  before  and  during surgery, w ill m inim ize
the incidence of th is complication.125,126

Operative  fram es that  m aintain  or  exaggerate  lordosis by ex-
tending  the  h ips  are  often  used  (see  the  follow ing).127,128 To
achieve  the  greatest  chance  of relieving  sym ptom s  in  patients

w ith  a flat  back, the SVA should be brought  w ithin  the region  of
the dorsal aspect  of the L5–S1 joint.129 This m ay require aggres-
sive  osteotomy and/or  ventral load-bearing  adjuncts  to  stand-
ard dorsal approaches.

27.5.7  Lum bosacral Region
The lum bosacral region  is biom echanically complex (see  Chap-
ter  24).130 The  identification  of instability (excessive  m otion) is
enhanced  by  obtaining  standing  and  lateral  decubitus  flexion
and  extension  radiographs.131 The  lateral  decubitus  position

Fig. 27.53  Dorsal derotation approaches can  be
used to convert  a (A, B) coronal plane to a (C, D)
sagit tal plane  deformity, as depicted.

Fig. 27.54  (A) Dorsal implants are  (by necessity) generally longer than
(B) their ventral counterparts.

Fig. 27.55  A thoracic kyphosis can  be  corrected  by (A) a  dorsal
crossed-rod  technique, (B) a  ventral applied  bending  moment
technique  (curved arrows), or ventral interbody distraction  (straight
double-headed arrow).
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o -loads the spine by dim inishing pain  and  allow ing m otion  by
m inim izing  guarding.  Although  usually  straightforward,132

spondylolisthesis  m ay  require  aggressive  surgical  strategies
(� Fig. 27.59a–e) w ith  accom panying lum bar, sacral, and  pelvic
fixation  (see  Chapter  24).7,133–137 High-grade  spondylolisthesis
or  spondyloptosis  poses  yet  additional  challenges.138,139 Con-
versely, an  accurate  assessm ent  of the  likelihood  of deform ity
progression  is  crit ical.140,141 A slip  is  less  likely  (in  the  presence
of existing degenerative  spondylolisthesis) in  patients w ho have
begun  the  degenerative  restabilization  process  than  in  those
who have not  yet  begun  the restabilization  process.142 In  this re-
gard, fusion  is not  always beneficial, nor  is instrum entation  if fu-
sion  is performed.143 The  type of fusion  should  be  carefully con-
sidered. The  length  of fusion  is  also  critical. Occasionally, a  lon-
ger  fusion  and  instrumentation  provide  a  geometric  advantage
compared  with  a  shorter  fusion,144–146 (� Fig. 27.59d, e).147 Fixa-
tion  depends  on  screw  placem ent,  particularly  in  the  sacrum ,
where bone density is in  general lower  than  that  in  m ore rostral
segm ents. The direction  of sacral screws into the  apex of the  sa-
cral prom ontory appears to provide significant  advantage.148

Spinal  pelvic  param eters  have  a  substantial  e ect  on  the
presence of isthm ic spondylolisthesis. Pelvic incidence has been
show n  to  be  significantly  greater  in  pat ients  w ith  isthm ic
spondylolisthesis than  in  controls.149 In  turn , the greater  the sa-
cral slope associated  w ith  isthm ic spondylolisthesis, the greater
the  lum bar  lordosis. Thoracic and  cervical alignm ent  is also  af-
fected. As  listhesis  progresses, all  of the  aforem entioned  find-
ings  progress, as  well. Furtherm ore, thoracic  lordot ic  changes
progress  as  the  slip  progresses.150 Sim ilarly, the  restoration  of
lum bar  lordosis  in  patients  w ith  flat-back  syndrom e  has  been
show n to alter sagittal alignm ent , as expected.151

The attainm ent  and  m aintenance of lordosis are  em phasized,
and  its  assessm ent,  therefore, should  be  carefully  perform ed.
The  use  of surgical  beds  or  fram es  that  foster  lordosis  by  ex-

tending the spine  is optim al.127,128,152 Pelvic flexion  during sur-
gery can  result  in  inadequate lordosis acquisit ion  (� Fig. 27.60).
Long m om ent arm s that pass ventral or caudal to the lum bosac-
ral  pivot  poin t  are  often  required  to  achieve  adequate  correc-
tional bending m om ents (� Fig. 27.61).153

Strategies that  do not  involve reduct ion 154 or  that  involve  in-
complete  reduct ion  m ay  be  em ployed. They  are  discussed  in
m ore  detail in  Chapter  28. Finally, deform ity correct ion  is  not
always necessary, even  w hen  a decompression  operat ion  is per-
form ed.155

27.6  Com plex Deform it ies
Com plex  scoliotic  deform it ies  have  been  grouped  in to  catego-
ries to facilitate com m unicat ion  and  pat ient  assessm ent, as well
as  to  assist  in  determ ining  surgical  strategy  (see  � Fig. 27.22
and  � Fig. 27.23). Spine  contour, sagit tal plane balance, coronal
plane balance, and  the  complexity and  extent  of curvature  play
a role in  th is process. These deform it ies are m ost com m only ob-
served  in  the  adolescent  pat ien t  population. Congenital  spine
deform ities can  play a  role  in  deform ity developm ent  and  pro-
gression, as well. Rem em ber, “deform ity begets deform ity.” This
phenom enon  is  related  to  deform ity-generated  m om ent  arm s
(� Fig. 27.62).

Fig. 27.56  (A) Short  constructs are  not  as effective  as (B) long
constructs for translation  or kyphotic deformity correction and
prevention (shadowed spine). This is due  to the  difference  in  moment
arm  length.

Fig. 27.57  The  center sacral line  may be  used  to assess coronal
balance. (A) When the line passes through C7, balance exists. (B) When
it  passes lateral to  C7, balance  is not  present.
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27.7  Special Techniques
Special techniques facilitate  the application  of deform ation  cor-
rect ion  forces to the spine. Spondylectomy for  the m anagem ent
of  L5–S1  spondylolisthesis  is  one  such  technique.  With  th is
technique, rem oval of the  L5  vertebral body allow s  docking of
the L4 vertebral body on  the sacrum . As always, great care m ust
be  taken  w ith  respect  to  the  attainm ent  and  m aintenance  of

sagittal balance. Ventral load-bearing in terbody spacers  (cages,
grafts, and  so  on)  m ay be  required  (� Fig. 27.63). It  is  em pha-
sized that soft  in terbody grafts (m orselized bone) are associated
w ith  a  h igh  incidence  of nonunion  and  an  unacceptable  loss of
correct ion.156 This is due to their inability to bear axial loads.

Another  category  of strategies  that  m ay be  used  for  sagittal
plane  deform ity correct ion  is that  of osteotomy. In  general, the
restoration  of  spinal  alignm ent  should  be  considered  during

Fig. 27.58  (A–C) Lumbar sagit tal plane  translational deformities.
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any  revision  operation  in  pat ients  w ho  have  lost  sagittal
balance.155,157 A variety  of osteotomy types  m ay be  used  from
the upper cervical to the low  lum bar regions.129 Region-specific
criteria are  in  large part  related  to the  risks associated  w ith  the
procedure  itself,  part icularly  neural  injury  and  injury  to  the

cervical  spinal  cord.  For  these  reasons,  upper  thoracic  and
lum bar  osteotom ies  are  m ost  com m only used. The  greater  the
risk for  neural injury (e.g., the  presence  of the  spinal cord), the
m ore  appropriate  the  com bined  ventral  and  dorsal  approach .
Other  factors, such  as the  extent  of correct ion  required  and  the
exten t  of existing  ankylosis, also  play  m ajor  roles  in  the  deci-
sion-m aking  process. Finally, often tim es  deform it ies  are  opti-
m ally addressed  by perform ing osteotom ies  at  the  apex of the
deform ity. This can  be  achieved  by apical segm ent  resection  in
patients  w ith  a  focal kyphosis.158,159 To  sum m arize, the  verte-
bral level does  indeed  a ect  the  results  of pedicle  subtraction
osteotomy.160

As w ith  any deform ity alteration  surgical procedure, the  axis
about  w hich  the  spine  (at  each  segm ental  level)  is  deform ed
should  be  carefully  considered.161 This  axis, for  sagittal  plane
deform ities, lies  perpendicular  to  the  long axis  of the  spine  in
the  coronal plane. In  the  case  of a  lordosis  procedure, the  axis
m ay  often  be  located  in  the  region  of  the  spinal  canal
(� Fig. 27.64a).162 For  dorsal wedge  osteotomy or  eggshell  os-
teotomy, the axis is located ventrally in  the region  of the anteri-
or longitudinal ligam ent (� Fig. 27.64b) or in term ediately in  the
m id-to-dorsal  vertebral  body  region  (see  � Fig. 27.64). A ven-
trally  located  axis  of correction  is  associated  w ith  the  pedicle

Fig. 27.60  The  assumption  of a  flexed  posture  during  surgery, as is
achieved with the kneeling position, results in a loss of lumbar lordosis.
This must  be  considered  carefully intraoperatively.

Fig. 27.59  (A) A lumbosacral spondylolisthesis may require  aggressive  strategies for deformity correction. Partial correction is often achieved during
intraoperative  positioning. (B) Three-point  bending force  application (arrows) may facilitate  the  reduct ion by tightening  the  intermediate  screw of a
three-level construct  (L4–S1), thus bringing the bone to the  implant. (C) Nearly complete  reduction was ultimately achieved. Arrowheads depict  the
dorsal margins of the  L5 and  S1  vertebral bodies. (D) long  versus (E) short  fixation  provides a  mechanical and  geometrical advantage.
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subtract ion  osteotomy. Of note, nonosteotomy  deform ity  cor-
rect ion  procedures are m ore likely to be associated w ith  a m ore
dorsally  situated  axis. The  farther  dorsally  th is  axis  is  located,
the  greater  the  need  for  a  ventral load-bearing  (sharing)  strut
or  spacer. The  m ajor  goal of the  aforem entioned  procedures  is
to sh ift  the SVA dorsally, so that  it  lies w ithin  or close to the sac-
rum  (lum bosacral pivot point).

Another indication  for the correct ion of deform ity or shorten-
ing of the  spine  m ay be  to  m inim ize  neural elem ent  tethering.
Spinal-shortening  osteotomy  procedures  m ay  be  so  used  to
m anage tethered spinal cord syndrom es.163

Ankylosing spondylit is presents a variety of challenges in  th is
regard.74,164–166 If m ultiple  osteotom ies are  required, such  as in
ankylosing spondylit is w ith  significant  cervical and  lum bar  de-
form ity, the  surgeon  m ust  carefully plan  the  case. It  is  possible
to  overcorrect  the  deform ity at  one  level, m aking it  im possible
to  adequately  address  the  visual  problem  at  the  other  level
(� Fig. 27.65). In  th is situation, the ability to look forward (hori-
zontal  field  of  view )  and  the  attainm ent  of a  norm al  sagit tal

Fig. 27.61  Long moment  arms (d and d’) that  pass ventral or caudal to
the  lumbosacral pivot  point  (dot) can  apply adequate  leverage  for
deformity correction and  prevention.

Fig. 27.62  Congenital deformities, such as a  hemivertebra, can
predispose to deformity progression by creating a moment arm (d) and
a bending  moment  (curved arrow), as depicted.

Fig. 27.63  (A) L5–S1 spondyloptosis can be  managed  with  (B) an  L5
corpectomy and  (C) a  reduction  and  the  docking  of L4 on S1. An
interbody fusion may be used as a spacer and for fusion acquisition. (D)
Dorsal instrumentation  maintains fixation. Care  must  be  taken  to
ensure that  adequate room is provided for both nerve roots at  the new
L4–S1 juncture.
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balance  are  issues  of  nearly  equal  concern  (� Fig.  27.65a–c).
Overcorrection  of the  cervicothoracic  deform ity  (by a  cervico-
thoracic  osteotomy)  m ay  allow  the  patient  to  look  forward
but  m ay not  restore sagittal balance (� Fig. 27.65d). Subsequent
correct ion  of  the  thoracolum bar  deform ity  (via  a  lum bar

osteotomy)  to  the  extent  that  sagittal  balance  was  corrected
would  cause the pat ient  to have an  undesirable upward  field  of
view  (� Fig.  27.65e).  It  would  be  m ore  appropriate  to  only
partially  correct  the  overall  deform ity  in  each  region ,  thus
providing  forward  vision  and  a  balanced  spine. When  pedicle

Fig. 27.64  The axis for sagit tal plane correction (the axis about  which correction is to be achieved) is perpendicular to the long axis of the spine (dot in
each of the  lateral views depicted). (A) It  may be  located  in  the  region of the  spinal canal. (B) It  may also  be  located  ventrally, in  the  region  of the
anterior longitudinal ligament  (e.g., for dorsal wedge  osteotomies), or (C) in  the  middle  column region.

Deformity Prevention and Correct ion: Complex Clinical Strategies

389



subtract ion  osteotom ies  are  appropriately  em ployed  for  ky-
photic deform it ies  in  patients  w ith  ankylosing spondylit is, ex-
cellent clin ical outcom es can  be achieved.167

A num ber  of  com m only  used  osteotomy  procedures  exist .
The  strategies  in  com mon  clin ical use  are  portrayed  geom etri-
cally in � Fig. 27.66, � Fig. 27.67, and � Fig. 27.68. Regardless of
the  type  of osteotomy  perform ed, it  is  m ost  e ect ive  if  per-
form ed  at  the  apex of the  curvature. Other  factors, such  as the
presence of eloquent  spinal cord  (e.g., cervical spinal cord), m ay
obligate  the  perform ance  of an  osteotomy in  a  nonapical loca-
tion. Pelvic osteotom ies have been  used  (h istorical sign ificance)
to  achieve  the  sam e  goal  (spinal  balance)  as  is  accom plished
w ith  spinal osteotom ies (� Fig. 27.69).168

Fig. 27.65  (A) If a  severe  multiple-level (e.g., cervicothoracic and  thoracolumbar) kyphotic deformity exists in  a  patient  with  ankylosing  spondylitis,
the  sagit tal vertical plane  passes far ventral to the  sacrum. The  overall deformity may be  appropriately managed  with  partial correction  in  (B) the
lumbar spine, followed by the remainder of the correction in (C) the cervicothoracic region. Note that  an appropriate forward field of view is achieved,
as is sagit tal balance. However, (D) if most of the field-of-view correction is at tained in the cervical spine, (E) the correction of the lumbar deformity to
achieve  balance  will create  an  abnormally high field  of view. The  regions of the  osteotomies are  denoted  by Xs.

Fig. 27.66  Dorsal osteotomy. Note  that  the  axis of rotation is in  the
region of the  anterior longitudinal ligament  (dot). Also note  that  the
disc interspace  and  pedicles have  been excised  (pedicle  subtraction).
This technique is most  viable, particularly from  a safety perspective, in
the  lumbar region.

Fig. 27.67  Egg shell osteotomy. This is a  variant  of the  dorsal
osteotomy. The  axis of rotation is in  the  region  of the  anterior
longitudinal ligament, as in  the  dorsal osteotomy. (A) This technique
involves pedicle  resection  via a  dorsal approach  (pedicle  subtraction)
and the  subcortical resect ion of vertebral body medullary (cancellous)
bone. This facilitates collapse  of the  vertebral body in  a  wedgelike
manner, as depicted. (B) The  deformity is then  reduced, as depicted.
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The  sim plest  of these  is  the  facet  resect ion  (Sm ith -Peters-
en  or  Pon te  osteotom y).  Th is  can  be  em ployed  at  m ult ip le
levels  to  ach ieve  a  sm all  correct ion  at  each  level, bu t  w ith  a
cum ulat ive  e ect  related  to  the  m ult ip le-level  nature  of the
procedure.

Sacral fractures m ay result  w hen  long fusions are  taken  cau-
dally to the  sacrum . A suboptim al pelvic incidence m ay predis-
pose  to th is. The  pelvic incidence  is  norm ally nonalterable, but
in  the case of sacral fracture, it  can  be m odified. Hence, the pel-
vic incidence can  be altered in  the case of iatrogenic sacral frac-
tures via the em ploym ent of sacral osteotom ies.169

27.8  Com plicat ions
The  com plicat ions  of  spinal  fusion  and  deform ity  correct ion
obviously include  neurologic w orsen ing and  failure  of correc-
t ion . These  are  par t icularly  eviden t  in  the  elderly.170 End-fu-
sion  degenerat ive  changes  are  also  com m on . The  use  of short
constructs  and  the  ach ievem ent  of sagit tal balance  m in im ize
the  incidence  of  th is  problem .171 Of  note,  inst rum en ted  fu-
sion  and  non instrum ented  fusion  are  associated  w ith  the
sam e  incidence  of end-fusion  degenerat ive  changes.172 It  ap -
pears  that  the  use  of  an  instrum en ted  versus  a  non instru-
m ented  fusion  does not  a ect  the  incidence of end-fusion  de-
generat ive  changes, although  the loss of norm al spinal config-
urat ion  (loss  of balance) does  increase  the  incidence  of these
changes.

In adequate  deform it y correct ion  m ay subopt im ally address
the  cosm etic  aspect  of  the  deform it y  and  lead  to  fur ther
neurologic  injury,  as  w ell.173 Th is  also  m ust  be  taken  in to
considerat ion .

27.9  Overview
In  sum m ary, the  correct ion  of spinal deform ity m ust  be  under-
taken w ith  several fundam ental principles in  m ind. The surgeon
should (1) w ithin  reason, correct  the deform ity; (2) prevent fur-
ther deform ation; (3) restore balance in  the sagittal and coronal
planes;  (4)  provide  an  optim al  cosm etic  outcom e  (e.g., elim i-
nate  unsightly hum ps or  deform it ies);  and  (5) restore  and  pre-
serve function, including neurologic funct ion, as well as field  of
view  (horizontal field  of view ). The failure to appropriately con-
sider each  of these factors in  every case m ay result  in  a subopt i-
m al outcom e.
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28  Com plex Inst rum entat ion Const ructs and Force
Applicat ions
Most, if not  all, spinal implants  are  complex. For  the  purposes
of th is  chapter, however, complex  spinal  im plants  are  consid-
ered  to be those that em ploy m ultiple  and/or complex force ap-
plications. The complexity of instrum entation  techniques varies
depending on  the  region  of the  spine  and  the  biases and  opin-
ions  of the  surgeon. Biases  and  opin ions  are  not  often  altered.
Therefore,  a  region-specific  approach,  for  the  m ost  part ,  is
undertaken  in  th is chapter.

28.1  Craniocervical Region
A variety of techniques have  been  used  to  stabilize  the  cranio-
cervical region. As outlined  in  Chapter  1, the  craniocervical re-
gion  (the  occiput,  the  occipital  condyles,  and  the  C1  and  C2
vertebrae) is associated  w ith  complex m ovem ents and  load  re-
sistance  m echanism s. At  the  occiput–C1  segm ent, flexion  oc-
curs  w ith  very  lit t le  rotat ion  or  lateral bending. At  the  C1–C2

Fig. 28.1  (A) The occiput–C1 joint  functions predominantly in flexion and extension; (B) the C1–C2 joint  functions predominantly in rotation and (C)
secondarily in  flexion  and  extension.

Fig. 28.2  A lateral radiograph  depicting  a  cable–rod  occipitocervical
fixation  construct. Some  motion occurs at  the  metal–bone  interface.
Wire  or cable  cut-through can  be  problematic with  this technique.

Fig. 28.3  (A) Midline  occipital bone  screw fixation. The  midline
provides the  greatest  depth  of bone, as well as relatively dense  bone.
(B) However, it  does not  resist  rotation well because  the  screws are
situated  in  a single  row.
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segm ent, m in im al lateral bending, m oderate flexion  and  exten-
sion, and  significant  axial rotation  occur (see  Chapter  1). To put
it  sim ply, the occiput–C1 joint  funct ions predom inantly in  flex-
ion  and  extension, w hereas the C1–C2 joint  funct ions prim arily
in  rotation  and  secondarily  in  flexion  and  extension
(� Fig. 28.1). It  is  im perat ive, therefore, that  flexion–extension,
lateral bending, and  axial rotation  be  restricted  by craniocervi-
cal instrum entation  techniques.

The  occiput  provides  several  options  for  im plant  fixation.
However, the depth  of bone to w hich  screws can  be anchored  is
short,  except  in  the  m idline. In  addition,  the  risks  associated
w ith  screw  fixation  are  not  insignificant. Therefore, m any sur-
geons used  cable–rod  techniques in  days gone  by (� Fig. 28.2),
w hereas m ost  now  use  m idline  occipital screw  fixation  techni-
ques. However, the  latter  resist  rotation  poorly  because  of the
relatively long m om ent  arm  applied  to the  screws (� Fig. 28.3).

Laterally placed  occipital screws  m ay be  used  to  m inim ize  the
rotatory tendency (� Fig. 28.4a). Cross fixation  m ay compensate
som ew hat  by  creating  a  quadrilateral  fram e  construct  (Fig.
28.4b). Regardless, they do not  provide as m uch  fixation  poten-
tial as m idline  screws (� Fig. 28.4c). A plate  that  is  fixed  to the
occiput  by m idline  screws and  that  securely abuts the  occipital
bone laterally on  both  sides perhaps provides the  optim al occi-
pital  bone  fixation  (� Fig.  28.4d).  Cables  or  w ires  m ay  cut
through  the th in  bone of the occiput. Hooks pose sim ilar dilem -
m as, as  well  as  technical  problem s. Pait  and  colleagues  in tro-
duced  a unique occipital fixation  approach , the occipital button
technique,  w hich  was  m oderately  popular  for  a  short  t im e
(� Fig. 28.5).1 Regardless, techniques such  as  the  occipital but-
ton  technique  underscore  the  im portance  of  lateral  fixation,
w hich  m inim izes the  rotational instability associated  w ith  m o-
tion  about  the long axis of the spine (see � Fig. 28.3).

Fig. 28.4  (A) Laterally placed occipital screws minimize rotation, (B) particularly if the two sides of the construct are cross-fixed. (C) The depth of screw
penetration, however, is suboptimal compared with that of midline screw fixation. (D) A plate that is affixed by screws to the midline occipital keel with
bilateral extensions that  securely abut  the  lateral occiput  provides superior fixation while  preventing  rotation.
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Fig. 28.5  The  inside–outside  technique  of Pait  and  colleagues. (Data obtained  from  Pait  et  al.1) (A) A keyhole  is made  in  the  occiput, and  (B, C) a
but ton is placed  in  the  keyhole. (D, E) The  plate  is affixed  to the  but ton and  the  subaxial spine.

Fig. 28.6  (A) The  subaxial component  of an  occipitocervical screw–plate  technique  may fail (B) because  it  is the  weakest  link if occipital fixation  is
excessively rigid. Wire  or cable–rod  fixation permits some  motion (dynamic), thus minimizing  the  incidence  of this complication (see  Fig. 28.2).
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Often, occipitocervical fixation  is complicated  by the need  for
long caudal fixation  lever  arm s;  hence, it  is  often  necessary  to
em ploy  a  fixat ion  strategy  that  aggressively  incorporates  the
m iddle to lower cervical spine. If rigid  or  solid  occipital fixation
is  achieved, the  subaxial  component  of the  construct  m ay  in-
deed  be  the  “weakest  link” of said  construct  (see  Chapter  20
and � Fig. 28.6).

The  surgeon  m ust  have  reasonable  expectations  of any  im -
plant  and  should  consider  m uch  m ore  than  sim ply  the  axial
load-bearing potent ial of an  im plant. The prevention  of t ransla-
tional and  rotat ional deform ations is also extrem ely im portant,
and it  should  be rem em bered  that  im plants function  di erently
under  di ering  loading  conditions. Unique  and  varying  forces
are  resisted  by the  im plant  in  each  of these  loading situations
(circum stances). Considering the upper cervical spine as akin  to
a universal-like join t  w ith  a ball and  socket  component  m ay as-
sist  the  surgeon  in  understanding  the  complexities  of  upper
cervical spine  m otion  and  the  loads, forces, and  m om ents  that
m ust  be resisted (� Fig. 28.7).2

Rotatory  deform ation  at  the  C1–C2  segm ental  level  (see
� Fig. 28.1 and � Fig. 28.7) m ay complicate occiput–C1 stabiliza-
tion  procedures by perm itt ing the relatively unrestr icted  C1–C2
rotat ion  to weaken  the occiput–C2 fixation  construct. The elim -
ination  of th is  rotational  deform ation  (i.e., by  rigid  C1–2  fixa-
tion ;  � Fig. 28.8a) m ay perm it  the  use  of shorter  constructs  by
providing  a  substantial  platform  for  occiput–C1–C2  fixation
(� Fig. 28.8b, c). Otherw ise, extension  of the  construct  to  C3  or
below  m ay be in  order (� Fig. 28.8d).

28.1.1  High Cervical Region
The  Gallie,  Brooks,  and  com binat ion  techn iques  have  been
used  for  C1–C2  fusions  for  decades  (� Fig. 28.9).3–5 All (espe-
cially  the  Gallie  techn ique)  m in im ally  resist  sagittal  p lane
translat ion  deform at ion . Th is deform ation  occurs in  a  paralle-
logram -like  m anner  (� Fig.  28.10).  Because  the  C1–C2  facet
join ts  are  axially  orien ted  w ith  respect  to  each  other  in  the
sagit tal p lane, they m in im ally con t ribu te  to parallelogram  de-
form ation  resistance  (see  Chapter  22).  Never theless,  the
Brooks  and  com binat ion  techn iques3,4 provide  a  level of aug-
m en ted  rigidity  that  the  Gallie  techn ique  does  not . The  com -
binat ion  techn ique,  described  by  Sonn tag  and  colleagues,
provides a  biom echan ical advan tage  equivalen t  to  that  of the
Brooks  techn ique  w ithout  its  singularly  m ost  sign ifican t  d is-
advan tage,  the  r isk  associated  w ith  bilam inar  sublam inar
w ire  passage.4

C1–C2 clam p  techniques, such  as  the  Halifax clamp,6 provide
a  safety  factor  w ith  respect  to  the  lack of need  for  sublam inar
w ire  passage. However, they are  prone  to  the  sam e  translation
deform ation  complications as the  aforem entioned  w iring tech-
niques (� Fig. 28.11).

28.1.2  Three-Point  Bending Screw
Techniques
Three-point  bending  screw  techniques  m ay  be  applied  in  any
region  of the  spine. For  years  they have  been  used  for  t ransla-
m inar  and  facet  fixation  in  the lum bar  region  (� Fig. 28.12).7–10

In  recent  years,  however, they  have  been  used  m ainly  in  the
upper  cervical spine, ventrally for  the fixation  of dens fractures
(� Fig. 28.13)11 and  dorsally for  C1–C2 transar t icular  fixation  to
m anage  C1–C2  instability  (� Fig. 28.14).2 They  use  and  w ith-
stand  a  com binat ion  of complex  forces, the  predom inant  force
complex  application  being  three-point  bending  (� Fig. 28.15a,
b). Because  the  screws  resist  three-point  bending  loads, their
ability  to  resist  failure  (fracture)  is  exponentially  (to  the  th ird

Fig. 28.7  Envisioning  the  overall movements in  the  upper cervical
spine  as if they occurred about  a  universal-like  joint  (upper aspect),
combined  with  a ball and  socket  joint  (lower aspect), may facilitate  an
understanding  of the  complex movements observed  in  this region.
Flexion, extension, and some lateral bending at  the rostral component
of the  joint  (the  occiput–C1 joint) and  flexion, extension, and  lateral
bending  with  axial rotation about  its caudal component  (the  C1–C2
joint) exemplify, although perhaps in  an  oversimplified  manner, these
movements.
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power) related  to their  inner  d iam eter. Although  a  cannulated
screw  is  w eaker  than  an  equivalen t  noncannulated  screw,
th is  e ect  is  usually  m in im al  (� Fig. 28.15c, d). It  is  em pha-
sized  that  these  im plan ts  are  usually  p laced  in  a  neutral
m ode  at  the  t im e  of surgery. How ever, they  are  required  to
resist  th ree-poin t  bending forces during the  act ivit ies of daily
living. These forces are  or ien ted  perpendicular  to the  long ax-
is of the  screw.

An  understanding of the  loads  to  be  w ithstood  by such  con-
structs  is  essential  for  their  appropriate  use. Both  screw  size
and m om ent  arm  length  should  be carefu lly considered. For ex-
am ple, a  th ree-point  bending force  application  to  a  th in  canti-
levered  screw  m ay be  appropriate  if the  transverse  load  is  not
great  and  the  m om ent  arm  is  not  long. If these  conditions  are
exceeded, a  larger  screw  or  a  shorter  m om ent  arm  should  be
considered (� Fig. 28.16).

Fig. 28.8  (A) An occiput–upper cervical fusion  may be  optimized  by first  eliminating  C1–C2 rotation with  the  use  of a  C1–C2 transarticular screw
fixation  technique. (B) Then, flexion–extension movements at  the  occiput–C1 junction may be  eliminated  with  the  use  of a simple  cerclage  wiring
technique. (C) Alternatively, C1–C2 transarticular screws may be  affixed  to an  occipital plate. (D) If such rigid  fixation of C1–C2 is not  achieved, an
extension  of the  construct  to  the  subaxial spine  may be  required.
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28.2  Subaxial Spine
The subaxial spine  is defined  as the  en t ire  spine below  the  axis
(C2). Of note, the  lum bosacral region  is  regarded  as  a  separate
and  dist inct  region  because of its term inal position  in  the spine
and  the  complex and  unique forces and  loads to w hich  it  is ex-
posed.  The  lum bosacral  region , henceforth ,  is  addressed  as  a
unique  region  of the  spine, as  was the  cran iocervical region  in
the prior  section  of th is chapter. Therefore, it  is discussed  sepa-
rately  in  the  next  sect ion  rather  than  in  the  present  section,
“Subaxial Spine.”

28.2.1  Cervical Spine
With  regard  to  complex  cervical  fixation, the  m echanism s  by
w hich  ventral  im plants  fail  is  of  significant  relevance.  Subsi-
dence  and  a  failure  to  e ect ively  resist  transverse  (e.g., three-
point  bending) loads are the predom inant  m echanical contribu-
tors  to  construct  failure  (see  Chapters  19  and  29  and
� Fig. 28.17). The failure of long constructs is particularly prob-
lem atic (� Fig. 28.18).12 Using an  axially dynam ic im plant  m ay
play a  role  in  complication  reduct ion  in  selected  cases  by o -
loading  the  implant  and  increasing  bone  healing–enhancing

Fig. 28.9  The  (A) Gallie, (B) Brooks, and  (C) modified  Gallie  techniques of C1–C2 fixation.
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forces (Wol ’s Law ; see  Chapter  29 and� Fig. 28.19). The provi-
sion  of adequate  load-bearing  capability  is  a  necessity  for  the
e ect ive  em ploym ent  of  in terbody  techniques. This  has  been
com m only associated  w ith  the  ability to  resist  subsidence. The
end  plate, however, m ay have been  given  undeserved  credit  for
th is ability.13

As m entioned  previously, transverse loads can  be m ore e ec-
tively resisted  if an  in term ediate  point  of spine  fixation  is  pro-
vided  (see  Chapter  19). This  (1) increases the  num ber  of spine
fixation  points, (2) enhances the ability to bear axial loads via a
cantilever  beam  m echanism , and  (3) provides  an  ability  to  re-
sist  loads  applied  perpendicular  to  the  long  axis  of the  spine.
Regarding the lat ter  m echanism , the  ability to  provide  or  resist
three-poin t  bending  forces  m inim izes  the  chance  that  an  im -
plant  w ill work loose  during repetit ive  transverse  load  bearing
via  degradation  of the  screw–bone  in terface. Such  a  technique
is  depicted  in  � Fig. 28.20. This  strategy m ay be  used  to  m ini-
m ize  or  elim inate  the  need  for  com bined  ventral  and  dorsal

Fig. 28.12  Three-point  bending screw techniques may be applied with
the  use  of translaminar facet  fixation, as depicted. Arrows portray the
three-point  bending  forces (loads).

Fig. 28.13  Three-point  bending  screw technique  (via the  ventral dens
approach) for a  dens fracture. Arrows indicate  typical forces (loads)
applied  or resisted  by the  implant  (three-point  bending).

Fig. 28.10  Dorsal upper cervical wire  fixation  techniques may inad-
equately resist  parallelogram-type  sagit tal plane  deformation. This is
particularly so if the facet joints are incompetent or axially oriented. (A,
B) The  lat ter is the  case  at  C1–C2 (see  Chapter 22).

Fig. 28.11  The use of clamps in the upper cervical spine may result  in a
parallelogram-type  plane  deformation  and  failure, as depicted.

Fig. 28.14  Three-point  bending  screw technique  with  the  use  of C1–
C2 transarticular screw fixation. Arrows indicate  typical forces (loads)
applied  or resisted  by the  implant  (three-point  bending).
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Fig. 28.15  (A, B) Three-point  bending  screw techniques withstand
transverse  loads, as depicted. They may be  viewed  appropriately as
providing a  three-point  bending  force  application  (see  Fig. 26.6).
Arrows (B) depict  transverse  forces resisted. The  strength  of a screw,
and its ability to resist  fracture, is proportional to the  cube of its inner
diameter, D3. Cannulated  screws are  weaker than  noncannulated
screws. This relationship  is defined by the  equation  Z= π  (D3 –  d3)/32,
in  which  Z= section  modulus (strength), D= inner diameter of screw,
and  d = diameter of cannulated  hole. The  effect  of d3 is usually trivial.
(C) Axial “view” of a screw. (D) Axial “view” of a  cannulated  screw.

Fig. 28.17  Mechanisms of ventral cervical implant  failure. (A) Sub-
sidence-related  kickout, (B) implant  (plate) fracture, and  (C) screw
fracture. (D) Resistance  to translational loads (by applying  three-point
bending  forces) and  an increased  ability to  resist  axial loads are
achieved  by adding  an intermediate  point  of fixation to the  spine.

Fig. 28.18  Failure  of a  long  ventral construct  by (A) kickout  is
encouraged by fatigue of the  screw–bone interface. (Arrow, B) Fatigue
and degradation of the  screw–bone interfaces following the repetitive
application of transverse  loads is depicted.

Fig. 28.16  (A) If the  transverse  loads resisted  by a  cantilever beam
screw technique are substantial, a significant  three-point bending force
is applied. (B) The  length  of the  moment  arm  can  be  shortened  to
decrease  stress on the  screw or, more  appropriately, (C) a larger-
diameter screw may be used. Arrows depict  transverse forces resisted.
A shorter screw (B) may be  expected  to  be  associated  with  a  high
incidence  of failure  as a  result  of inadequate  bony purchase, resulting
in  cutout.

Fig. 28.19  (A, B) A dynamic implant  such as the DOC Ventral Cervical Spine System (DePuy-AcroMed, Raynham MA) permits axial subsidence (arrows)
and  hence  off-loads some  of the  stresses (most  of the  axial load) applied  to the  implant.
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procedures in  selected situat ions, particularly cervical spine ap-
plications. When  poor  bone  quality  is  a  factor, strategies  that
im prove  the  quality  of  the  screw –bone  in terface, such  as  ex-
pandable t ip  screws, m ay be em ployed.14,15

Dorsal cervical strategic decision  m aking is  often  a  straight-
forward  process. One  can  apply creative  techniques to enhance
stability, w hen  such is deem ed necessary. This is exem plified by
the com bination  of two techniques (i.e., a tension-band fixation
technique  w ith  a  cantilever  beam  technique—“belt  and  sus-
penders”; � Fig. 28.21). In  situations in  w hich  stability and  sub-
sequent  spine  deform ation  are  of m uch  less concern , a  lam ino-
plasty, or  even  lam inectomy alone, m ay be  appropriate. These

Fig. 28.21  The  combination of cerclage  wire  (tension-band) and  C1
lateral mass–C2 pedicle  (fixed  moment  arm  cantilever) fixation
provides a  “belt  and  suspenders” augmentation  of fixation integrity.
(A) Anteroposterior and  (B) lateral radiographs portray this strategy.

Fig. 28.20  Intermediate  points of fixation to the  spine  may be
provided by intervening vertebral bodies, as depicted. Arrows indicate
the  typical transverse  loads resisted  by this technique  (three- or four-
point  bending). This example  includes a C5 and C6 corpectomy and a
C4–C7 interbody fusion, as well as C3–C4 and  C7–T1 interbody
fusions.

Fig. 28.22  A tapered  rod  that  is 3 mm  in  diameter for cervical
implantation and  5 mm  in  diameter for the  thoracic spine  (DePuy-
AcroMed, Raynham, MA) is depicted in (A) a lateral and (B) an oblique
radiographic view.
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Fig. 28.23  (A, B) A ventral fixed moment  arm  cantilever construct  (e.g., Kaneda; DePuy-AcroMed, Raynham, MA) is stiffer than (C, D) a hybrid  fixed
and nonfixed moment arm construct  (e.g., Z-plate; Sofamor Danek, Memphis, TN). The difference may not be clinically significant. Note that  the fixed
moment  arm cantilever construct  has four screws that  are rigidly at tached to the rods, whereas the hybrid construct  has only two. Nonfixed moment
arm  screws can toggle, which  accounts for the  decreased  stiffness.
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have  been  show n  to  be  biom echanically  sound.16 Careful  pa-
tien t  select ion is, however, m andatory.

The  cervicothoracic junct ion  poses  unique  challenges. Strat-
egies that  facilitate  com bining dorsal cervical and  dorsal thora-
cic techniques  are  curren tly  few  in  num ber. One  such  strategy
is depicted in � Fig. 28.22.

28.2.2  Thoracic and Lum bar Spine
The thoracic and  lum bar  spine  m ust  bear  significant  loads. The
decision  to  use  short  versus  long  im plants  or  ventral  versus
dorsal techniques is  clearly complex and, m ore  often  than  not ,
poorly  defined  (see  Chapter  39).  Although  ventral  fixed  m o-
m ent  arm  cantilever  beam  constructs  are  sti er  and  stronger
than  fixed  and  nonfixed  m om ent  arm  hybrid  constructs
(� Fig. 28.23),17 a  clin ically  significant  di erence  has  not  been
show n. Long dorsal constructs are  part icularly useful w hen  sig-
nificant  t ranslat ion,  kyphotic,  or  scoliotic  deform ation  exists
(see  Chapters  19, 26, 27, and  39). Although  it  has  been  sug-
gested  that  cross fixation  im proves torsional sti ness, th is m ay
not be so if pedicle screws are used  as the distal anchors.6 Com -
bining strategies (ventral and  dorsal techniques) m ay be part ic-
ularly useful w hen  significant  instability exists.18 These  “com bi-
nation” techniques include the follow ing: (1) ventral plus dorsal
techniques (� Fig. 28.24); (2) ventral plus dorsal techniques that
use  vertebral body screws cross-fixed  to a  dorsal im plant  (usu-
ally  placed  via  the  lateral  extracavitary  approach;  Fig. 28.25);
and  (3) a ventral cantilever  beam  fixator  that  is cross-fixed  to a
dorsal  im plant .  The  latter  strategy  requires  a  vent ral  (e.g.,  a
transthoracic or  retroperitoneal)  exposure  and  a  separate  dor-
sal exposure. The latter two strategies em ploy the outrigger.

28.3  Low  Lum bar and
Lum bosacral Region
Patients w ith  lum bar  spondylolysis m ay be  t reated  by segm en-
tal fusion  or  in t rasegm ental fusion . The  latter  spares  a  m otion
segm ent  by  fusing  the  pars  in terar t icularis  fracture  itself.

Pedicle  screw  and  hook com binations m ay be  employed  for  the
latter.19

The  surgical m anagem ent  of low  lum bar  fractures  is  fraught
w ith  challenges  and  complications.  Surgical  m anagem ent
therefore should  be entertained  only if at  least  one of these two
indications is present: (1) a neurologic deficit  in  the presence of
spinal canal comprom ise and (2) an  unstable fracture (both  dor-
sal and  ventral elem ents disrupted  and  the presence of t ransla-
tion  or significant  angulation).

If surgery is  indicated, various  options are  available, none  of
w hich  is optim al. The confines of the lum bosacral region  can  be
prohibitive.  Ventral  decompression  is  possible  via  ventral,
ventrolateral, lateral extracavitary, and  dorsal approaches  (the

Fig. 28.25  A combined  ventral and  dorsal technique  in  which inter-
body screws were  applied  via the  lateral extracavitary approach. The
dorsal component  is cross-fixed  to the  ventral component. This
provides a quadrilateral frame construct in the sagit tal plane, which has
been termed  the  outrigger technique.

Fig. 28.24  A combination of a  ventral and  a  dorsal spinal fixation
technique  (lateral radiograph).

Fig. 28.26  (A) Fixed  moment  arm  cantilever beam  devices (arrows, B)
are  preloaded  if applied  in  a  distraction mode. This then places
significant  stress on  the  implant  when it  is subsequently repetitively
loaded  axially. (C) It  is therefore  prone  to failure  by screw “windshield
wiping” through the  bone  and  by cutout  or (D) screw fracture.
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latter  by  transpedicular  postlam inectomy  ventropulsion  of
traum atically retropulsed  bone and disc fragm ents). Indeed, the
placem ent  of axial load-supporting instrum entation  constructs
is not  w ithout complications in  th is region, w here excessive ax-
ial, translat ional, and  angular  loads  and  m om ents  are  applied
and so resisted.

If adequate  axial load-support ing capacity is  already present
or  has  been  established  by a  ven tral in terbody operat ive  pro-
cedure, the  instrum entat ion  aspect  of the  stabilizat ion  proc-
ess  is  sim plified . In  th is  case, the  provision  of sim ple  dorsal
com pressive  forces, or  no  dorsal instrum entat ion  w hatsoever,
m ay su  ce.

If,  on  the  other  hand,  adequate  axial  load-supporting  ca-
pacity neither  is inherent  nor  has been  achieved  surgically, the

stabilizat ion  process  becom es  complex.  The  available  choices
include  pedicle  fixation,  com plex  lum bosacral–iliac  fixation
techniques,  and  m ultisegm en tal  distraction  fixation  techni-
ques, often  w ith  ventral strut  placem ent.

Perhaps  too  m uch  is  expected  from  pedicle  fixation  con-
structs placed in  the presence of inadequate axial load-resist ing
capacity.  Cantilever  beam  constructs  (usually  fixed  m om ent
arm  constructs) that  are  “asked” to support  the  entire  torso are
often  excessively  stressed, as  is  the  screw –plate  or  screw–rod
interface. Repetitive  loading  of such  a  construct  m ay  produce
failure  at  the  screw–bone  in terface  or  at  the  screw –plate  or
screw–rod  in terface  (� Fig. 28.26). This is particularly so  in  pa-
tien ts  w ith  weak bone, such  as  the  elderly, in  w hom  osteopor-
otic  bone  prevails.  Nevertheless,  good  outcom es  can  be

Fig. 28.27  (A) A tripod geometry of the implant  for sacropelvic fixation is provided by the  placement  of bone screws in the sacrum  (pedicles and/or
ala) and iliac crest. (B) This splayed configuration helps prevent  migration of the  implant, much as does screw toe-in. (C) An additional advantage of
this splayed configuration is achieved if a horizontal rigid cross fixator is placed. Diagonal cross fixators are associated with both beneficial and adverse
biomechanical effects.
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achieved, even  in  the  elderly.20 Although  som e  have  suggested
that  in term ediate  screws for  three  or  m ore vertebral body con-
structs are not  necessary, in term ediate screws increase sti ness
significantly9 (see  Chapter  18)  and  are  associated  w ith  aug-
m ented clin ical success.21

Com plex  lum bosacral–iliac techniques, such  as  the  slingshot
and  Galveston  techniques,22 are cum bersom e. They a x to pre-
dom inantly loose  m edullary bone  (sacrum  and  ilium ) and  m ay
provide  inadequate  im plant–bone  in terface  securit y. The lever-
age  for  the  prevention  of  lum bosacral  flexion  and  extension
therefore  m ay  be  inadequate. Iliac  screw  fixation  techniques,
w ith  bicort ical ilial fixation, are  viable  alternatives.23 They pro-
vide  the  acquisition  of a  t ripod-like  geom etry  for  butt ressing
against  the  sacroiliac segm ents and  for  the  use  of a  splayed  ge-
om etry of the  im plant–bone  in terface. Cross  fixation  enhances
the  in tegrity of the  splayed  geom etry;  it  also increases its sti -
ness  and  lim its  torsional m otion  (� Fig. 28.27a–c).9,24–27 Make
no  m istake,  though;  not  all  cross  fixators  are  alike.  Without
quest ion , cross fixators sign ifican tly a ect  pullout  resistance by
virtue  of the  tr iangulation  e ect . They  also  increase  torsional
sti ness.  So,  the  exten t  to  w hich  the  cross-fixed  screws  are
angled  a ects  pullout  resistance. Perhaps  m ore  im portant, re-
garding the establishm ent of a quadrilateral fram e construct  via
a  cross  fixator, is  the  observation  (both  clin ically  and  experi-
m entally) that  the  increase in  torsional sti ness is proportional
to the robustness (i.e., cross-sect ional diam eter) of the cross fix-
ator.28 This  has  been  dissected  fur ther  by assessing  the  e ects
of  diagonal  versus  horizontal  cross  fixation  in  short  pedicle
screw  constructs. Diagonal cross fixation  was show n  to provide
m ore  rigid  fixation  in  flexion  and  extension , but  less  in  lateral
bending and  axial rotation, than  horizontal cross fixation . Diag-
onal cross fixat ion  placed greater stress on  the pedicle screws.29

This  should  cause  hesitation  w hen  a  diagonal  cross  fixator  is
being  considered  (� Fig.  28.27d,  e).  Iliac  screw  fixation  has
added  another  dim ension  to secure fixation  of the  lum bosacral
junct ion.

The  ventrom edial orientation  of sacral screws appears  to  be
m echanically superior  to a ventrolateral (alar) orien tation, par-
ticularly  w hen  used  w ith  rigid  im plant  connections  (con-
strained).30 Greater  bone  density,  and  hence  a  stronger  im -
plant–bone in terface, m ay be attained in  the region  of the sacral
m idline  in  the  region  of  the  prom ontory  (� Fig.  28.28).  The
bone is m ore densely compacted in  th is region  than  in  other re-
gions  of  the  sacrum .  Various  vendors  have  devised  tem plate
strategies for screw  placem ent. These m ay facilitate the applica-
tion  of the  aforem ent ioned  tr ipod  strategy (� Fig. 28.29). Com -
bination  techniques  m ay  provide  unique  advantages  and  find
new  applications, such  as  in  sacroiliac joint  dislocations.31 Two
additional techniques for  lum bosacral fixation  and  fusion  have
been  in troduced  by  Jackson32 (� Fig.  28.30)  and  by  Bohlm an
and Cook33 and Roca and colleagues34 (� Fig. 28.31).

Additional  im plant–bone  in terfaces  for  the  prevention  of
lum bosacral flexion  and  extension  include the first  sacral lam i-
na, the  second  dorsal sacral neuroforam en, and  the  dorsum  of
the  sacrum  itself (� Fig. 28.32).35 The  aforem entioned  techni-
ques gain  strength  from  application  of fixation  points caudal to
the lum bosacral pivot  point. Lum bosacral fixation  via m ultiseg-
m ental dist ract ion provides the ability to distract  the lum bosac-
ral  spine, restore  height  to  the  collapsed  vertebral  segm ents,
create two or m ore points of sacral fixation , and use the sacrum
as  a  butt ress  for  support ing  the  torso  against  axial  loads  (see
� Fig. 28.32).

If  the  caudal  extent  of an  implant  is  located  in  the  lum bar
spine, com bination  screw–hook–claw  strategies  m ay  be  e ec-
tive.36,37 Hooks in  general can  e ectively replace pedicle screws
if necessary.38

Lum bosacral fixation  techniques should  ideally  take  advant-
age of the placem ent of bone anchors caudal to the lum bosacral
pivot  point,  as  noted  in  the  previous  paragraph.  This  pivot
poin t, in it ially described  by McCord and  colleagues,39 is defined
as the in tersection  of the m iddle osseoligam entous colum n  (re-
gion  of the posterior longitudinal ligam ent) in  the sagittal plane
and  the  L5–S1  interver tebral disc (i.e., the  region  of the  dorsal
L5–S1  disc). Constructs  that  attem pt  lum bosacral fixation  w ith
bone screws are best  able  to resist  flexion  and  extension  defor-
m ation  if the screws extend ventrally beyond  the plane defined
by the location  of th is point  (� Fig. 28.33).39 This is depicted  ra-
diographically  by  a  prior-generation  lum bosacral  construct
(� Fig. 28.34). The load  displacem ent  behavior of the lum bosac-
ral joint, w hich  is  sti er  than  m ore  rostral join ts, m ust  also  be
taken in to account.40

Fig. 28.28  The  midline, rostral–ventral aspect  of the  sacrum  near the
promontory is composed of denser bone than that  found in the rest  of
the  sacrum. (A and  B) A screw placed  in  this region may achieve  a
stronger purchase  than is available  in  other regions of the  sacrum.

Fig. 28.29  The  tripod  screw fixation strategy may be  facilitated  by a
variety of templates. (A and  B) Two generic types are  depicted.
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Finally, the  decision  to  term inate  a  long thoracolum bar  con-
struct  at  L5  versus  the  sacropelvis  is  controversial. The  L5–S1
joint  is  a  very  robust  and  strong  join t, despite  the  often  steep
sacral  slope  and  reliance  on  the  in tegrity  of  the  L5–S1  facet
joints for such  robustness. The controversy w ill rage on, but one
thing is  certain :  we  m ust  base  our  decisions  on  sound  biom e-
chanical principles.41–43

28.4  Enhancing Bone Graft
Securit y
Bone grafts can  m igrate or dislodge. Im plants can be used to en-
hance  the  security of the  bone  graft  or  the  bone  substrate  and
can  thus augm ent  fusion  rates. Two techniques that  have found
clin ical ut ility are in terference screw  fixat ion  (to enhance in ter-
body bone  graft  security) and  cerclage  and  compression  w iring
(to enhance dorsal onlay bone graft  security; � Fig. 28.35a–c).44,

45 The e cacy of in terference screw  fixation  is im proved by the
use  of m ultiple  (two  versus  one)  and  larger  (e.g., 3.5-  vs  2.7-
m m -diam eter)  screws.45 Threaded  in terbody  cages  are,  in  a
very  real  sense, in terference  screws  and  should  be  usually  be

Fig. 28.31  The  dorsal transsacral fibula  technique  introduced  by
Bohlman and  Cook (data obtained  from  Bohlman and  Cook33) and  by
Roca and colleagues (data obtained from  Roca et  al34). This technique
involves a  dorsal decompression and  the  use  of fibular allografts to
fuse  L5 and  S1, as depicted.

Fig. 28.32  The  dorsal lumbosacral non-screw distraction  technique
introduced by Benzel and Ball.35 (A) Additional implant–bone interfaces
to prevent  lumbosacral flexion  and  extension  include  the  first  sacral
lamina for sublaminar wire  fixation, (B) the  second  dorsal sacral
neuroforamen for hook fixation, and  (C) the  dorsum  of the  sacrum
itself. The first  sacral lamina is more substantial laterally than medially.
(A) A sublaminar wire  (usually placed  in  a  rostral-to-caudal direction
from  the  L5–S1 interlaminar space  through the  S1 neuroforamen)
engages the thickest  portion of the S1 lamina. (B) The caudal border of
the  second dorsal sacral neuroforamen is thick and  accepts hooks
readily.49 (C) The  dorsum  of the  sacrum  itself may function  as a
but tress for a  contoured  rod.

Fig. 28.30  The  intrasacral technique  introduced  by Jackson. (Data
obtained  from  Jackson.32) This technique  involves longitudinal pene-
tration  of the  sacrum  by rods.
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considered  as  such  (� Fig.  28.35d),  even  though  they  weakly
resist  translation , part icularly in  soft  m edullary bone.

28.5  Addit ional St rategies
The  use  of dorsal  spinal  compression  (tension-band  fixation)
w ith  an  accom panying  ventral in terbody strut  compresses  the
strut  in to  the  accepting  ver tebral bodies  if the  strut  is  behind
the  instantaneous  axis  of  rotat ion  (IAR),  w hich  it  usually  is.
Short  compression  fixation  techniques em ploy th is principle.46

Dorsal  compression  of  the  the  spine  forces  the  ventral  in ter-
body strut  to  accept  a  substan tial portion  of the  axial load  (at
rest  and  during  weight  bearing;  � Fig. 28.36). These  principles
apply,  however,  to  all  dorsal  kyphotic  deform ity  reduct ion
techniques. If  the  IAR is  ventral  to  the  point  of contact  w ith
the  spine  for  the  compression  device, extension  and  com pres-
sion  of all poin ts dorsal to  the  IAR w ill ensue.47 Sim ilarly, rota-
tory m ovem ents and  stresses m ay be  shared  by components of
the  construct.

Various  force  complexes  m ay  be  applied  at  di erent  levels
w ith  long  spinal  im plants.  These  force  complexes  are  often
suboptim ally  appreciated.  Furtherm ore,  it  m ay  be  di cult  to
fully  predict  their  consequences. They m ay be  associated  w ith
intr insic  aberrations  of anatomy  and  the  anatom ical  relation-
ships created  by the spinal pathology at  hand. The underappre-
ciation  of these anatom ical and m echanical relat ionships can  be
associated  w ith  significant  adverse  sequelae, as  exem plified  by
a  long, complex construct  that  was  of necessity applied  to  the
lum bar and  lum bosacral region  after  ill-conceived  previous op-
erations  (� Fig. 28.37). This  case  illustrates  the  com binat ion  of
cantilever beam , three-poin t  bending, distract ion, compression,
and  other  force  applications  in  a  single  construct . These  forces
were  successfully applied  to achieve  the  desired  results:  stabil-
ity, decom pression , and  pain  relief. Although  th is is an  outdated
construct, the principles apply today.

Strategies  for  soft  t issue  spinal  stabilization  w ith  pedicle
screws or  staples  and  art ificial (synthetic) ligam ents  (so-called

fusion less  scoliosis  strategies)  have  been  show n  to  be  e ec-
t ive.48–50 These  techn iques  do  not  use  fusion  as  a  st rategy.
Strategies  that  preserve  m otion  segm ents  are  also  deserving
of considerat ion .51

Fig. 28.33  The lumbosacral pivot  point  is at  the junction of the middle
osseoligamentous column (region of the  posterior longitudinal
ligament) in  the  sagit tal plane  and  the  L5–S1 intervertebral disc, as
depicted in (A) sagit tal and (B) axial views. Ilial and sacral screws should
pass ventral to  this point  if an  optimal biomechanical advantage  (i.e.,
flexion resistance) is to be achieved. Arrows and dots portray the pivot
point. (Data  obtained  from  McCord  et  al.39)

Fig. 28.34  Screws that  pass ventral to the  lumbosacral pivot  point  are
effective  in  resisting  lumbosacral flexion  (arrows). Those  that  do  not
are  not  as effective  (arrowhead).
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28.6  Com plicat ions
Metallic im plants can  obscure  the  desired  anatomy and  render
postoperat ive im ages art ifact-laden. By using titanium  im plants
and  appropriately select ing m agnetic resonance  im aging  pulse
sequences, these artifacts can  be m inim ized.52

The  complications  of  construct  applications  designed  to
achieve  spinal stability  tend  to  increase  w ith  their  complexity.
Even  a  successful fusion  operation  may be  associated  w ith  de-
layed  end-fusion  (transit ional zone;  adjacent-segm ent  disease)
complications,  such  as  accelerated  degenerative  changes.53–55

Therefore,  the  risk-to-benefit  ratio  regarding  the  decision  to
lengthen  or  shorten  a  construct  m ust  be  weighted  as  m uch  as
possible toward  the  patient’s advantage. Factors such  as degen-
erative  changes  at  the  term ini  of a  construct  m ay or  m ay  not
a ect  appropriately  the  decision  regarding  the  length  of  a
construct .56 In  other  words,  the  com plicat ions  associated
w ith  a  m ore  com plex  construct  m ust  be  outw eighed  by  the
advan tages  it  provides. Par t icularly  w ith  com plex  constructs,
the  applicat ion  of segm en t-specific  forces  to  the  spine  m ust
be  individually  considered.  In  th is  vein ,  the  in traoperat ive

assessm en t  of st i ness has been  touted  as a  st rategy to deter-
m ine  the  length  or  com plexity  of  a  construct .56 Such  a
strategy, how ever, m ay  not  provide  clin ical  decision -m aking
ut ilit y. The  in t raoperat ive  m on itoring of spine  st i ness has in
fact  been  show n  not  to  predict  clin ical  resu lts.57 Regardless,
the  foundat ion  for  decision  m aking  regard ing  appropriate

Fig. 28.35  (A) Interference  screw fixation and  (B, C) cerclage  and  compression wiring  fixation enhance  bone  graft  security for interbody and  dorsal
fusions, respectively. Interference screw fixation accomplishes this by using the threads of the screw as an additional mechanism of enhancing friction
between the  bone  graft  and the  vertebral body. The threads of threaded interbody fusion cages capture  two bone surfaces (e.g., L4 and L5) and  so
interfere with translation; they are indeed interference screws. Therefore, (D) a threaded interbody fusion cage is in fact  an interference screw, (E) but
often not  effective  as such.

Fig. 28.36  (A) Dorsal spinal compression force application compresses
all points dorsal to the instantaneous axis of rotation (IAR; dots). (B) An
interbody bone graft  placed dorsal to the IAR before the application of
a  dorsal compression force  will thus be  impacted  into the  vertebral
body and  so  will accept  a  greater portion of the  load  during  axial
loading. This may be  desirable  or undesirable.
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construct  design  (see  Chapter  18)  is  the  surgeon’s  solid
understanding  of  the  biom echan ical  principles  of  both  the
pathologic process and  the  p lanned  surgical correct ion .

Finally,  the  complications  associated  w ith  complex  instru-
m entation  procedures  have  led  to  the  use  of less  invasive  de-
compression  operat ions. In  selected  situations, decompression
alon e  is  appropr iate . On e  m ust  carefu lly assess th e  lit eratu re
in  th is  regard .  Of  par t icu lar  n ote  is  th at  th e  obser vat ion
of  in creased  m edical  r isk  for  bony  overgrow th  follow ing
lam inectom y  (w ith ou t  in st rum en tat ion  an d  fusion )  is  often
exaggerated .20,58
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29  Subsidence and Dynam ic Spine Stabilizat ion
Follow ing  the  attainm ent  of adult  stature  and  height, hum ans
shorten  (subside). This process is m inim al (lim ited) through  the
third  and  fourth  decades of life, but  it  accelerates continuously
thereafter. The  loss  of vertical  height  associated  w ith  aging  is
m ultifactorial. It  can  in  general  be  considered  to  be  related  to
three  phenom ena:  (1) disc in terspace  height  loss, (2) ver tebral
body collapse, and  (3)  deform ity  progression . All  involve  axial
deform ation  (deform ation  along the  neutral axis) and/or  angu-
lar  deform ation  (deform ation  about  an  axis of rotat ion—for  ex-
am ple, kyphosis). Another  form  of deform ation , rotation  about
the  long axis of the  spine, is  not  well understood  and  does not
warrant  discussion  here, although  it  is  identifiable  w ith  im ag-
ing studies.1

Angular  deform ation  is  associated  w ith  a  loss  of  either  or
both  ventral disc height  and  vertebral body height. This is typi-
fied  by  a  process  that  results  in  progressive  kyphosis
(� Fig.  29.1a).  Of  note,  a  “stable  kyphosis”  can  be  associated
w ith  axial neck pain .2 This is reason  enough  to aggressively ad-
dress  kyphosis  prevent ion  at  the  t im e  of surgery  (see  the  fol-
low ing). Perhaps  m ore  im portant ly, a  kyphosis  creates  a  long
m om ent  arm , w hich  in  turn  creates a  tendency toward  kypho-
sis  progression . This  is  perhaps  m ost  appropriately  portrayed
by the phrase  “deform ity begets deform ity” (� Fig. 29.1b).

Two term s, set tling and  subsidence, are  used  in terchangeably
here and specifically w ith  reference to the spine, as they pertain
to axial deform ation  (settling or subsidence). Of note is that  the
axis along w hich  axial deform ation  occurs is di eren t  from  the
one  along  w hich  pure  subsidence  (vertical height  loss)  occurs
(along a  plum b line;  � Fig. 29.2). Both  angular  deform ation  and
axial  deform ation  contribute  to  subsidence  (loss  of  ver tical
height).

Specifically  regarding  the  spine,  the  concept  of  subsidence
is  not  new. As  previously  m entioned , the  fact  that  the  spine
“collapses” during the  aging process has been  know n  for  cen-
tur ies. Spine  surgeons have  sim ilarly know n  for  years that  in -
terbody  fusions  are  often  com plicated  by  the  “p iston ing” of

in terbody  grafts  in to  ver tebral  bodies, w hich  in  large  par t  is
related  to  angular  deform at ion  (e.g., kyphosis). Kyphosis  con-
tr ibu tes  to  a  loss  of  ver t ical  heigh t  (see  � Fig.  29.1  and
� Fig. 29.2)  and  therefore  is  a  com ponen t  of subsidence. Th is
process  involves  a  com binat ion  of (1)  p iston ing  of  the  st ru t
in to  the  ver tebral  bodies,  (2)  collapse  (shor ten ing)  of  the
graft  (st ru t)  itself, and  (3) poor  carpen tr y. Poor  carpen t ry  re-
sults  in  persisten t  gaps  that  “encourage” subsidence  or, even
w orse, persisten t  gaps  between  the  st ru t  and  the  end  p late.
The lat ter  m ay lead  to nonun ion .

A substantial body of inform ation  regarding settling and  sub-
sidence  has  been  accum ulat ing. This  is  predom inantly  of note
regarding the  cervical spine. In  th is  chapter, therefore, m ost  of
the  discussion  focuses  on  the  cervical  spine, m ost  specifically
the ventral cervical spine.

Hughes  and  colleagues  have  observed  that  significant  sub-
sidence  occurs  follow ing  ventral  cervical  fusion  procedures

Fig. 29.1  The  loss of vertical height  associated
with  prior laminectomy and  aging  is caused  by
(1) disc interspace height  loss, (2) vertebral body
collapse, and  (3) angular deformation. (A) This is
depicted  in  a  magnetic resonance  image  of a
patient  with  advanced  cervical spondylotic
myelopathy spinal deformity. (B) A depiction  of
the  injury force  vector causing  a  ventral wedge
compression fracture. F, applied  force  vector; D,
length of moment arm (from the IAR to the plane
of F); M, bending  moment; IAR, instantaneous
axis of rotation.

Fig. 29.2  Axial deformation  occurs along  the  “axis” (dotted line, B) of
the spine, regardless of whether the spine is (A) straight  or (B) curved.
Subsidence  (vertical height  loss) occurs because  of the  application  of
axial loads along  a  plumb line  (dotted line, C).
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and  that  th is  is  related  to  the  num ber  of  levels  fused  (see
� Table  29.1).3 Subsequently,  Bishop  and  colleagues  corrobo-
rated  these  findings  regarding  ventral  cervical  discectom ies.
Furtherm ore, they  dem onstrated  that  allografts  subsided  and
angled m ore than  autograft  fusions in  single and  m ulti-level fu-
sions  (� Table  29.2  and  � Table  29.3).4 Graham  and  colleagues
have  show n  that  rigid  spinal im plants  m ay  retard, but  do  not
elim inate,  the  kyphotic  deform ation  process.5 Therefore,  the
subsidence process appears to be inevitable.

As stated, “deform ity begets deform ity” and  “kyphosis begets
kyphosis.” As such, aging results in  the loss of an  in itially robust
ventral disc in terspace  height  (� Fig. 29.3a, b). This  in  turn  re-
sults  in  straightening  (loss  of  lordosis)  of  the  spine  (see
� Fig. 29.3b) and the creation  of a m om ent  arm  that encourages
fur ther kyphotic deform ation  (� Fig. 29.3c).

29.1  Spine Deform at ion
In  general, the spine  “wants” to deform , even  in  the presence of
previously placed  in terbody strut  grafts.6 This  is  related  to  the
inevitable  and  obligatory  e ects  of the  aging  process, gravity,
and  repetitive  loading—predom inantly  the  repetitive  axial  im -
pulse loading associated  with  am bulation. It  is perhaps useful to
think  of  spinal  deform ation  as  occurring  in  one  (or  m ore)  of
three  planes:  (1) rotation  (about  the  long axis  of the  spine), (2)
axial deform ation  (deform ation  occurring along the  neutral ax-
is), and  (3)  angular  deform ation  (deform ation  occurring  about
an  instantaneous axis of rotation  [IAR] in  the  sagittal or  coronal
plane). Rotation  about  the  long  axis  of the  spine  is  di cult  to

assess  and  quantitate. Furtherm ore, it  is  not  of clinical  signifi-
cance  in  m ost  instances  in  the  subaxial cervical spine. Extrem e
rotation, and  the locking of a facet  joint, is an  obvious exception .

As previously stated, both  axial deform ation  and  angular  de-
form ation  occur  naturally  as  part  of the  degenerative  process
(see  � Fig. 29.3). Both  are  often  exaggerated  follow ing corpec-
tomy and  in terbody  strut  graft ing, as  well  as  follow ing  dorsal
decompression  via  lam inectomy. Also, both  axial  deform ation
and  angular  deform ation  contribute  to  the  loss  of  vertical
height  (subsidence; � Fig. 29.4).

The natural h istory of cervical spondylosis and  the degenera-
tive  aging  process  is  frequently  associated  w ith  a  cervical  ky-
phosis. This is not  ideal. Kyphosis a ects adjacent  segm ents ad-
versely.7,8 The  operative  decision-m aking  process  for  patients
w ith  myelopathy  pat ien ts  is  often  dictated  and  guided  by  the
extent  of the kyphosis. Finally, a stable  angular deform ity accel-
erates  end-fusion  degenerative  changes.9,10 This  can  be  pre-
vented  or  m inim ized  by  the  attainm ent  and  m aintenance  of
sagittal balance.11

Table 29.1  Multilevel cervical corpectomy and fibular strut: Associated
loss of height

Number of levels  Associated  loss of height

Two levels  7.6 mm

Three  levels  8.08 mm

Four levels  14 mm

Source: From  Hughes et  al.3

Table 29.2  Anterior cervical discectomy and fusion, single level

Allograft  Autograft

Collapse  2.4 mm  1.4 mm

Angulation  2.8  degrees  1.4  degrees

Source: From  Bishop  et  al.4

Table 29.3  Anterior cervical discectomy and fusion, multi-level

Allograft  Autograft

Collapse  3.0 mm  1.8 mm

Angulation  4.1  degrees  1.9  degrees

Source: From  Bishop  et  al.4

Fig. 29.3  Both axial deformation and  angular deformation contribute
to the  degenerative  (aging) process, as depicted. (A–C) As the  spine
deforms during  the  aging  process (see  Chapter 4), axial loads are
applied  progressively more  ventrally.

Fig. 29.4  (A) Lordotic and  (B) kyphotic spine  configurations are
approached  differently for decompression (i.e., dorsally and  ventrally,
respectively).
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In  general,  m ost  surgeons  perform  ventral  procedures  for
ventral  pathology  (particularly  if a  kyphosis  is  present)  and  a
dorsal procedure  for  dorsal pathology (particularly if a  lordosis
is  present). An  in term ediate  spinal configuration  (straightened
spine) m ay be  approached  surgically from  either  a  ventral or  a
dorsal  approach.  Som e  have  recom m ended  a  lam inectomy-
plus-fusion  approach  for  the  latter  pat ien t  population  (see
Chapter  4 and � Fig. 29.5). It  is em phasized  that  the attainm ent
and  m aintenance of cervical lordosis should  be one of the goals
of any cervical spine decompression  procedure. This pertains to
the lum bar spine, as well.

29.2  Dynam ic Spine Stabilizat ion:
A Historical Perspect ive
Spinal colum n  deform ation  in  the  form  of subsidence, part icu-
larly in  postoperative pat ien ts w ith  osteoporosis, is exceedingly
com m on. This occurs in  both  successful and  unsuccessful cases.
Therefore, str iving  to  prevent  subsidence  m ay  be  unw ise. An
im plant  that  perm its som e deform ation , but  that  lim its the  ex-
ten t  and  controls  the  type  and  t rajectory  of the  deform ation ,
m ay be  desirable. This concept  is not  new. Dynam ic hip  screws
have  been  em ployed  for  fem oral  neck  fractures  w ith  success.
They allow  the fem oral neck to  “shorten” or  “collapse” along its
axis so that  the bone (fem oral neck) “sees” adequate  or  optim al
bone  healing–enhancing forces  (e.g., compression;  � Fig. 29.6).
This, as well as  other  “dynam ic” techniques, uses the  phenom -
enon  of subsidence and  Wol ’s law  to advantage. As previously
stated, subsidence, to one degree or another, is inevitable.

Wol ’s  law  (in itially  published  by  Wol  in  1892)12,13 de-
scribes  the  phenom enon  associated  w ith  the  response  of bone
to  stress. This  “law ” has been  in terpreted  and  t ranslated  m any
tim es since  its  in it ial presentat ion. The  m odern  in terpretation ,
as  stated  in  the  American  Her itage  Medica l  Dict ionary  (copy-
right  © 2007, 2004  by Houghton  Mi in  Com pany), is  perhaps
the clearest  and m ost  succinct:

“The  principle  that  every change  in  the  form  and  funct ion  of
a bone, or  in  the funct ion  of the bone alone, leads to changes in
its in ternal architecture and in  its external form .”

Wol ’s  law  suggests  that  bone  loading  alters  bone  in tegrity
and  bone  healing. A corollary of Wol ’s  law  is  that  bone  heals
optim ally w hen exposed to compressive loads. In terestingly, Ya-
suda  et  al14 dem onstrated  that  bone  has  piezoelect ric  proper-
ties, such  that  it  can  generate  electr ic potent ials  in  response  to
m echanical stress. When  bone (in  vivo) is exposed  to compres-
sive loads, a negative  charge  is observed  over  its surface via the

Fig. 29.5  Most  surgeons “at tack” ventral pathology ventrally and  dorsal pathology dorsally. This is determined  in  part  by the  “orientation” or
configuration of the  spine. For example, (A) a kyphotic posture  of the  cervical spine  is usually approached  ventrally, and (B) a lordotic spine  may be
approached  dorsally. (C) Intermediate  spine  configurations may be  approached  via  either of the  aforementioned approaches. A laminectomy plus
lateral mass plate fixation and fusion may be appropriate in these circumstances. The shaded diamonds are created by drawing a line from the dorsal–
caudal aspect  of the C2 to the dorsal–caudal aspect  of the C7 vertebral body, and by using a 1- to 3-mm midline extension on each side of the line. If
some  portion of a  vertebral body falls behind  the  diamond (A), a  kyphosis exists.  If no  portion  of a  vertebral body falls within  the  diamond (B), a
lordosis exists. Of note is that  a spine in an intermediate configuration, or that  can be extended into a lordotic configuration, may be treated with the
latter approach  (C).

Fig. 29.6  (A, B) Dynamic hip  screws have  been  employed  for hip
fractures to  permit  axial deformation  along  the  axis of the  fractured
femoral neck. This permits the  fracture  site  to  “see” compression
forces. (A) This is depicted  by a  clinical example  in  which the
immediate  postoperative  configuration of the  implant  (along  the  axis
of the  femoral neck; B) changes as a result  of axial deformation. Note
the  desired  collapse  of the  prosthesis along  the  axis of the  femoral
neck.
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aforem entioned  piezoelect ric e ect. This in  turn  stim ulates os-
teoblastic  act ivity,  am ong  other  physiologically  favorable  pa-
ram eters  regarding  bone  healing.  Hence,  the  compression  of
bone  induces  bone  healing à  la  Wol ’s  law  via  the  elect rophy-
siologic propert ies first  observed by Yasuda and colleagues.

In  the case of a fem oral neck fracture treated w ith  a dynam ic
hip  screw, the  fem oral neck  axially deform s  along a  trajectory
defined  by the surgeon  (along the  “axis” of the fem oral neck, as
defined by the location  of the h ip screw ). This axial deform ation
increases the  compressive loads applied  to the bone fragm ents,
w hich  in  turn  enhance  the  chance  of healing (see  � Fig. 29.6).
These  concepts  are  applicable  to  spine  surgery, as  well. Weiss
developed  a  spring  w ith  hooks  for  attachm ent  to  the  dorsal
thoracic and  lum bar  spine. This  was subsequently m odified  by
Larson  (� Fig. 29.7).15 When  com bined  w ith  ventral  in terbody
fusion , th is technique provides compressive forces that both  en-
courage  subsidence  (by  compression)  and  sim ultaneously  in-
crease bone healing–enhancing forces.

Spinal im plants  that  are  not  rigid  (all  im plants  except  fixed
m om ent  arm  cantilevers and  three- and four-point  bending de-
vices)  provide  som e  degree  of dynam ism . Early  cervical  spine
dynam ic  im plants  included  Caspar  plates,  lateral  m ass  plates
(nonfixed  m om ent  arm  cantilevers—for  example, screws  that
toggle), and  cerclage w iring techniques (tension-band  fixators).
More  m odern  techniques  employ  these  sam e  principles  in  a
m ore  sophisticated  m anner  (� Fig. 29.8). They perm it  a  signifi-
cant  t ransfer  of load  through  the bone graft  (load  sharing), thus
encouraging  fusion. The  nonfixed  m om ent  arm  nature  of the
screws, however, causes  degradation  of the  screw –bone  in ter-
face  w ith  cyclical  loading,  even  w hen  bicortical  purchase  is
achieved.16 This  engenders  significant  concern  w ith  respect  to
unstable  spines or  long constructs. Caspar  attempted  the  overt

“allowance” of axial deform ation  w ith  the  use  of paired  slotted
holes, but  th is was subsequently abandoned.17

Rigid  techniques for  ventral spine  stabilizat ion  subsequently
achieved  popularity. These em ploy fixed  m om ent  arm  cantilev-
ered  screws (Synthes, DePuy Spine, Raynham , MA; Orion  [Sofa-
m or-Danek, Mem phis, TN];  and  others (� Fig. 29.9). The  extent
of their  rigidity is  quantifiable.18 The  greater  the  rigidity (sti -
ness) of an  im plant, the  sm aller  the  fract ion  of the  load  trans-
m itted  to the graft .19,20 Ventral cervical im plants vary consider-
ably  regarding  the  exten t  of  rigidity  im parted  to  the  spine.
Problem s  related  to  excessive  rigidity  have  been  observed,
opening  the  door  for  a  resurgence  of en thusiasm  for  dynam ic
im plants. The  Codm an  system  (Codm an  & Shurtle , Raynham ,
MA) is such  an  im plant  (� Fig. 29.10). It  perm its screw  toggling,
and  therefore  also  spine  deform ation . It  is purpor ted  not  to  re-
quire  bicortical  purchase.21 Fixed  m om ent  arm  cantilever  sys-
tem s, however, have  been  show n  to  be  associated  w ith  fewer
complications  than  nonfixed  m om ent  arm  system s;  hence  the
aforem entioned resurgence of m ore rigid system s.22

An  advancem ent  regarding controlled  subsidence technology
cam e in  the form  of the ABC system  (Aesculap  Im plant  System s,
Center  Valley, PA). It  provides  a  sim ilar  advantage  by allow ing
screws  to  toggle  via  a  nonfixed  m om ent  arm  cantilever  beam
strategy. It  also  uses  paired  slots  that  perm it  axial subsidence.
This  concept  was  previously  abandoned  by  Caspar.17 The  DOC
system  (DePuy-AcroMed, Raynham , MA),23,24 the ABC system ,25

and  the  Prem ier  plate  (Sofam or-Danek, Mem phis, TN)  perm it
controlled  dynam ism  (� Fig. 29.11). Controlled dynamism  is de-
fined  a s  the  encouragement  of  permissive  a xia l  deformation
a long a  predetermined tra jectory. With  such  strategies, the  sur-
geon  perm its  subsidence  by controlling or  dictating the  t rajec-
tory  along  w hich  it  occurs. Such  techniques  perm it, but  lim it,
the  am ount  of  axial  deform ation  (subsidence).  This  has  also
been  accom plished in  the thoracic and lum bar spine.15,26

This  is  not  unlike  the  situation  in  w hich  the  or thopedic sur-
geon  applies  a  dynam ic hip  screw  to  a  fractured  fem oral neck
(see  � Fig. 29.6). In  th is  case, the  surgeon  perm its  subsidence,
but  along a  t rajectory that  he  or  she  chooses. Hence, the  close
approxim ation  of bone  is  ach ieved, and  bone  healing–enhanc-
ing forces (à la Wol ) are encouraged.

Butt ress  plates  perm it  axial  and  angular  deform ation . They
are occasionally used  to m inim ize the  incidence of caudal bone
graft  kickout.27,28 This  strategy  m ay provide  the  sim plest  form
of  dynam ism .  However,  it  also  perm its  angular  deform ation
(see  Chapter  28). Of note  is  that  caudal kickout  is  m ost  signifi-
cant  at  the cervicothoracic junct ion, w here the spine angles sig-
n ificantly. The  e ects  of th is  regional change  in  geom etry have
been  studied biom echanically.29

29.3  Dynam ism
Dynamism  is  herein  defined  a s  permissive  spine  deformat ion.
The  term  im plies  that  an  im plant  “perm its”  or  allow s  the
spine  to  deform . However, the  deform ation  is  assum ed  to  be
controlled . This  is  accom plished  by perm itt ing only  desirable,
and  not  perm it t ing  undesirable,  deform ation ,  as  well  as  by
lim iting  the  exten t  of desirable  deform ation  (e.g., axial defor-
m ation)—hence  the  term  controlled  dynamism  (the encourage-
ment  of  permissive  a xia l  deformation  a long  a  predetermined
tra jectory).30

Fig. 29.7  (A) The Weiss spring, as modified by Larson,15 combined with
(B) a ventral interbody fusion, provides a dynamic dorsal tension band.
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Dynam ism  can  be  achieved  via  two  fundam ental  m echa-
nism s:  (1) the  em ploym ent  of absorbable  im plants and  (2) the
use of im plants that  them selves deform . These m echanism s dif-
fer  fundam entally. An  absorbable  im plant  perm its spinal defor-
m ation  only after  the in tegrity of the im plant  is lost  (by absorp-
tion). Therefore, absorbable  im plants  perm it  deform ation  late
(e.g., after 1 to 2 m onths), w hereas deform able implants perm it
spine  deform ation  im m ediately.  After  surgery,  subsidence
occurs early (1  to  2  weeks after  surgery;  � Fig. 29.12).23–25,30–40

Of additional note  is  that  to  be  strong enough  to  appropriately
resist  spinal  deform ation, the  absorbable  im plants  considered
to date m ust  be excessively th ick.

Deform able  im plants, as stated, perm it  deform ation  im m edi-
ately. They perm it  one  or  both  of two  types of spine  deform a-
tion:  (1) angular  deform ation  and  (2) axial deform ation . Angu-
lar  deform ation  m ay  be  perm it ted  by  nonfixed  m om ent  arm
cantilevers  (� Fig.  29.13),  by  tension-band  fixat ion  devices
(� Fig. 29.14),41 or  by failure  of fixed  m om ent  arm  cantilevers

Fig. 29.8  Dynamic implants. (A) An ABC plate  (Aesculap Implant  Systems, Center Valley, PA) has slots that  allow axial deformation to permit  settling
along  the  axis of the  spine. (B) Lateral mass screw–rod  fixation allows kyphotic deformation via nonfixed moment  arm  screw toggling. (C) Cerclage
wires permit  subsidence  via  the  allowance  of kyphotic deformation.
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(� Fig. 29.15). Axial  deform ation  m ay  be  perm it ted  by  slot ted
plates, collapsible  plates, screws that  slide  along a  rod  or  plate,
or  slid ing  platform s  (� Fig.  29.16).23,24 A variety  of  dynam ic
fixat ion  cervical st rategies  have  been  com pared  biom echan i-
cally.42 Each  di ers  m echan ically.  Dynam ic  plat ing  allow s
greater  load  t ransfer  th rough  the  graft 43 both  angular  and  ax-
ial  deform ations  are  perm it ted  by  kick  p lates  (� Fig.  29.17).
Kick  plates, how ever, allow  angular  deform at ion  and  do  not
absolutely elim inate  kickout . In  fact , catast roph ic kickout  m ay
be  associated  w ith  their  use. A situat ion  such  as that  depicted
in  � Fig.  29.17d  m ay  result  in  asphyxia  related  to  t rachea
com prom ise.44

29.4  Subsidence-Related Surgical
Com plicat ions
As  stated, rigid  im plants  have  been  routinely em ployed  in  the
cervical spine. Although  rigidity  is  often  desirable, it  is, in  and
of itself, a potent ial cause of construct  failure.45–47 The failure to
perm it  subsidence  w ith  the  use  of  cervical  im plan ts  can  in
fact  resu lt  in  th ree  m echan ism s  of construct  failu re:  (1)  The
construct  (im plan t ,  ver tebrae, and  graft )  m ay  fail  (e.g., kick-
out);  (2) the  im plan t  itself m ay fail (e.g., via  screw  fracture  or
plate  fracture);  and  (3)  failure  of  the  im plan t  to  perm it  the

Fig. 29.9  (A) Early (e.g., AO North America, Paoli,
PA) and  (B) “next-generation” (Orion; Sofamor-
Danek, Memphis, TN) fixed  moment  arm  canti-
levers are  depicted. The  lat ter are  stronger and
more  rigid.

Fig. 29.10  Implants that  limit  but  allow some
toggling  (Codman plate; Codman & Shurtleff,
Raynham, MA) provide  an intermediate  alterna-
tive  between fixed  and  nonfixed  moment  arm
cantilevers. (A, B) This is facilitated  by a  round-
bottom  screw head  that  fits into  a  cup  on  the
plate. (C) A cam  permits “limited  toggling.”
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bone  graft–ver tebral  body  junct ion  to  “see”  adequate  com -
pression  (bone  healing–enhancing  forces)  results  in  nonun-
ion . The  lat ter  is  related  to  st ress  reduct ion  osteoporosis  or
nonunion  (st ress sh ield ing).

Fusion  rates  for  un instrum ented  m ultilevel anterior  cervical
discectomy  and  fusion  are  suboptim al.48–50 The  m agnitude  of
graft  subsidence  is  proport ional  to  construct  length .51 Hence,
subsidence  becom es  m uch  m ore  of a  concern  w ith  long  con-
structs. Furtherm ore, the  extent  of axial subsidence  is  propor-
tional to angular deform ation  (kyphosis).52 Obviously, th is m ust
be  considered  in  relevant  clin ical scenarios. Unfortunately, the
addition  of a  bridging implant  does not  in tervene  in  a  positive
m anner.23,53 It  does, however, appear that  uninst rum ented m ul-
tiple-level  corpectomies  w ith  in terbody  fusion  are  associated
w ith  a  h igher  fusion  rate  than  uninstrum ented  m ultip le-level
discectom ies  and  fusion.54,55 Of  note,  angular  deform ation

appears to be greater in  the lat ter group.55 Regardless, the argu-
m ents rage on  in  th is arena. Personal preference and the unique
surgical technique  of each  surgeon  adequately explain  the  dif-
ferences of opinion .

Fig. 29.11  (A) Axial deformation is “permit ted” by implants that deform along the long axis of the spine (DOC; DePuy-AcroMed, Raynham, MA). (B, C)
This is further depicted  by two photographs in which subsidence  has been permit ted. The arrows depict  the  permit ted  deformation along  the  long
axis of the spine. (D) Both the axis along which the deformation occurs and the extent  to which it  occurs (as limited by the cross fixator; arrow) allow
this implant  to  limit  the  extent  of settling  (controlled  dynamism). (E, F) The  ABC system  (Aesculap  Implant  Systems, Center Valley, PA) has slotted
holes that  allow axial and  angular deformation. (G, H) Finally, the  Premier plate  (Sofamor-Danek, Memphis, TN) provides a  graded  resistance  to
subsidence.

Fig. 29.12  The  axial deformation  that  occurs during  the  first  24
postoperative  hours, during  the  interval of 1  to  2  weeks post-
operatively, and  during  the  interval of 1  to 2  weeks to  6  weeks to  3
months postoperatively is depicted. Note that  most  subsidence occurs
within  the  first  2  weeks following  surgery.
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29.4.1  Construct  Failure
Although construct failure is considered in  Chapter 30, som e as-
pects  of  construct  failure  are  unique  and  appropriately  dis-
cussed here. Bridging im plants that  a x to the spine only at  the
term ini of a long construct, w ithout  an  in tervening poin t  of fix-
ation  (e.g., fixed  m om ent  arm  cantilever  beam  fixat ion  only at
the term ini of the construct), m ay fail because  of fat igue failure
at  the  screw–bone  in terface  that  is  related  to  both  parallelo-
gram  and rotat ional m otion  and the resultant  repetit ive loading
and  unloading  of  the  screw–bone  in terface  (see  Chapter  19).
The  im plant, in  such  a  scenario, bears  a  substan tial portion  of
the  applied  axial  load.  The  cum ulative  e ect  results  in  the
placem ent of an  excessive stress (load) at  the screw –bone in ter-
face. In  reality, the  ability  of such  a  construct  to  bear  an  axial
load  is  no  di erent  from  that  of a  sim ilar  (but  shorter) screw –
plate  construct , such  as that  em ployed  in  a single-level anterior
cervical discectomy w ith  fusion. Its  longer  m om ent  arm , how -
ever,  subjects  it  to  sign ifican t  rotational  loads  and  m om ents,

Fig. 29.14  (A, B) Because  of its inability to bear axial loads, a  tension-
band  fixator permits angular deformation, as depicted.

Fig. 29.15  (A) Fixed  moment  arm  cantilevers may fail, either (B) by
fracture  or (C) by failure  at  the  screw–bone  interface  (shaded area),
resulting  in  angular deformation, as depicted.

Fig. 29.13  (A, B) The  toggling  that  is permit ted  by nonfixed  moment
arm  cantilever beam  implants permits angular deformation, as
depicted. This is not usually considered desirable. (C) A clinical example
is shown in  a lateral radiograph.

Fig. 29.16  Axial deformation is permit ted  by (A) slotted  plates, (B)
collapsible  plates, (C) screws that  can slide  along  a  plate, or (D)
platforms that  can  slide  along  rods, as depicted.
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w hich  result  in  degradation  and  failure  of the im plant–bone in-
terface, as  well as  the  in terbody strut–vertebral body in terface
(� Fig. 29.18). This type  of complication  has led  som e surgeons
to perform  com bined ventral and dorsal procedures,46,56 a  “phi-
losophy” reinforced  by the fact  that  cyclical loading and  fat igue
failure  at  the  screw–bone  in terface  occur  com m only.57 Of note
is that the supplem entation  of a ventral fusion w ith  a dorsal rig-
id  m ultisegm en tal  instrum entation  construct  provides  in ter-
m ediate  point(s)  of fixat ion  that  assist  w ith  the  resistance  to
the  aforem entioned  translational  and  rotat ional  stresses—by
using a  three-poin t  bending m echanism  of fixation  and  stabili-
zation .

Bridging fixed m om ent  arm  cantilever beam  ventral im plants
m ay  also  place  unexpected  loads  (com pression)  on  the  in ter-
body bone  graft  in  extension. This  is  so  because  a  ventral im -
plant  funct ions as a tension-band fixator  in  extension , w ith  the
IAR located  in  the  region  of the  im plant9,58–60 (� Fig. 29.18b, c).
The  graft  conversely is  un loaded  in  flexion  (see  � Fig. 29.18c).
The opposite is true for dorsal implants; an  in terbody strut graft
w ith  a  dorsal  screw –plate  fixator  (e.g.,  lateral  m ass  plate)  is
loaded  (in  compression)  during  flexion  and  unloaded  during
extension  (� Fig. 29.18d, e).11 It  is  em phasized  that  the  place-
m ent  of an  im plant  m oves  the  IAR to  or  toward  the  im plant,
thus causing the spine to flex or extend about  the implant  in  re-
sponse  to  an  applied  bending  m om ent  (e.g., flexion  or  exten-
sion).

Screw  placem ent  in to  an  in terbody strut  graft  deserves  fur-
ther  discussion. Several factors contribute  to failure  of the  con-
struct  depicted  in  � Fig. 29.18a. First , the  long  construct  em -
ploys only term inal screw  fixation  poin ts in  the  “native” spine,
w ith  no  in term ediate  point(s)  of fixation. This  has  substantial
im plications  regarding  spine  stability  (see  Chapter  19  and
� Fig. 29.18b–d). Second, in term ediate  screws  are  placed  in to
the fibula allograft  strut . This causes the strut  to m ove w ith  the
im plant, in  turn  resulting in  m otion-related  degradation  of the
strut–vertebral  body  interface. Third, the  screws  anchored  in
the  fibula  strut  do  not  contribute  to  spinal fixation  and  stabil-
ity. Only anchors that  are  a xed  to the  “native” spine  contrib-
ute  to  stability. Finally, the  screws placed  in to  the  strut  weak-
en  the  st rut  and  can  contr ibute  to  eventual  fracture  of  the
strut. All  of the  aforem entioned  contribute  to  excessive  “load

bearing” by the  im plant  and  excessive  loading and  weakening
of the bone graft .

29.4.2  Im plant  Fracture
Ventral plates (� Fig. 29.19) and  screws (� Fig. 29.20) m ay frac-
ture  as  a  result  of an  inability  to  resist  subsidence. Subsidence
essentially obligatorily occurs, to one degree or another, even  in
the  presence  of rigid  instrum entation.5 Subsidence  m ay indeed
proceed  to the  exten t  that  an  im plant  can  no longer  resist  it . If
th is  is  the  case, failure  of  som e  sort  w ill  ensue. This  usually
takes the form  of either  construct  failure  (usually at  the screw –
bone  and  bone–bone  in terfaces  via  kickout  of  the  bone  graft

Fig. 29.17  A kick plate  provides (A) resistance  to caudal strut  kickout.
However, it  also  permits (B) axial deformation, as well as (C) angular
deformation. (D) The  lat ter is not  desirable. Catastrophic kickout  can
result  from  dislodgement  of the  kick plate  and  displacement  of the
strut. This can  cause  compression of the  trachea and  respiratory
embarrassment. (Data obtained  from  Riew et  al.44)

Fig. 29.18  Fixed moment  arm  cantilever implants may place excessive
stress on  the  screw–bone  interface, resulting  in  failure  of both the
graft–bone  and  screw–bone  interfaces, as depicted. Several factors
contribute  to  the  failure  of this construct. First, the  long  construct
employs only terminal screw fixation points in  the  “native” spine, and
no intermediate  point(s) of fixation. This has substantial implications
regarding spine stability. Second, intermediate screws were placed into
the fibular strut. This causes the strut  to move with the implant, in turn
resulting  in  motion-related  degradation of the  strut–vertebral body
interface. Third, the  screws anchored  in  the  fibular strut  do  not
contribute to spinal fixation and stability. Only anchors that  are affixed
to the  “native” spine  contribute  to stability. Finally, the  screws placed
into the strut  weaken the strut  and can contribute to eventual fracture
of the  strut. All of the  aforementioned  contribute  to  excessive  “load
bearing” by the  implant  and  excessive  loading  of the  bone  graft.
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and  im plant)  or  im plant  fracture  (e.g., screw, plate, or  screw –
plate  failure).61 Occasionally, the  fracture  of an  implant  m ay in
fact  perm it  fusion  because  the  bone  graft  and  vertebral bodies
are  allowed  to  “see”  appropriate  bone  healing–enhancing
forces. In  th is case, the  implant  has  “dynam ized  by failing” (see
� Fig. 29.20 and � Fig. 29.21).

The cases depicted  in � Fig. 29.20 and � Fig. 29.21 illustrate a
phenom enon  that  is both  uncomm on and unique—fracture/fail-
ure of an  im plant  resulting in  a solid  fusion  (“dynam ism  via im -
plant  fracture/failure”). The  case  in  � Fig. 29.20  illustrates  the
principles of axial dynam ism  (by vir tue  of fracture/failure). The
im plant  is  a  m iddle-generation  Caspar  cervical  plate  incorpo-
rating dual screw  holes and  a paired  slot  at  each  segm ental lev-
el. Hence, the surgeon  placed  screws through  holes in  the  plate
and  a  slot  on  the  opposite  side  at  each  level. In  th is  case, the
spine  subsided  along  the  t rajectory  defined  by  the  surgeon
(along the  gentle  curve  of the  surgeon-contoured  plate). As the
spine  subsided, the  screws  in  the  holes  either  backed  out  or
fractured. This  was  due  to  the  stresses  applied  to  them  by the
m igration  of the  spine  past  the  screw  holes. The  screws in  the
slots  perm it ted  a xation  to  the  spine, w hile  allow ing  subsi-
dence to proceed (via screw  m igration  along the slots). The slot-
ted screws, hence, facilitated  “axially dynam ic” fixation, and the
screws placed  through  holes failed. Although  th is  is  a  very un-
com m on  scenario, the  case  provides graphic evidence and  sup -
port  for  the  im portance  of considering  axial  subsidence  in  a
construct during the construct design  process.

The  case  depicted  in  � Fig. 29.21  sim ilarly portrays axial dy-
nam ism  via  fracture/failure. However, because  no in term ediate
poin ts  of  fixation  were  em ployed,  the  subsidence  trajectory
was not  surgeon-controlled. It  nevertheless  resulted  in  a  satis-
factory lordotic alignm ent.

Fig. 29.19  Plates may fracture  as a  result  of excessive  stresses placed
on them  by the  subsiding  spine, as depicted.

Fig. 29.20  Screws may fracture as a result  of excessive stresses placed
on them  by the  subsiding  spine, as depicted. (A) Anteroposterior and
(B) lateral radiographs. Note  that  the  screws positioned  in  holes
fractured. They could not axially subside as the spine “migrated” along
the plate during the subsidence process. The screws positioned in slots
maintained  fixation while  dynamizing, thus permit ting  and  encourag-
ing  fusion.

Fig. 29.21  The  failure  of an  implant  (by fracture) may allow fusion  to
occur. In  a sense, this implant  dynamized  by fracture/failure, as
depicted, thus allowing  the  bone  graft  to  “see” bone  healing–
enhancing  compression forces.

Subsidence and Dynamic Spine Stabilizat ion

425



29.4.3  St ress Shielding
There  likely exists an  optim al am ount  of load  sharing betw een
the  spinal im plant  and  the  bone  graft . However, th is is di cult
to  determ ine  w ith  confidence  and  has  been  studied  in  the
thoracic and  lum bar  spine. It  has been  reported  that  70% of the
load  should  be t ransm itted  through  the spine (not  the im plant)
to  optim ally  enhance  both  arthrodesis  and  acute  stability.62

Stress shielding is  defined  here  as  “an  implant-induced  reduc-
tion  of bone  healing–enhancing  stresses  and  loads  applied  to
the spine to such  a degree that  stress reduct ion  osteoporosis, or
nonunion, m ay result.” In  the spine, it  can  be caused  by inactiv-
ity (e.g., bed  rest), spine bracing, and  m ost  com m only spinal in-
strum entation  (� Fig. 29.22). This  can  result  in  poor  or  inad-
equate  healing. If an  im plant  can  e ect ively  resist  subsidence,
norm al settling does not  occur. Because  bone  heals  best  under
compression  (via  the  augm entation  of bone healing–enhancing
forces  according  to  Wol ’s  law ),  and  because  compressive
forces, in  the case of an  in terbody fusion  w ith  an  accom panying
stress-sh ielding im plant  (i.e., a  construct  w ith  a  rigid  im plant),
are  not  allowed  to  be  t ransm itted  to  the  graft–vertebral  body
fusion  surfaces, healing  m ay not  t ranspire. Nonunion  or  pseu-
darthrosis  m ay  result . In  th is  case, the  phenom enon  of stress
shielding causes, or contributes to, nonunion  (� Fig. 29.23).

Doh  and  colleagues  evaluated  their  clin ical  experience  w ith
four ventral cervical strategies: (1) strut graft  plus halo, (2) ven-
tral  cervical  plate  plus  strut  graft , (3)  ventral  strut  graft  plus
dorsal  instrum entation  and  fusion, and  (4)  ventral  strut  graft
plus kick plate.48 Although  their study was sm all and the results
som ew hat  speculative,  they  observed  pseudarthrosis  rates  of
20%, 40%, 0%, and  7%, respect ively. This  suggests  that  the  halo
m ay  have  had  an  adverse  e ect ,  probably  caused  by  snaking
and  excessive  loading (see  Chapter  36). Uninstrum ented  fusion
in  th is series was observed  to be  relat ively e cacious. This has
been  corroborated  in  part  by others.47,54,63,64 Excessive  loading
related  to  the  rigid  plate  m ost  likely  contributed  to  the  high
pseudarthrosis rate  in  instrum ented  patients. The  addition  of a
dorsal instrum entation  component appears to m inim ize signifi-
cant  settling, w hile  prom oting  fusion. The  use  of a  kick  plate

perm its  subsidence  w hile  preventing  graft  dislodgem ent . This
has been  corroborated  by O’Brien  and  colleagues.27 Both  strat-
egies appear e ective. A kick plate funct ions like a dynam ic im -
plant.  However,  it  perm its  angular  deform ation  (see
� Fig. 29.1c) and  risks catastrophic sequelae  (see  � Fig. 29.17d).
An  im plant  that  perm its  only axial deform ation  or  subsidence,
w ithout angular deform ation, is in  theory optim al.45–47

29.5  Subsidence-Related
Biom echanics and Biom echanical
Considerat ions Regarding Spine
Stabilizat ion
29.5.1  Bone Shaping and Fit t ing
Many factors  a ect  the  outcom e  of a  surgical procedure. Most
of these factors are either directly or  indirectly surgeon-related.
A surgeon  m ay choose  the w rong operation, m ay choose  an  in-
appropriate  spinal  implant , or  m ay  im properly  place  a  spinal
im plant. Therefore, th is  section  is, in  a  sense, devoted  to  sur-
geon-related determ ination  of strategy.

Carpentry is im portan t  w hen a house is built , as well as w hen
a spine operation  is perform ed. The appropriate  “fit t ing” of bo-
ny components is  crit ical for  the  optim ization  of outcom e. The
creation  or  shaping of a  m ort ise  in  the  vertebral body and  the
precise  fit t ing and  shaping of an  in terbody  bone  graft  or  cage
are  vital  to  m inim ize  the  chance  of  dislodgem ent  and  other
form s of failure.

Three factors directly a ect  the incidence and extent of subsi-
dence in  th is regard: (1) the closeness of fit  of the bone graft  in
the  ver tebral body m ortise, (2)  the  surface  area  of contact  be-
tween  the  bone  graft  and  vertebral body, and  (3) the  character
or  quality  of the  contact  surfaces  (e.g., osteoporosis  adversely
a ects resistance to subsidence).

Closeness of Fit
Round pegs do not  sit  firm ly in  square holes. Sim ilarly, squared-
o bone grafts do not  fit  well in  a round m ortise  (or  vice versa).

Fig. 29.22  (A) An anteroposterior and  (B) a  lateral radiograph of a
patient  who underwent  a lumbar fusion (L3–S1) with instrumentation.
The  implant  was subsequently removed. Note  the  significant  loss of
vertebral body bone  density in  the  region of the  fusion  (arrows)
compared  with  more  rostral levels. This is a  manifestation of stress
shielding.

Fig. 29.23  A ventral rigid  cervical implant  causes stress shielding. This
can  contribute  to  nonunion  (pseudarthrosis), as depicted. Arrows
outline the location of the nonunion. (A) Lateral radiograph. (B) Close-
up. Note  the  pseudarthrosis (arrows).

Subsidence and Dynamic Spine Stabilizat ion

426



Such  a  poor  fit  increases  the  chance  of either  of two  types  of
poor  outcom e:  (1) nonunion  because  of an  inadequate  surface
area  of  contact  (� Fig.  29.24a)  or  (2)  excessive  subsidence
caused  by the  concentration  of stresses and  loads at  the  points
of  contact  betw een  the  vertebral  body  and  the  bone  graft
(� Fig. 29.24b). In  th is example, such  a concentration  of stresses
initiates  the  subsidence  process, w hich  then  proceeds  because
of the  progressive  degradation  of the  end  plate  contact  surface.
Maxim izing  the  surface  area  of  contact  and  optim izing  the
closeness of fit  betw een  the  bone  graft  and  the  vertebral body
m inim izes  stress  concentration  and  hence  m inim izes  the
chance of nonunion  or excessive subsidence (� Fig. 29.24c).

Surface Area of Contact
The surface area of contact  betw een  the bone graft  and  the ver-
tebral body is inversely proportional to the extent of subsidence
(� Fig. 29.25). The larger the surface area of contact , the less the
subsidence.  The  converse  is  also  t rue.  A th in  toothpick  w ill
easily penetrate a block of Styrofoam , w hereas a greater  force is
required  to m ake the blunt  eraser  end  of a pencil penetrate  the
sam e block of Styrofoam .

Qualit y of the Contact  Surfaces
Two  factors  predom inantly  related  to  surgical technique  a ect
the  quality  of the  contact  surfaces:  (1)  the  extent  of preserva-
tion  of the  end  plate  and  (2) the  proxim ity of the  point  of con-
tact  to  the  edge  of the  vertebral body (region  of cort ical bone
but tress). Hollowell and  colleagues  have  show n  that  preserva-
tion  of the  end  plate  is  of only  relative  im portance  regarding
subsidence  and  subsidence  m inim ization.65 With  th is  in  m ind,
the  observation  that  burring of the  end  plate  leads to  a  h igher
fusion  rate  (w ith  a clin ically insignificant  increase in  sett ling) is
of significance.66,67

The  ventral vertebral  body cortex  provides  a  significant  ad-
vantage regarding a butt ressing e ect . It  bears axial loads m uch
m ore  e ectively than  the  softer  cancellous bone  that  is charac-
teristic  of the  in terstices  of the  ver tebral  body. This  is  akin  to
comparing the edge of a tin  can  w ith  the m iddle of a tin  can  re-
garding axial load-bearing ability (� Fig. 29.26). This is corrobo-
rated  by  biom echanical  data  indicating  a  greater  construct

strength  w hen  the  cort ical  port ion  of a  graft  is  positioned  in
line  w ith  the  ventral cort ical surface,11 although  conflict ing in-
form ation  exists in  th is regard.68 Using the m argin  of a vertebral
body (or  the  edge  of a  t in  can) to butt ress an  axial load  is, in  a
sense, taking advantage of the  “boundary e ect .” The boundary
e ect  is  defined  as  the  enhanced  butt ressing  of an  axial  load
provided  by support ing the  load  at  the  edge  (boundary) of an
inhom ogeneous  vertebral body that  is  denser  at  its  periphery.
Som e im plants take advantage of th is concept (� Fig. 29.27).

Obviously, the  greatest  biom echanical  advantage  is  realized
w hen  the  surface  area  of contact  is  large  and  the  bone  graft  or
cage contacts all (or  nearly all) of the cort ical m argin  of the ver-
tebral body in  the  region  of the  end  plate  (circum ferential but-
tress). This also takes advantage of the  “boundary e ect” by em -
ploying it  in  a  circum ferential m anner  around  the  perim eter  of
the vertebral body–end plate region. This occurs w hen the bone
graft  or  cage  has  nearly the  sam e  size  (diam eter) as  the  verte-
bral  body  (� Fig. 29.28). Ideally, the  am ount  of  postoperative

Fig. 29.24  (A) A bone graft  with a square end (flat) does not  “fit  well”
into a rounded vertebral body mortise. Nonunion may occur as a result
of an  inadequate  surface  area of contact  (shaded area). (B)
Alternatively, excessive  subsidence, which  may not  be  desirable, may
occur because of the inability of the vertebral body mortise to prevent
“penetration” by the  ill-fit ted  strut  graft. (C) Maximizing  the  surface
area of contact  and the closeness of fit  between the bone graft and the
vertebral body minimizes the concentration of stress and the chance of
nonunion  or excessive  subsidence.

Fig. 29.25  The surface area of contact  between the bone graft and the
accepting  bone  (vertebral body mortise) is inversely proportional to
the extent  of penetration (subsidence) of the bone graft. (A) A smaller
surface  area of contact  resists penetration less well than (B) a larger
surface  area of contact.

Fig. 29.26  A depiction  of the  “boundary effect.” (A) When a  thumb
applies force  to the  center of the  end  of a  tin  can, the  extent  of
depression is greater than (B) when the  thumb applies a similar force
to the  edge  of the  can. This is analogous to applying  a  force  to the
center of an  end  plate  as opposed  to the  vertebral body–end  plate
region  along  the  vertebral body cortex wall. The  integrity of the
vertebral body, regarding  its ability to  bear axial loads, is relatively
increased  at  the  edge  of the  vertebral body. This phenomenon is
known as the  “boundary effect.” The cortical margin along the ventral
surface  of the  vertebral body is a  very effective  but tress where  the
“boundary effect” can  be  used  to  a  clinical advantage.
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subsidence  should  be  m inim ized  by the  surgeon’s  use  of good
“carpentry” strategies  and  techniques.  If  postoperative  subsi-
dence  is expected  to be  excessive  or  unacceptable, the  surgeon
m ay  consider  the  em ploym ent  of  the  aforem entioned  strat-
egies, along w ith  a dynam ic implant .

29.5.2  Spine Geom etry
The  cervical  spine  is  lordot ic  in  configuration.  This  in  part
causes an  increased  shear  load  to  be  applied  at  its  caudal por-
tion  (� Fig. 29.29), as studied by Ghanayem  and colleagues.18

29.5.3  Clinical Considerat ions
The early clin ical experience w ith  dynam ic im plants,21,23–25 and
in  particular  im plants  that  provide  only axial deform ation ,23,25

is encouraging. Of significance is that  m ost  sett ling occurs early
(1 to 2 weeks postoperat ively), w ith  an  accom panying t rend to-
ward early graft  incorporation.23–25

29.6  The Thoracic and Lum bar
Spine
Spontaneous, and  often  postt raum atic, subsidence in  the thora-
cic and  lum bar  spine  is com m on, via  osteoporotic compression
fractures. Such fractures are often  heralded by the sudden  onset
of back pain . Multip le  strategies for  the  treatm ent  of th is prob-
lem  have  been  em ployed, including vertebroplasty and  kypho-
plasty. Each  attempts to  reverse  the  subsidence  process via  de-
form ity correct ion, vertebral body height elevation , and fracture
stability  (to  reduce  pain  and  progressive  deform ity). A variety
of strategies have been  used.69,70

Fig. 29.27  The fins of a finned implant  can be used to abut  the ventral
cortical margin of a vertebral body, thus taking advantage  of the axial
load-bearing ability of the  vertebral body cortex, which functions as a
but tress (boundary effect).  This is depicted  here  (A) in  a line  drawing
and  (B) in  a  photograph of such an  implant  applied  to a  plastic lid
(analogous to  a  vertebral body).

Fig. 29.28  The greatest  biomechanical advantage regarding interbody
axial load-bearing ability is achieved  when the  strut  or cage  is nearly
the  same  size  as the  vertebral body (with  respect  to  the  contact
surface  areas), as depicted.

Fig. 29.29  The  lordotic curvature  of the  cervical spine  causes axial
loads to  impinge  on  the  rostral ventral corner of the  caudal vertebral
body of such a  construct. This may lead  to  failure, as depicted.
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From  a  surgical  perspective,  thoracic  and  lum bar  dynam ic
im plants, although  not  as com m only em ployed  as in  the  cervi-
cal  spine,  have  nevertheless  found  ut ility.41,45 In  the  thoracic
and  lum bar  spine, the  loads  are  greater  and  the  advantages of
dynam ic im plants are  less than  in  the  cervical spine. Therefore,
the  risk–benefit  ratio  for  the  use  of dynam ic  im plants  in  the
thoracic and lum bar spine is not optim al.71
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30  Vertebral Augm entat ion
The  discussion  regarding  vertebral  augmentation  for  osteopor-
otic  compression  fractures  has  substantially  escalated  in  recent
years. In  fact, significant  debate  regarding  the  virtues  of verte-
bral augm entation  technologies  has  evolved.1–3 This is primarily
related  to the  m arked  and  escalating interest  on  the  part  of sur-
geons and  their  patients, and  the relative paucity of quality liter-
ature supporting vertebral augmentation  strategies and  technol-
ogies. Although  not  yet  unequivocally proven  to  be  clinically ef-
fective, vertebral augmentation  strategies and  technologies make
intuit ive  sense. Som e, however, have  suggested  that  there  exists
a  disconnect  between  structurally e ect ive  surgery and  clinical
results.4 Buchbinder  et  al perform ed  a  multicenter, random ized,
double-blinded,  placebo-controlled  trial  of  vertebroplasty  for
painful osteoporotic vertebral fractures. They found no beneficial
e ect  of vertebroplasty com pared with  placebo control.4

Considering the en thusiasm  for  vertebral augm entation  tech-
nologies, the  di culties related  to the  association  of the  proce-
dure  itself w ith  outcom e  m etrics  have  been  challenging. Many
factors a ect  outcom e. Although  clinical studies predom inate,1–

3 the study of ver tebral augm entation  and  related  techniques in
patien ts w ith  osteoporosis or  cancer  has a  relatively strong ba-
sic science background.1,5–10

The  varying m ethodologies  associated  w ith  both  the  clin ical
and  laboratory studies em ployed  to assess vertebral augm enta-
tion  and  its  associated  risk  factors m ost  likely explain  the  con-
troversy  and  the  “shift ing  sand” nature  of the  enthusiasm  for
total  disc  arthroplasty  and  related  technologies. The  research
m ethodologies  em ployed  in  th is  arena  are  often  flawed. This
raises  quest ions  regarding  the  conclusions  derived.11–13 This
chapter  addresses  th is  arena  from  an  object ive  biom echanical
perspective.

30.1  Biom echanics and Object ive
Assessm ent
The stabilization  of a  fractured  ver tebra  is for  the  m ost  part  an
intuit ively  sound  endeavor.  Most  chapters  in  th is  book  have

assessed  the  open  surgical approach  to spine  stabilization . This
chapter,  however,  focuses  on  a  m inim ally  invasive  approach,
vertebral augm entation.

Vertebral  augm entation  procedures  can  be  categorized  in to
two groups:  (1) stand-alone  vertebral body filler  techniques (i.
e., vertebroplasty)  and  (2)  ver tebral body expansion  and  filler
techniques (i.e., kyphoplasty and  related  techniques). Both  the-
oretically  str ive  to  achieve  the  acquisit ion  of stability  and  de-
form ity  correct ion.  Regarding  the  latter  goal,  kyphoplasty
would  theoretically be  expected  to be  m ore  e ective  regarding
deform ity (kyphosis) correction . The  evidence  regarding verte-
bral augm entation  strategies as  a  treatm ent  for  vertebral com -
pression  fractures is not  strong, but  it  does support  their  use.14

Again , conflict ing reports do exist .4

Vertebroplasty, as  a  technique, essentially  fills  pores. This  is
illustrated  in  � Fig. 30.1. As  such , it  would  not  be  expected  to
significantly increase ver tebral body height or correct deform ity
(e.g., kyphosis). Of concern  w ith  all ver tebral techniques is  the
potential  for  leakage  of  liquid  acrylic  in to  the  extravertebral
spaces, part icularly  the  spinal  canal.  This  m ay  be  m ost  com -
m only  expected  w hen  breaches  of the  dorsal vertebral  cortex
are present .

The  term  kyphopla sty  is  derived  from  Greek  roots:  kyphos
(“hum p”)  and  -pla sty  (“plastic  surgery,”  from  pla ssein,  “to
form ”). Like  a  m ud  jack, it  should  be  able  to  elevate  the  verte-
bral height  and  correct  deform ity by expanding the  in traverte-
bral space  (� Fig. 30.2). This  is  not  often  achieved, m ost  likely
because of the relat ively excessive forces required  to reduce the
fracture  and  the  relatively soft  platform  (ver tebral body side  of
the end  plates) to w hich  the force  m ust  be  applied. In  addition ,
the  sti ness  of a  vertebra  increases  rapidly  follow ing  fracture.
Hence, a  delay of weeks to  m onths follow ing fracture  radically
a ects the chance for correct ing a fracture-related deform ity.

Syringe  and  syringe  design,  the  fluid  m echanics  associated
w ith  inject ion, and  the  am ount  of m aterial injected  a ect  de-
form ity  correct ion  and  stability  acquisit ion,  as  well.  Syringe
characteristics  have  been  show n  to  a ect  the  rate  and  volum e

Fig. 30.1  (A) Vertebroplasty involves the  placement  of a  large-bore  needle  into the  substance  of the  vertebral body. (B) This is followed  by the
injection  of a semiliquid  injectate  under pressure. (C) The  injection  needle  is then removed.
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of an  inject ion. The viscosity of the injectate a ects the rate and
volum e of the  in ject ion , as w ell. Viscosity changes rapid ly fol-
low ing in it iat ion  of the  polym erization  process  w ith  polym e-
thylm ethacrylate  (PMMA).  Th is  and  bone  porosity  are  the
m ajor  factors  a ect ing  inject ion  volum e. Flow  rate  and  flow
volum e  (penetrat ion  in to  bone)  are  described  by  law s  of
physics, including  the  Hagen-Poiseuille  law  and  Darcy’s  law,
respect ively.1,15–17

Alternatives  to  kyphoplasty  have  been  devised  as  strategies
to create  a void  in  bone and  expand  the  m arrow  spaces. In  one
such  technique, the  cem ent  is in troduced  in to a  bone void–fill-
ing container. This theoretically reduces the  chance  for  cem ent
extravasation  outside the confines of the ver tebral body.18

Vertebral body sti ness is  theoretically augm ented  by verte-
bral  augm entation  techniques.  Other  param eters,  such  as
strength , are also a ected. Although  sti ness is augm ented, it  is
not  restored  to  preinjury  values.1,19,20 Stresses  applied  to  bone
follow ing  augm entation  vary, depending  on  the  type  of bone.
Hence, the  e cacy of a vertebral augm entation  procedure  m ay
be  related  m ore  to  the  biom echanical  characteristics  of  the
bone than  to the  actual procedure selected  or  the  injectate  vol-
um e.1,21 Higgins  et  al  confirm ed  these  findings  and  observed
that  ver tebral  body  strength  is  increased  follow ing  vertebro-
plasty, but  that  the  location  of cem ent  placem ent  does  not  af-
fect  strength .  They  also  observed  that  augm entation  of  the
upper  thoracic  vertebrae  is  not  associated  w ith  an  increase  in
strength , as  is  the  case  in  the  low  thoracic  and  lum bar  verte-
brae. Finally, they observed  that  specim ens w ith  low  bone m in-
eral density show  greater  strength  im provem ent  follow ing ver-
tebroplasty.9 These  factors  obviously  a ect  deform ity  correc-
tion , as well. Conflict ing reports prevail.22–24 Kayanja et  al dem -
onstrated  that  m ultilevel sti ness and  strength  are  not  a ected
by  vertebral  augm entation  of  an  in term ediate  vertebra.  They

concluded  that  augm entation  of  ver tebral  compression  frac-
tures by kyphoplasty does not  alter  the  sti ness or  strength  of
the m ultilevel segm ents.5 The im plications of these findings are
that  compression  fractures  that  occur  subsequent  to  ver tebral
augm entation  m ay  not  be  related  to  the  augm entation  proce-
dure itself, but  rather to progression  of disease and  possibly de-
form ity.

Adjacent-level  fractures  follow ing  vertebral  augm entation
procedures are  relatively com m on. This phenom enon  is related
to  several factors. First , the  patien t  and  the  pat ient’s  bone  are
susceptible  because  of structural and  load-bearing characteris-
tics.  Second, if  a  kyphotic  deform ity  exists, excessive  stresses
are applied to adjacent levels. Third, the vertebral augm entation
procedure itself sti ens the t reated  segm ent  and  in  turn  causes
greater  forces  to  be  applied  to  adjacent  segm ents. Regardless,
controversy also  prevails in  th is  arena, w ith  conflicting reports
refuting the aforem entioned  notion  that  sti ness augm entation
transm its increased loads to adjacent  segm ents.25–29

Ahn  et  al theorized  m echanism s for  both  adjacent  and  non-
adjacent  fractures  follow ing  ver tebral  augm entation  proce-
dures. They  suggested  that  a  direct  transm ission  of forces  via
sti ening of the  t reated  segm ent  is  at  least  in  part  a  causative
factor  associated  w ith  adjacent-level fractures, w ith  the  trans-
m ission  of loads directly to the  adjacent  segm ents (� Fig. 30.3),
w hereas  nonadjacent  fractures  m ay  result  w hen  the  pillar  ef-
fect  is not  prom inent  because  of the  im m obility of the  adjacent
segm ent (� Fig. 30.4).3 In  th is situation, fractures m ay be related
to  deform ity  (kyphosis),  the  im m obility  of  the  adjacent  seg-
m ent, and the m obility of the nonadjacent segm ent.

The  m aterial  em ployed  for  vertebroplasty  or  kyphoplasty
does not  seem  to a ect  pain  reduction  or  vertebral body geom -
etry related to fracture t reatm ent.30 Also, injectate volum e does
not seem  to be a ected by injectate type.31

Fig. 30.2  (A) Kyphoplasty involves the placement
of a  large-bore  needle  into the  substance  of the
vertebral body. (B) Then  a  balloon is expanded,
creating  a  cavity in  the  vertebral body. (C) The
cavity is filled  with  semiliquid  injectate, usually
under less pressure  than that  used  in  vertebro-
plasty. (D) The  needle  is then removed.
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Vertebral  augm entation  is  often  em ployed  for  vertebral
bodies w ith  cancer  involvem ent. The tum or  for  w hich  vertebral
augm entation  is  m ost  often  perform ed  is  m ultip le  myelom a,
although  other  cancers  m ay  be  am enable  to  such  t reatm ent.
Oakland  et  al studied  two donor  spines, one a ected  w ith  m ul-
tiple  myelom a  and  the  other  w ith  m etastatic  bladder  cancer.
Follow ing augm entation, they observed a significant  increase in
failure  strength . Patterns of tum or  infiltration  a ected  fracture
strength .8 Such  observations are crit ical to our appreciation  and
understanding of regional variat ions in  ver tebral body strength
and to the planning of case-specific treatm ent  strategies.

30.2  Materials
PMMA has been  the m ainstay injectate for  ver tebral augm enta-
tion  procedures, in  large  part  because  the  m aterial  has  been

approved  for  other  or thopedic  and  neurosurgical  applications
for  years, resulting in  fam iliarity w ith  its characteristics. PMMA
can be m anipulated by varying the am ount of radiopaque m ate-
rial.  Barium  sulfate  in  varying  proportions  can  used  to  both
opacify  and  alter  structural  characteristics.  Iodine-containing
compounds  m ay also  be  used.32 Many additional m aterials  for
vertebral augm entation, however, have been  studied, and  a  va-
riety of creative  strategies have  been  conceived.18,32–44 Creative
strategies  for  the  study  of techniques  and  m aterials  have  also
been  devised. One  such  technique, w hich  em ploys low -density
polyurethane foam  as a m odel, was validated  and  used  to com -
pare  PMMA and  calcium  phosphate  bone  cem ent. Others  have
em ployed  a  perfused  an im al cadaver  m odel.7 With  these  tools,
treatm ent strategies can  be optim ized.

Lewis  has  outlined  the  propert ies  that  are  favorable  for  in-
jectable  bone  cem ents, as  they per tain  to  vertebral augm enta-
tion  (� Table  30.1).33 From  these  attr ibutes, one  can  assess and

Fig. 30.3  (A) A vertebral body compression  fracture  can be  “elevated” by expanding  a  balloon. (B) This can cause  adjacent-level stresses that  can
subsequently lead  to  fracture  at  adjacent  segments. (C) Such  adjacent-level stresses can be  augmented  if injectate  spills into the  adjacent  disc
interspace.

Fig. 30.4  (A, B) Reduction  of a  compression fracture  can cause  stresses at  the  adjacent  level or even at  levels separated  by (C) one  or two motion
segments. This is a result  of the  change  in geometry that  the  vertebral augmentation creates and  the  markedly altered  stiffness of the  augmented
vertebra.
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categorize  injectates,  w hich  are  categorized  as  calcium  phos-
phate  cem ents, acrylic cem ents, calcium  sulfate  cem ents, com -
posite cem ents, and biocompliant  injectates.

Obviously, delivery in to bone, in it ial structural in tegrity, and
ultim ate  structural in tegrity  are  crit ical. The  exotherm ic poly-
m erization  process  associated  w ith  acrylic  cem ents  can  nega-
tively  im pact  bone  and  neural t issue. Carriers  and  other  addi-
tives can  be  toxic to  bone. Finally, viscosity, w hich  is the  m ajor
factor associated w ith  deliverability.

30.2.1  Calcium  Phosphate  Cem ents
Calcium  phosphate  cem ents  vary  considerably  from  prepara-
tion  to  preparation . They  di er  from  a  structural  perspective
predom inantly in  their rates of resorption. Brushite cem ents re-
sorb  quickly,  w hereas  apat ite  cem ents  degrade  a  bit  m ore
slow ly,  although  m ore  rapidly  than  hydroxyapat ite.  Sett ing
tim es can  be controlled  by m ixing various cem ents.

Calcium  phosphate  form ulations  have  been  show n  to  have
m echanical behavior  characteristics  sim ilar  to  those  of PMMA.
These, along  w ith  their  biointegration  potential, m ake  them  a
very  viable  alternative  to  PMMA.37 A variety  of calcium  phos-
phate cem ent form ulations have been  studied. Several such  for-
m ulations  include  stront ium , w hich  induces  new  bone  form a-
tion. Its ease of use and  m echanical attributes are substantial.34,

43 Calcium  phosphate  cem ent  form ulations  also  have  a  lower
m odulus of elasticity than  PMMA preparations. This should  di-
m inish  the  incidence  of adjacent-segm ent  fractures. Stront ium
has  been  studied  as  an  additive  to  acrylic–calcium  phosphate
hybrid, as well.39 Of final note  here  is  that  iron  oxide  nanopar-
ticles have been  show n to significantly enhance the injectabilit y
of calcium  phosphate cem ents.40

30.2.2  Acrylic Cem ents
Acrylic  bone  cem ent  characteristics  vary,  depending  on  the
am ount  and  type  of  radiopaque  m aterial  em ployed—usually

barium  sulfate,  although  iodine-containing  compounds  m ay
also  be  used. Strength  is  altered  by such  renditions. Highly ra-
diopaque iodine-containing acrylic cem ents have show n  prom -
ise  from  the  perspective  of m echanics  and  ease  of use. These
form ulations  have  characteristics  sim ilar  to  those  observed  in
barium  sulfate form ulations.36

Acrylic form ulations that  are copolym ers of m ethylm ethacry-
late  and  laurylm ethacrylate  have  been  studied. One  such  for-
m ulation  exhibits  greater  duct ility  than  that  of  PMMA and
hence  a  decreased  m odulus  of elasticity, w hich  m akes  it  less
sti . Therefore, its  m odulus  of elast icity  m ore  closely approxi-
m ates  that  of  bone.38 A polypropylene  fum arate  form ulation
has  been  compared  w ith  PMMA, w ith  favorable  results.35 An-
other  variation  involves  the  use  of  zinc-based  glass  polyalke-
noate  cem ent.42 This  cem ent  is  bioactive  (bonds  to  bone)  and
radiopaque,  and  m echanically  it  compares  favorably  w ith
PMMA.42

30.2.3  Calcium  Sulfate  Cem ents
Calcium  sulfate  cem ents  (i.e.,  plaster  of  paris,  gypsum )  have
been  em ployed  very sporadically for  years. The structure  is not
consistent  and degrades w ith  t im e. The degradation  component
is a positive attr ibute if bone replaces the cem ent.1

30.2.4  Com posite  Cem ents
Com posite  cem ents w ith  nearly ideal propert ies have been  for-
m ulated. Many of these  properties  can  be  “dialed  in ,” depend-
ing on  the form ulation  and the processing techniques.1

30.2.5  Biocom pliant  Injectates
A relat ively  substantial  problem  associated  w ith  PMMA and
other  cem ents  is  related  to  the  fact  that  they are  not  cem ents.
Fibrous  and  fat ty  layers  of t issue  surround  the  acrylic. Hence,
PMMA is not  a  cem ent  at  all. It  does not  bond  to t issues. Other

Table 30.1  Desirable properties of an injectable bone cement for use in vertebroplasty and/or kyphoplasty

●  Very high  radiopacity
●  Ease  of preparation  and  handling
●  Very easy injectability into the  collapsed  vertebral body
●  Low curing  temperature
●  Working  time  of about  6  to  10 minutes
●  Setting  time  of about  15 minutes
●  Requisite  mechanical properties to  allow immediate  reinforcement  of the  vertebral body and  ensure  early ambulation  of the  patient; for example,

values for modulus of elasticity and  strength  should  be  comparable  with  those  of a  healthy vertebral body
●  Appropriate  cohesion; that  is, dough sets in  a  fluid  without  disintegration (achieved  by maintaining  a  high  degree  of viscosity for the  dough)
●  A curing  dough whose  initial viscosity is low (but  not  low enough to  have  the  potential for extravasation) and  in  which a  change  in viscosity is

practically invariant  with  setting  time
●  No toxicity
●  Microporosity (mean pore  diameter < 10 µm) to allow circulation  of body fluid
●  Macroporosity (mean pore  diameter > 100 µm) to provide  a scaffold  for blood  cell colonization
●  Resorption rate  that  is neither too high  nor too low
●  Excellent  osteoconductivity
●  Excellent  osteoinductivity
●  Excellent  biocompatibility
●  Excellent  bioactivit y
●  Low cost

Source: From  Lewis. 33 Reprinted  with  permission  from  John Wiley & Sons, Inc.

Vertebral Augmentat ion

434



ceram ics  and  acrylics  do  bond, however. In  addition, PMMA is
very hard  and  brit t le. It  has  a  h igh  m odulus  of elast icity, quite
unlike that  of bone (� Fig. 30.5a). Such  a m ism atch  fosters bone
erosion  and halo form ation around the acrylic. Hu et al have de-
veloped  a  biocompliant  cem ent  that  bonds  to  bone  and  has  a
m odulus of elasticity approxim ating that  of bone.41 Such  a  m a-
terial, if it  proves  to  be  clin ically  useful and  safe, w ill  provide
the ultim ate in  vertebral augm entation  strategies.

PMMA and  bone  have  quite  divergent  stress/strain  (i.e., st i -
ness) profiles (see  � Fig. 30.5a), as do a variety of other  m ateri-
als  that  have  been  used  as  vertebral  augm entation  agents
(� Fig. 30.5b). It  seem s prudent  to  consider  such  sti ness char-
acteristics in  the  decision-m aking process, particularly as addi-
tional m aterials becom e available clin ically.

30.3  Vertebral Augm entat ion
Reprise : An Assessm ent  of the
Bot tom  Line
Vertebral augm entation  strategies are  indeed  associated  w ith  a
sound  biom echanical foundation. Clin ical results and  outcom es
are  m ixed.  The  m echanics  related  to  vertebral  augm entation

are  relatively sim ple and  have been  presented  here. Further  re-
search  in  the  clin ical dom ain  is crit ical in  order  to m ake  a  clear
connection  betw een  theoretical  m echanics  and  clin ical  value.
This clear connect ion  has not, as of yet, been  established.
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31  Adjacent  Segm ent  Degenerat ion and Disease
The discussion  regarding adjacent-segm ent  “disease” has com e
to the  forefront  in  recent  years. This  is  prim arily related  to the
m arked and escalating in terest  in  m otion  preservation  and art i-
ficial disc surgery. It  seem s in tuitive that  a m otion  preservation
strategy, such  as a total disc arthroplasty (TDA), would  be asso-
ciated  w ith  a m inim al e ect  on  adjacent  m otion  segm ents—the
logic being that  a  m inim al disruption  of m otion  should  not  ad-
versely a ect  adjacent  levels. Theoretically, th is would  dim inish
the stress on  adjacent  m otion  segm ents, compared w ith  a strat-
egy  that  im m obilized  the  index  level  (i.e.,  via  fusion),  and  in
turn  would  be  associated  w ith  a  dim inished  incidence  of adja-
cent-segm ent  degenerat ion  and  adjacent-segm ent  disease
(sym ptom atic degeneration).

As an  aside, the  di erence  betw een  adjacent-segment  degen-
era t ion  and  adjacent-segment  disea se  should  be  clearly  de-
lineated. The two term s are  (inappropriately) occasionally used
interchangeably. To  be  clear, adjacent-segm ent  degeneration  is
asym ptom atic,  w hereas  adjacent-segm ent  disease  is  sym pto-
m atic. Despite  such  clin ical di erences, their  radiographic and
im aging  characteristics  can  be  identical.  Magnetic  resonance
im aging  can  be  used  to  identify  adjacent-segm ent  degenera-
tion, but  w ith  a  very  h igh  sensitivity.1 One  should, hence, be
caut ious  w hen  determ ining  the  presence  or  absence  of adja-
cent-segm ent  degeneration . The  actual  defin ition  of the  pres-
ence of adjacent-segm ent degenerat ion, it  is em phasized, is rel-
atively subject ive.

What  is  forgot ten  in  the  discussion  regarding  the  preserva-
tion  of m otion  by  first-generat ion  TDAs  is  that  although  flex-
ion–extension  and  lateral  bending  m obility  m ay  be  retained,
the quality of the m otion  is altered (see Chapter 32). First-gene-
ration  TDAs (i.e., the  devices m ost  com m only em ployed  today)
are  associated  w ith  m inim al sti ness  in  flexion–extension  and
lateral bending, w ith  a m arked  increased  sti ness in  axial load-
ing, This greatly increases stress  and  loading at  the  sam e-level
facet joints and adjacent  m otion  segm ents.

If one considers the en thusiasm  for TDA technologies, the dif-
ficulties  associated  w ith  the  definition  of  adjacent-segm ent
pathology, and  the  myriad  of clin ical and  anatom ical variables
at play, it  is not surprising that the etiology of adjacent-segm ent
degeneration  and  adjacent-segm ent  disease  is  controversial
and that the process itself is the subject  of significant discussion
and debate.2–35 Many associated and relevant clin ical factors ex-
ist  and  are  discussed  in  th is  chapter. Although  clin ical studies
predom inate, the  study  of adjacent-segm ent  pathology  is  not
restricted  to  the  clin ical  dom ain. Both  computerized  analyses
and  hum an  and  an im al biom echanical m odels  have  been  em -
ployed  to  further  elucidate  the  relevant  factors.7,23,24,31,36–38

They are, as well, steeped in  controversy.
The  varying m ethodologies  associated  w ith  both  the  clin ical

and  laboratory  studies  em ployed  to  assess  adjacent-segm ent
degeneration  and  adjacent-segm ent  disease  and  their  associ-
ated  risk  factors  m ost  likely  explain  the  controversy  and  the
“shift ing  sand” nature  of the  en thusiasm  for  TDA and  related
technologies.  The  m ethodologies  em ployed  in  th is  arena  are
often  flawed. This  raises  questions  regarding  the  conclusions
derived. Regardless, a  review  of the  available  literature  is  rele-
vant  and  presented  here. This  review  is  broken  dow n  in to two

segm ents. The  “older,” pre-TDA literature  is  presented  first  in
order  to  understand  w hat  has been  know n  and  the  foundation
upon  w hich  subsequent  studies  have  been  perform ed. It  then
becom es revealing to review  the  newer  literature  that  was sig-
n ificantly  influenced  by  the  TDA era. Finally, the  influence  of
spinal posture  and  sagittal balance, as  they relate  to  adjacent-
segm ent  degeneration  and  adjacent-segm ent  disease,  is  dis-
cussed. It  is suggested  that  the latter, rather  than  the  issue  sur-
rounding  m otion  preservation  or  fusion, is  the  m ost  relevant
factor associated w ith  end-fusion  degenerative changes.

31.1  Historical Literature  Review
As is  addressed  in  detail in  the  next  chapter  (see  Chapter  32),
axial loads transferred  to adjacent  levels and  to the  facet  joints
at the sam e level are increased, not decreased, follow ing the im -
plantation  of a  first-generation  TDA. This  is  due  to  the  signifi-
cant  sti ness in  axial loading associated  w ith  a  m etal-on-m etal
or  a  m etal-on-polym er  in terbody spacer. Although  flexion–ex-
tension  and lateral bending are perm it ted w ith  a TDA, they m ay
indeed  be  o set  by th is  axial-loading e ect . In  addition , it  has
been  assum ed  that  fusion  alters  adjacent-level  m echanics  to
such  an  extent  that  the  adjacent  m otion  segm ents  are  signifi-
cantly  and  adversely  a ected. Although  end-fusion  degenera-
tive  changes  have  been  observed  and  studied  for  years,39 the
risk factors associated w ith  adjacent-segm ent  degeneration  and
adjacent-segm ent  disease  rem ain  a  point  of significant  discus-
sion  and  debate. Therefore, th is topic deserves fur ther  explora-
tion via a h istorical review  of the literature.

The  annual  incidence  of de  novo  adjacent-segm ent  disease
varies  from  1.5  to  4.5%.40–42 In  a  compilation  of th ree  studies,
Hilibrand  et  al corroborated  the  low  incidence  of adjacent-seg-
m ent  disease  (1.5  to  4.5%)  follow ing  an terior  cervical  discec-
tomy and  fusion  (ACDF).43,44 They in  fact  observed  that  the inci-
dence of adjacent-segm ent disease did  not di er from  the natu-
ral unoperated history of the  “disease”:  “There appears to be an
incidence  of adjacent-segm ent  degeneration  and  disease  after
arthrodesis  that  m ay be  related  to  natural degeneration  or  the
adjacent  fusion.”43

Lunsford  et  al also observed  an  annual incidence of adjacent-
segm ent  disease  of 2.5% in  a  study  exam ining  ACD w ith  and
w ithout  fusion. In  addition , the  authors observed  no di erence
betw een  the incidence rates of adjacent-segm ent  disease in  the
fusion  and  no-fusion  groups.  This  observation  suggests  that
neither  ventral  cervical  spine  in tervent ion  nor  fusion  signifi-
cantly  alters  adjacent-segm ent  m echanics  to  a  clinically  rele-
vant exten t .45

In  a  part icularly revealing study from  the  1980s, Henderson
et  al  dem onstrated  an  annual  incidence  of  adjacent-segm ent
disease  of 3% in  m ore  than  800  pat ients  undergoing  posterior
lam inoforam inotom y.46 Posterior  lam inoforam inotom y  is,
st r ict ly  speaking,  a  m otion  preservat ion  procedure.  To  ob-
serve  a  consisten t  3% incidence  of adjacen t-segm ent  d isease
follow ing  such  a  procedure  st rongly  suggests  that  the  inci-
dence  of adjacen t-segm ent  d isease  is  related  to  factors  other
than  fusion  and  that  it  occurs  independen t ly  of surgery. In  a
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som ew hat  con t roversial  recen t  paper,  Clarke  et  al  observed
an  annual incidence  of adjacen t-segm ent  d isease  sign ifican t ly
low er  than  that  observed  by  Henderson  et  al.32 Their  m eth-
odology  w as, how ever, challenged  by  McCorm ick.30 It  is  em -
phasized  that  the  study  of  Clarke  et  al  is  m odern ,  and  the
m ethodology and  resu lts in fluenced  by the  TDA era.

The  consistently  low  incidence  of adjacent-segm ent  disease
is  fur ther  corroborated  by  the  observations  of  Hilibrand  and
colleagues.  Hilibrand  et  al  published  their  large  series  of  pa-
tien ts  undergoing ACDF (409  patien ts) in  1999. They observed
an  annual incidence  of adjacent-segm ent  disease  of 3% follow -
ing ACDF.47 This, again , does not  di er  from  the incidence asso-
ciated w ith  the natural h istory. Furtherm ore, they observed that
the  incidence of adjacent-segm ent  disease was less w ith  m ulti-
ple-level fusions than  w ith  single-level fusions. This counterin-
tuit ive  observation  truly deem phasizes  and  in  fact  negates  the
association  betw een  fusion  and  adjacent-segm ent  disease.48

From  a  biom echanical perspective, th is finding is counterintui-
tive because  of the  not ion  that  a longer  fusion  (and  hence, m o-
m ent  arm )  should  be  associated  w ith  greater  stresses  at  adja-
cent  m otion  segm ents. This, in  turn , should  be  associated  w ith
a  greater  incidence  of adjacent-segm ent  disease—not  a  lesser
incidence, as indeed was observed.47

The explanations for  the observation  by Hilibrand  et  al are  at
least  twofold. First , the  m ajority of ACDFs are  perform ed  at  the
levels  m ost  prone  to  degenerat ion  (C5–6  and  C6–7). Hence, a
two-level ACDF m ost  likely would  involve both  C5–6 and  C6–7.
This  leaves  only  relatively  degeneration-resistant  levels—in
w hich  the incidence of degenerative changes follow ing surgery,
or occurring naturally, is dim inished. Second, it  is also probable
that  fusion  length  (m om ent  arm  length) is not  a sign ificant  fac-
tor  regarding  the  developm ent  of  adjacent-segm ent  disease.
Other  factors, such  as sagittal alignm ent  and  the  restoration  of
norm al posture at  the index surgery level(s), m ay far supersede
m om ent  arm  length  regarding  relevance.49,50 Others, however,
have biom echanically refuted these findings.51

To add  to the  fray, Finn  et  al observed  that  the  retention  of a
m otion  segm ent  betw een  two  noncontiguous  cervical  fusions
resulted  in  less  adjacent-segm ent  and  in term ediate-segm ent
strain . This  “skip  fusion  construct” study suggests that  it  m ight
be  appropriate  to  consider  noncontiguous  fusions  instead  of
three-level fusions in  selected situations.52 As expected, contro-
versy prevails.53

31.2  Modern Literature  Review
Much  of w hat  was  h istorically  show n  regarding  adjacent-seg-
m ent  degenerat ion  follow ing  fusion  has  been  confirm ed  w ith
recent  studies.54–56Ahn  et  al observed  that  age, the  presence  of
degenerative  disease  and  m ultiple-level fusions, and  m ale  gen-
der correlated w ith  adjacent-segm ent changes.54

Initial biom echanical studies  of TDA kinem atics  in  cadaveric
m odels  supported  the  hypothesis  that  TDA  retained  native
range  of  m otion  at  the  operated  and  adjacent  levels.  This  is
quite  un like  ACDF,  w hich  decreases  range  of  m otion  at  the
operated  level  and, as  a  consequence,  increases  m otion  and
stresses  at  adjacen t  levels.48 Early  clin ical studies  also  corro-
borated  such  findings.25–27 Put t litz  et  al  com pared  ProDisc-C
(Synthes, West  Chester, PA)  ar th roplasty  w ith  the  nat ive  in -
terver tebral  d isc  at  C4–5  in  a  cadaveric  m odel. Using  a  pure

m om ent  bending  m ethodology, they  observed  no  d i erence
betw een  TDA and  the  nat ive  d isc.  They  concluded ,  w ithout
direct  m easurem en t , that  m otion  at  adjacen t  levels was repli-
cated  by TDA.57 The  conclusion  regarding  m otion  at  adjacen t
levels is, however, not  based  on  fact  and  m ay be  overstated.

DiAngelo  et  al compared  the  Bristol cervical disc (Medtron ic
Sofam or  Danek, Mem phis, TN), w hich  is sim ilar  to  the  Prestige
cervical disc (Medtronic Sofam or  Danek)—m etal on  m etal;  na-
tive disc;  and  graft  w ith  plate  at  C5–6 in  a cadaver  m odel. They
found no di erence betw een  arthroplasty and native disc at  the
operated  and  adjacent  levels,  w hereas  they  found  decreased
range  of m otion  at  the  operated  level and  increased  m otion  at
adjacent  levels w ith  graft  and  plate.58 Of significant  note here is
the  fact  that  they did  not  control for  sagit tal alignm ent  at  the
index level(s). This is a m ajor m ethodologic deficiency.

Chang et  al compared  ProDisc-C (m etal on  polym er), Prestige
(metal on  m etal), ACDF, and  native  disc  at  C6–7  in  a  cadaveric
model. They observed  that  ACDF decreased  range  of motion  at
the operated  level and  increased  range of m otion  at  the adjacent
levels.59 Again, the  conclusion  regarding m otion  at  adjacent  lev-
els was based  on  a  study in  w hich  there  was no control for  sag-
ittal  alignm ent  at  the  index  level(s). Chang  et  al  also  observed
an  increased  range of m otion  at  the operated  level in  the arthro-
plasty  group  com pared  w ith  the  native  spine  and  a  decreased
range of motion  at  adjacent  levels in  the arthroplasty group.59

Dm itr iev et  al compared  arthroplasty versus native versus al-
lograft  dowel versus allograft  dowel and  plate  regarding index-
level range of m otion  in  all m odes and adjacent-level in tradiscal
pressure  at  C5–6  in  cadaver  m odel. They observed  no di eren-
ces in  range of m otion  at  the  index level in  a  comparison  of ar-
throplasty and native spine. Adjacent-level in tradiscal pressures
were  unchanged  in  arthroplasty  versus  native  spine, w hereas
these  were  increased  at  the  rostral adjacent  level and  trended
toward  increased  at  the caudal adjacent  level in  the ar throdesis
constructs.60 Anderson  et  al  also  observed  that  fusion  and  ar-
throplasty had sim ilar kinem atic e ects on  adjacent levels.61

The  aforem entioned  data, on  the  surface, appear  convincing.
However, m ore  recent  studies  and  analyses provide  conflicting
views. Harrod  et  al, for  example, published  their  system atic re-
view of adjacent-segm ent  pathology follow ing cervical m otion–
sparing  procedures  compared  w ith  fusion.  They  observed  a
paucity of h igh-quality literature  in  th is arena. Regardless, they
found  no significant  di erence in  the  developm ent  of adjacent-
segm ent  degenerat ion  or  disease  w hen  they compared  arthro-
plasty  and  fusion . Nunley  et  al  confirm ed  these  findings  in  a
clin ical assessm ent.62 No conclusions regarding the  superiority
of either  m anagem ent  strategy could  be  m ade.63 Cho and  Riew
and  Boselie  et  al  recently  provided  review s  that  are  in  agree-
m ent  w ith  that of Harrod et al and  that dem onstrated no di er-
ence  in  adjacent-segm ent  disease  betw een  fusion  and  TDA.56,64

Finally, Wu  et  al  found  a  very  low  incidence  of adjacent-seg-
m ent  disease  follow ing ACDF.65 In  addition, they observed  that
younger  and  m ale  pat ients  were  m ore  likely  to  develop  adja-
cent-segm ent disease.

How  does one m ake sense of the literature?  It  is very confus-
ing  and  con flicted.  It  is  in fluenced  by  the  era  in  w h ich  the
studies  w ere  perform ed.  The  lat ter  suggests  bias  regard ing
the  establishm en t  of study design  and  in terpretat ion . What  is
becom ing increasingly eviden t , though , is  that  spinal posture
and  sagit tal  alignm ent  are  crit ical  regarding  the  st resses
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placed  on  adjacen t  m otion  segm ents. Therefore, th is  chapter
closes  w ith  a  brief d iscussion  of sagit tal balance  and  posture
as  they  relate  to  adjacen t-segm en t  degenerat ion  and  adja-
cen t-segm en t  d isease.

31.3  Sagit tal Balance and Posture
Postoperative  spinal  m alalignm ent  is  a  m ajor  contributor  to
m otion  segm ent  stressors, and  it  is perhaps the m ajor contribu-
tor  to  adjacent-segm ent  degeneration  and  adjacent-segm ent
disease in  both  the cervical and lum bar spine.66–74 Certain  post-
operative  spinal pelvic param eters, m ost  notably a  large  pelvic
incidence and a sm all lum bar lordotic angle, are associated w ith
a  greater  risk  for  adjacent-segm ent  stresses  and  degenerative
changes.49,67,70–74 Specifically regarding the lum bar lordotic an-
gle, the m aintenance of lum bar lordosis follow ing fusion  results
in  a  dim inished  incidence of adjacent-segm ent  stresses and  in-
stability, in  comparison  w ith  a  kyphotic  spine.49,70 To  be  sure,
sagittal alignm ent  is strongly related  to segm ental m obility and
disc degeneration.50,75

Adjacent-segm ent  disease  is  not  caused  by  m otion  segm ent
fusion  alone.66,68,69,75,76 Even  w ith  long  dorsal thoracic  fusions
ending at  T1, junct ional destabilization  is infrequent  if the liga-
m entous in tegrity of the junct ional segm ent  is preserved.77 Fu-
sion  plus the  presence  of abnorm al end-fusion  alignm ent  (usu-
ally kyphosis) appears  to  be  the  m ajor  factor  a ect ing end-fu-
sion  stresses that  result  in  adjacent-segm ent  degeneration  and
adjacent-segm ent  disease.  This  observation  and  conclusion,
based  on  the  data  presented  in  th is  chapter, cast  further  doubt
on  previously established  rationales for  TDA, at  least  on  the ba-
sis  of  the  e ect  of  TDA and  adjacent-segm ent  degenerative
pathology.

References
[1]  Antosh  IJ, DeVine JG, Carpen ter  CT, Woebkenberg BJ, Yoest  SM. Magnetic res-

onance  im aging  evaluation  of adjacent  segm ents  after  cervical  disc  arthro-
plasty: m agnet strength  and its e ect  on  im age quality. Clin ical article. J Neu-
rosurg Spine 2010; 13: 722–726

[2]  Cheng JS, Liu  F, Kom istek RD, Mahfouz MR, Sharm a A, Glaser  D. Com parison
of cervical spine kinem atics using a fluoroscopic m odel for  adjacen t  segm ent
degen erat ion . Invited  subm ission  from  th e  Join t  Sect ion  on  Disorders  of
the  Sp ine  and  Peripheral Nerves, March  2007. J Neurosurg Spine  2007;  7:
509–513

[3]  Cunningham  BW, Hu  N, Zorn  CM, McAfee  PC. Biom echanical com parison  of
single- and  two-level cervical ar throplasty versus arthrodesis: e ect  on  adja-
cent-level spinal kinem atics. Spine J 2010; 10: 341–349

[4]  Da ner  SD, Xin  J, Taghavi CE et  al. Cervical segm ental m otion  at  levels adja-
cent  to disc herniation  as determ ined  w ith  kinetic m agnetic resonance im ag-
ing. Spine 2009; 34: 2389–2394

[5]  Fei Z, Fan  C, Ngo S, Xu  J, Wang J. Dynam ic evaluation  of cervical disc hernia-
tion  using kinetic MRI. J Clin  Neurosci 2011; 18: 232–236

[6]  Hilibrand  AS, Robbins  M. Adjacen t  segm ent  degeneration  and  adjacent  seg-
m ent  disease:  the  consequences  of  spinal  fusion?  Spine  J 2004;  4  Suppl:
190S–194S

[7]  Hussain  M, Natarajan  RN, An  HS, Andersson  GBJ. Progressive  disc degenera-
tion  at C5-C6 segm ent a ects the m echanics betw een  disc heights and poste-
rior  facets  above  and  below  the  degenerated  segm ent:  A flexion-extension
investigation  using a  poroelastic C3-T1  fin ite  elem ent  m odel. Med  Eng Phys
2012; 34: 552–558

[8]  Javedan  SP, Dickm an  CA. Cause  of adjacent-segm ent  disease  after  spinal fu-
sion . Lancet  1999; 354: 530–531

[9]  McAfee  PC, Cunningham  BW, Hayes  V et  al. Biom echanical analysis  of rota-
tional  m otions  after  disc  arthroplasty:  im plications  for  patients  w ith  adult
deform ities. Spine 2006; 31 Suppl: S152–S160

[10]  Park DK, Lin  EL, Phillips FM. Index and adjacent level kinem atics after cervical
disc replacem ent  and  anterior  fusion : in  vivo quantitative  radiographic anal-
ysis. Spine 2011; 36: 721–730

[11]  Phillips FM, Tzerm iadianos MN, Voronov LI et  al. E ect  of two-level total disc
replacem ent on cervical spine kinem atics. Spine 2009; 34: E794–E799

[12]  Prasarn  ML,  Baria  D,  Milne  E,  Latta  L,  Sukovich  W. Adjacent-level  biom e-
chanics after  single versus m ultilevel cervical spine fusion . J Neurosurg Spine
2012; 16: 172–177

[13]  Takahashi H, Suguro  T, Yokoyam a  Y, Iida  Y, Terashim a  F, Wada  A. E ect  of
cage  geom etry on  sagit tal alignm ent  after  posterior  lum bar  in terbody fusion
for degenerative disc disease. J Orthop Surg (Hong Kong) 2010; 18: 139–142

[14]  Zigler  JE,  Glenn  J,  Delam arter  RB.  Five-year  adjacent-level  degenerative
changes in  patients  w ith  single-level disease  treated  using lum bar  total disc
replacem ent  w ith  ProDisc-L versus circum ferential fusion. J Neurosurg Spine
2012; 17: 504–511

[15]  Neal CJ, Rosner  MK, Kuklo TR. Magnetic resonance  im aging evaluation  of ad-
jacen t segm ents after disc arthroplasty. J Neurosurg Spine 2005; 3: 342–347

[16]  Ryu  KS, Park  CK, Jun  SC, Huh  HY. Radiological changes  of the  operated  and
adjacent  segm ents  follow ing  cervical  arthroplasty  after  a  m inim um  24-
m onth  follow -up:  comparison  between  the  Bryan  and  Prodisc-C devices. J
Neurosurg Spine 2010; 13: 299–307

[17]  Huang RC, Tropiano  P, Marnay T, Girardi FP, Lim  MR, Cam m isa  FP. Range  of
m otion  and  adjacen t  level degeneration  after  lum bar  total disc replacem ent.
Spine J 2006; 6: 242–247

[18]  Kim  SW, Paik  SH, Castro  PAF et  al.  Analysis  of  factors  that  m ay  influence
range of m otion  after cervical disc arthroplasty. Spine J 2010; 10: 683–688

[19]  Ingalhalikar  AV, Reddy CG, Lim  TH, Torner  JC, Hitchon  PW. E ect  of lum bar
total disc arthroplasty  on  the  segm ental m otion  and  in tradiscal pressure  at
the  adjacent  level:  an  in  vitro  biom echanical  study:  presented  at  the  2008
Joint  Spine  Section  Meeting  Laboratory  investigation.  J Neurosurg  Spine
2009; 11: 715–723

[20]  Park  DH, Ram akrishn an  P, Cho TH et  al. E ect  of low er  t w o- level an terior
cervical fusion  on  the  superior  adjacent  level. J Neurosurg  Spine  2007;  7:
336–340

[21]  Chang UK, Kim  DH, Lee  MC, Willenberg R, Kim  SH, Lim  J. Ch anges in  adja-
cen t -level  d isc  pressure  and  facet  join t  force  after  cervical  ar th rop lasty
com pared  w ith  cervical  d iscectomy  and  fusion . J Neurosurg  Spine  2007;
7:  33–39

[22]  Min  JH, Jang JS, Jung Bj et  al. The  clin ical characterist ics  and  risk  factors  for
the  adjacent  segm ent  degeneration  in  instrum ented  lum bar  fusion. J Spinal
Disord Tech 2008; 21: 305–309

[23]  DiAngelo  DJ, Roberston  JT, Metcalf NH, McVay  BJ, Davis  RC. Biom echanical
test ing of an  art ificial cervical join t  and an an terior cervical plate. J Spinal Dis-
ord Tech  2003; 16: 314–323

[24]  Chang UK, Kim  DH, Lee  MC, Willenberg  R, Kim  SH, Lim  J. Changes  in  adja-
cent-level disc pressure  and  facet  join t  force  after  cervical ar throplasty com -
pared w ith  cervical discectomy and fusion. J Neurosurg Spine 2007; 7: 33–39

[25]  Sasso  RC, Best  NM. Cervical  kinem atics  after  fusion  and  bryan  disc  arthro-
plasty. J Spinal Disord Tech 2008; 21: 19–22

[26]  Wigfield  C, Gill S, Nelson  R, Langdon  I, Metcalf N, Robertson  J. Influence of an
artificial cervical join t  compared  w ith  fusion  on  adjacent-level m otion  in  the
treatm ent  of degenerative  cervical disc disease. J Neurosurg 2002; 96 Suppl:
17–21

[27]  Robertson  JT, Papadopoulos  SM, Traynelis  VC. Assessm ent  of adjacent-seg-
m ent  disease  in  patien ts  treated  w ith  cervical fusion  or  arth roplasty:  a  pro-
spective 2-year study. J Neurosurg Spine 2005; 3: 417–423

[28]  Lai  PL, Chen  LH, Niu  CC, Chen  WJ. E ect  of  postoperative  lum bar  sagittal
alignm ent  on  the  developm ent  of adjacen t  instability. J Spinal  Disord  Tech
2004; 17: 353–357

[29]  Wiltse  LL, Radecki SE, Biel HM et  al. Com parative  study of the  incidence  and
severity  of degenerative  change  in  the  transition  zones  after  instrum ented
versus  noninstrum ented  fusions  of the  lum bar  spine. J Spinal  Disord  1999;
12: 27–33

[30]  McCorm ick  PC. The  adjacent  segm ent. J Neurosurg  Spine  2007;  6:  1–4, dis-
cussion  4

[31]  Eck JC, Hum phreys SC, Lim  TH et  al. Biom echanical study on  the e ect  of cer-
vical spine  fusion  on  adjacent-level in tradiscal pressure  and  segm ental m o-
tion. Spine 2002; 27: 2431–2434

[32]  Clarke MJ, Ecker RD, Krauss WE, McClelland RL, Dekutoski MB. Sam e-segm ent
and  adjacen t-segm ent  disease  follow ing  posterior  cervical  foram inotom y. J
Neurosurg Spine 2007; 6: 5–9

[33]  Go n  J, Geusens E, Vantom m e  N et  al. Long-term  follow -up  after  in terbody
fusion  of the cervical spine. J Spinal Disord  Tech 2004; 17: 79–85

Adjacent  Segment  Degenerat ion and Disease

439



[34]  Park JB, Watthanaaphisit  T, Riew  KD. Tim ing of developm ent of adjacent-level
ossificat ion  after  anterior  cervical  ar throdesis  w ith  plates. Spine  J 2007;  7:
633–636

[35]  Sudo H, Oda I, Abum i K et  al. In  vitro biom echanical e ects of reconstruction
on  adjacent  m otion  segm ent:  comparison  of aligned/kyphotic posterolateral
fusion  w ith  aligned posterior lum bar in terbody fusion /posterolateral fusion. J
Neurosurg 2003; 99 Suppl: 221–228

[36]  Butterm ann  GR, Beaubien  BP, Saeger LC. Mature  run t  cow  lum bar  in tradiscal
pressures and m otion segm ent biom echanics. Spine J 2009; 9: 105–114

[37]  Ragab AA, Escarcega AJ, Zdeblick TA. A quantitative  analysis of strain  at  adja-
cent  segm ents after  segm ental im m obilization  of the  cervical spine. J Spinal
Disord Tech 2006; 19: 407–410

[38]  Gao SG, Lei GH, He  HB et  al. Biom echanical comparison  of lum bar  total disc
arthroplasty, discectomy, and  fusion:  e ect  on  adjacent-level  disc  pressure
and facet join t force. J Neurosurg Spine 2011; 15: 507–514

[39]  Gillet P. The fate of the adjacen t m otion segm ents after lum bar fusion. J Spinal
Disord Tech 2003; 16: 338–345

[40]  Bohlm an  HH, Em ery SE, Goodfellow  DB, Jones PK. Robinson  anterior  cervical
discectom y and  arthrodesis  for  cervical radiculopathy. Long-term  follow -up
of one  hundred  and  tw enty-tw o  patients. J Bone  Joint  Surg  Am  1993;  75:
1298–1307

[41]  Cauthen  JC, Kinard  RE, Vogler  JB et  al. Outcom e analysis of noninstrum ented
anterior  cervical  discectomy  and  in terbody  fusion  in  348  patients.  Spine
1998; 23: 188–192

[42]  Gore  DR, Sepic  SB. Anterior  discectomy and  fusion  for  painful  cervical  disc
disease. A report  of 50  patients w ith  an  average follow -up  of 21  years. Spine
1998; 23: 2047–2051

[43]  Hilibrand  AS, Robbins  M. Adjacent  segm ent  degeneration  and  adjacent  seg-
m ent  disease:  the  consequences  of  spinal  fusion?  Spine  J 2004;  4  Suppl:
190S–194S

[44]  Azm i H, Schlenk  RP. Surgery  for  postarth rodesis  adjacen t-cervical  segm ent
degeneration. Neurosurg Focus 2003; 15: E6

[45]  Lunsford  LD, Bissonette  DJ, Jannetta  PJ, Sheptak  PE, Zorub  DS. Anterior  sur-
gery for cervical disc disease. Part  1: Treatm ent of lateral cervical disc hern ia-
tion  in  253 cases. J Neurosurg 1980; 53: 1–11

[46]  Henderson  CM, Hennessy RG, Shuey HM, Shackelford  EG. Posterior-lateral for-
am inotomy as  an  exclusive  operative  technique  for  cervical  radiculopathy:  a
review  of 846 consecutively operated  cases. Neurosurgery 1983; 13:  504–512

[47]  Hilibrand  AS, Carlson  GD, Palum bo  MA, Jones  PK, Bohlm an  HH. Radiculop-
athy and  myelopathy at  segm ents adjacent  to  the  site  of a  previous anterior
cervical arthrodesis. J Bone Joint  Surg Am  1999; 81: 519–528

[48]  Tharin  S, Benzel EC. Cervical spine arthroplasty: fact  or fict ion: the absence of
need for arthroplasty. Clin  Neurosurg 2012; 59: 82–90

[49]  Chen  WJ, Lai PL, Tai CL, Chen  LH, Niu  CC. The  e ect  of sagittal alignm ent  on
adjacent  join t  m obility after  lum bar  instrum entation—a biom echanical study
of lum bar  vertebrae  in  a  porcine  m odel. Clin  Biom ech  (Bristol, Avon) 2004;
19: 763–768

[50]  Keorochana  G, Taghavi CE, Lee  KB et  al. E ect  of sagit tal alignm ent  on  kine-
m atic changes and degree of disc degeneration in  the lum bar spine: an  analy-
sis using posit ional MRI. Spine 2011; 36: 893–898

[51]  Prasarn  ML, Baria  D,  Milne  E,  Latta  L,  Sukovich  W. Adjacent-level  biom e-
chanics after  single versus m ultilevel cervical spine fusion. J Neurosurg Spine
2012; 16: 172–177

[52]  Finn  MA, Sam uelson  MM, Bishop F, Bachus KN, Brodke DS. Tw o-level noncon-
tiguous versus three-level anterior  cervical discectom y and  fusion :  a  biom e-
chanical com parison . Spine 2011; 36: 448–453

[53]  Disch  AC, Schm oelz W, Matziolis G, Schneider  SV, Knop  C, Putzier  M. Higher
risk of adjacen t  segm ent  degeneration  after  floating fusions:  long-term  out-
com e after low lum bar spine fusions. J Spinal Disord Tech 2008; 21: 79–85

[54]  Ahn DK, Park HS, Choi DJ, Kim  KS, Yang SJ. Survival and prognostic analysis of
adjacent segm ents after spinal fusion . Clin  Orth op Surg 2010; 2: 140–147

[55]  Anandjiwala J, Seo JY, Ha KY, Oh  IS, Shin  DC. Adjacent  segm ent  degeneration
after  instrum ented  posterolateral lum bar  fusion:  a  prospect ive  cohort  study
w ith  a m inim um  five-year follow -up. Eur Spine J 2011; 20: 1951–1960

[56]  Cho SK, Riew  KD. Adjacent segm ent disease follow ing cervical spine surgery. J
Am  Acad Orthop Surg 2013; 21: 3–11

[57]  Putt litz CM, Rousseau  MA, Xu  Z, Hu  S, Tay BK, Lotz JC. In tervertebral disc re-
placem ent  m aintains cervical spine kinetics. Spine 2004; 29: 2809–2814

[58]  DiAngelo  DJ, Roberston  JT, Metcalf NH, McVay  BJ, Davis  RC. Biom echanical
testing of an  artificial cervical join t and an anterior cervical plate. J Spinal Dis-
ord Tech  2003; 16: 314–323

[59]  Chang UK, Kim  DH, Lee  MC, Willenberg  R, Kim  SH, Lim  J. Range  of m otion
change after  cervical arthroplasty w ith  ProDisc-C and  prestige artificial discs
compared  w ith  anterior  cervical  discectomy  and  fusion. J Neurosurg  Spine
2007; 7: 40–46

[60]  Dm itriev AE, Cunningham  BW, Hu N, Sell G, Vigna F, McAfee PC. Adjacent lev-
el  in tradiscal  pressure  and  segm ental  kinem atics  follow ing  a  cervical  total
disc arthroplasty: an  in  vitro hum an  cadaveric m odel. Spine 2005; 30: 1165–
1172

[61]  Anderson  PA, Sasso RC, Hipp  J, Norvell DC, Raich  A, Hashim oto R. Kinem atics
of the cervical adjacent segm ents after disc arthroplasty compared w ith  ante-
rior  discectomy  and  fusion:  a  system atic  review  and  m eta-analysis.  Spine
2012; 37 Suppl: S85–S95

[62]  Harrod  CC, Hilibrand  AS, Fischer  DJ, Skelly  AC. Adjacent  segm ent  pathology
follow ing cervical m otion-sparing procedures or  devices  com pared  w ith  fu-
sion  surgery: a system atic review. Spine 2012; 37 Suppl: S96–S112

[63]  Nunley PD, Jaw ahar  A, Cavanaugh  DA, Gordon  CR, Kerr  EJ, Utter  PA. Sym pto-
m atic adjacent  segm ent  disease  after  cervical total disc replacem ent:  re-ex-
am in ing the clin ical and radiological evidence w ith  established criteria. Spine
J 2013; 13: 5–12

[64]  Boselie  TFM, Willem s PC, van  Mam eren  H, de  Bie R, Benzel EC, van  Santbrink
H. Arthroplasty  versus  fusion  in  single-level  cervical  degenerative  disc  dis-
ease. Cochrane Database Syst  Rev 2012; 9: CD009173

[65]  Wu  JC, Liu  L, Wen-Cheng H et  al. The  incidence  of adjacent  segm ent  disease
requiring  surgery  after  anterior  cervical  discectom y and  fusion:  est im ation
using an  11-year  comprehensive  nationw ide  database  in  Taiwan. Neurosur-
gery 2012; 70: 594–601

[66]  Levin  DA, Hale  JJ, Bendo JA. Adjacent  segm ent  degeneration  follow ing spinal
fusion  for degenerative disc disease. Bull NYU Hosp Jt  Dis 2007; 65: 29–36

[67]  Park  JY, Cho  YE, Kuh  SU et  al. New  prognostic factors  for  adjacent-segm ent
degeneration  after  one-stage  360  °  fixation  for  spondylolytic  spondylolis-
thesis:  special reference  to the  usefulness of pelvic incidence  angle. J Neuro-
surg Spine 2007; 7: 139–144

[68]  Cho SK, Riew  KD. Adjacent segm ent disease follow ing cervical spine surgery. J
Am  Acad Orthop Surg 2013; 21: 3–11

[69]  Hwang SH, Kayanja M, Milks RA, Benzel EC. Biom echanical comparison  of ad-
jacent segm ental m otion  after  ventral cervical fixation  w ith  varying angles of
lordosis. Spine J 2007; 7: 216–221

[70]  Hioki A, Miyam oto K, Kodam a H et  al. Two-level posterior  lum bar  in terbody
fusion  for degenerative disc disease: im proved  clin ical outcom e w ith  restora-
tion  of lum bar lordosis. Spine J 2005; 5: 600–607

[71]  Sudo H, Oda  I, Abum i K, Ito  M, Kotani Y, Minam i A. Biom echanical study on
the e ect  of five di erent  lum bar reconstruct ion  techniques on  adjacent-lev-
el in tradiscal pressure and lam ina strain . J Neurosurg Spine 2006; 5: 150–155

[72]  Vialle  R, Ilharreborde  B, Dauzac C, Lenoir  T, Rillardon  L, Guigui P. Is  there  a
sagittal  im balance  of  the  spine  in  isthm ic  spondylolisthesis?  A correlation
study. Eur Spine J 2007; 16: 1641–1649

[73]  Barrey C, Jund  J, Noseda  O, Roussouly  P. Sagit tal balance  of the  pelvis-spine
complex  and  lum bar  degenerative  diseases. A comparative  study  about  85
cases. Eur Spine J 2007; 16: 1459–1467

[74]  Hresko  MT, Labelle  H,  Roussouly  P, Berth onnaud  E.  Classification  of  h igh-
grade  spondylolistheses  based  on  pelvic version  and  spine  balance:  possible
rationale for reduct ion . Spine 2007; 32: 2208–2213

[75]  Ozer E, Yücesoy K, Yurtsever C, Seçil M. Kyphosis one level above the cervical
disc disease:  is  the  kyphosis  cause  or  e ect?  J Spinal Disord  Tech  2007;  20:
14–19

[76]  Kolstad  F, Nygaard  OP, Leivseth  G. Segm ental m otion  adjacent  to an terior cer-
vical arthrodesis: a prospect ive study. Spine 2007; 32: 512–517

[77]  Kretzer  RM, Hu  N, Um ekoji H et  al. The  e ect  of spinal instrum entation  on
kinem atics at  the  cervicothoracic junction:  em phasis on  soft-t issue  response
in  an  in  vitro hum an cadaveric m odel. J Neurosurg Spine 2010; 13: 435–442

Adjacent  Segment  Degenerat ion and Disease

440



32  Mot ion Preservat ion Technologies
A significan t  in terest  in  spinal  m otion  preservation  technolo-
gies has been  evident  in  the  past  decade.1–6 However, conflict-
ing  opinions, and  therefore  controversy, have  em erged  in  the
past  several  years.7–9 Surgical  clin ical  tr ials  are  fraught  w ith
m ethodologic flaw s and  bias issues. These, along w ith  the com -
plexities associated  w ith  the  perform ance  of m eaningful surgi-
cal clin ical trials, have further  complicated  th is dom ain  of clin i-
cal m edicine and spine care.

In  order  to  better  appreciate  the  clin ical and  research  land-
scape, an  in-depth  look at  w hat  is know n  about  the  m echanics
and  clin ical  concerns  associated  w ith  spinal  m otion  preserva-
tion  is undertaken  in  this chapter. The variety of m otion  preser-
vation  options are first  presented.

32.1  St rategies for Mot ion
Preservat ion
32.1.1  Avoidance of Surgery
The  avoidance  of  surgery  (or  other  in terventions)  should  be
considered the ultim ate m otion  preservation  strategy. This m ay
often  be  the  m ost  prudent  strategy. The  avoidance  of surgery,
unfortunately, is often  not  the chosen  option  during the clin ical
decision-m aking  process. Nearly  all  invasive  in terventions  ei-
ther  fur ther  destabilize  or  augm ent  stability. In  both  cases, spi-
nal m otion  is  a ected—and  alm ost  always  in  an  adverse  m an-
ner. Fusion  dim inishes  or  elim inates  m otion , and  decom pres-
sion  operat ions  or  in tervent ions  can  decrease  stability  and,
hence,  increase  m otion—in  particular,  pathologic  m otion.  So,
perhaps  the  very  best  m otion  preservation  strategy  is  indeed
the avoidance of surgery.

In  th is  regard,  recent  clin ical  tr ials  have  dem onstrated  the
significant  e cacy of nonoperative  m eans for  the  t reatm ent  of
neurogenic  claudication  related  to  lum bar  stenosis.10,11 Mem -
brane  stabilizers  (i.e., gabapentin)  were  show n  to  be  clinically
e ect ive  in  60% of sym ptom atic patients w ith  neurogenic clau-
dication  related  to  lum bar  stenosis.  The  im provem ents  were
substantial and  sustained. This is  illustrative  of a  m inim ally in-
vasive  approach  to  a  problem  w hose  t reatm ent  was previously
considered to be solely w ith in  the surgical dom ain.

32.1.2  Neural Elem ent  Decom pression
Neural elem ent  decompression  w ithout  fusion  perm its  the  re-
tention  of m obility w ithout  the creation  of significant  destabili-
zation  in  the  appropriately  selected  patien t.  The  prototypical
surgical procedure  in  th is  regard  is  the  cervical lam inoforam i-
notomy for cervical disc hern iation.12 The “gold standard” alter-
native  procedure  is an  anterior  cervical discectomy and  fusion.
The latter  involves fusion, w hereas the  form er  involves a  lesser
in tervention  for  decompression  and  resection  of the  o ending
m ass.

Lam inoplasty has been  touted  as a gold  standard  for  m otion-
sparing  and  stability-sustaining  technology.  Much  has  been
published  regarding the  attr ibutes and  deficits  associated  w ith

lam inoplasty13–26 and  varian ts.27–30 Although  m ost  studies  are
positive  regarding  the  vir tues  of  lam inoplasty,  convincing
challenges  to  its  e cacy  are  also  eloquently  presented  in  the
literature.13,21

32.1.3  Interspinous Spacers
Interspinous spacers  have  been  touted  as  a  strategy to  decom -
press, in  a  m inim ally invasive  m anner, or  rather  to  expand  the
lum bar  neuroforam ina,  thus  m anaging  lum bar  stenosis  and
sym ptom s of neurogenic claudication  in  a  m inim ally or  less in-
vasive  m anner  than  provided  by  t raditional  surgical  decom -
pression  strategies  (e.g., lum bar  lam inectomy and  foram inoto-
my).31–38 Unfortunately, th is  strategy is  obligatorily  kyphosing.
At the very least, it  lim its norm al spine extension.

32.1.4  Dynam ic Spine Stabilizat ion
Dynam ic spine  stabilizat ion  techniques have been  em ployed  to
“sti en” the  spine  in  patients  w ith  allegedly  m echanically  un-
stable  or  deranged  and  painful  m otion  segm ents.39–41 Clinical
and  im aging  improvem ent  has  been  reported.42 Although  dy-
nam ic fixators  do  indeed  sti en  the  spine, they have  not  been
show n to be e ect ive for m anaging m echanical back pain .43 The
m echanics  associated  w ith  such  devices  have  been  crit ically
studied.44,45 They have  also  been  em ployed  to  enhance  fusion,
but  also w ithout proof of e cacy.

32.1.5  Nuclear Replacem ent  Devices
Nuclear  replacem ent  devices  have  been  developed  and  em -
ployed  in  a  lim ited  m anner. They are  designed  to  replace, ana-
tom ically  and  funct ionally,  the  nucleus  pulposus,  leaving  the
annulus  fibrosus  for  containm ent  and  stability  purposes.46–50

Although  theoretically sound, a dem onstration  of clin ical ut ility
is as of yet  lacking. Nucleoplasty has also been  used  to alter  ex-
isting nuclear m aterial and  to dim inish  pain . This has been  pre-
lim inarily studied.51

32.1.6  Total Disc Arthroplast y
Total disc arthroplasty (TDA) is  em ployed  to  replace, both  ana-
tom ically  and  funct ionally,  the  in tervertebral  disc  in terspace.
The  literature  is  m ixed  regarding clinical benefit. Nevertheless,
because it  represents the gold  standard for m otion  preservation
device  technologies, the  discussion  in  th is  chapter  focuses pri-
m arily on TDA.

32.1.7  Miscellaneous Mot ion-Sparing
Strategies
Attempts  at  the  prim ary  repair  of  pars  in terart icularis  frac-
tures52–54 and  other  pathologies should  be  considered  m otion-
sparing techniques because they do not  involve fusion , w hereas
the accepted alternative does.
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32.2  Biom echanics of Mot ion
Preservat ion Technologies
The  biom echanics of m otion  preservation  technologies, in  par-
ticular  TDA,  are  infrequently  considered  from  a  holistic  per-
spective. However, it  is im perative, w hen  new  technologies are
applied, to consider the m echanism s of act ion of the technology
at  hand. It  is  also  im perative  to  understand  the  fundam ental
physical principles that  provide  the  foundation  for  clin ical use.
Hence, it  is  relevant  to  study  the  att ributes  of TDA and  other
m otion  preservation  strategies.55 TDA design  characteristics in-
fluence the in terver tebral kinem atic param eters that a ect  per-
form ance and wear and tear.56

32.2.1  At t ributes of Total Disc
Arthroplast y
Many  factors  contribute  to  the  overall  funct ional  m akeup  of
TDAs. These  m ust  be  aligned  w ith  the  goals  of surgery.57 The
predom inant  attributes of TDA (the replication  of anatomy, m o-
tion , m echanics, and  the  instantaneous  axis  of rotation  [IAR];
the  incidence  of complications;  the  adequacy of revision  strat-
egies in  failed  cases, the  longevity of the  im plant;  the  ability of
arthroplasty to  retard  degenerative  changes;  and  the  sym ptom
relief  associated  w ith  arthroplasty)  are,  from  a  clin ical  and
structural perspective, m ost crit ical.

Replicat ion of Anatom y
A TDA should, in  a structural sense, replicate  norm al disc in ter-
space  anatomy  (disc  in terspace  height  and  angle). In  general,
m ost  currently  available  TDAs  m eet  th is  criterion;  therefore,
the anatom ical criterion  for m ost  TDAs is appropriately m et.

Art ificial join ts  in  regions other  than  the  spine  (e.g., h ip  and
knee  art ificial  joints)  are  “ball-in -socket”  joints.  The  ball-in-
socket joint  is conceptually sim ilar  to the synovial (diarthrodial)
joint. This  type  of joint, however, varies  significantly  from  the
intervertebral join t, the latter being an  am phiarthrodial join t. In
its  youthfu l  state, the  am phiarthrodial  join t  is  composed  of a
gel-like  m aterial  (i.e.,  the  nucleus  pulposus)  that  is  filled  and
tightly contained by the annulus fibrosus. First-generation TDAs
essentially  funct ion  as  ball-in-socket  joints. The  application  of
such  a m echanical strategy (ball-in-socket join t) to a clin ical en-
vironm ent  in  w hich  m otion  is allowed  and  constrained  by a di-
arthrodial joint  poses som e significant  theoretical and  real clin-
ical  challenges  and  presents  innum erable  part ial  and  nearly
complete barriers to t rue success.55

Replicat ion of Mot ion
A TDA should, to one degree or another, replicate the m otion  of
the  norm al  in tervertebral  disc.  This  replicat ion  of  m otion
should  be  both  quantitative  and  qualitative. The  center  of rota-
tion  of curren tly available TDAs usually deviates from  the norm .
And  although  flexion–extension  and  lateral bending m ay quan-
titatively  approach  the  norm  (i.e., the  exten t  or  range  of m o-
tion),58–62 qualitative param eters m ay or m ay not.63 Spinopelvic
alignm ent  and  range  of  m otion  have  been  show n  to  be  im -
proved  w ith  lum bar  TDA.64 Motion,  in  addition ,  m ay  be  lost

over t im e.63 These param eters include coupled m otions and  the
coordinated  and  orchestrated  sequencing  of  component  m o-
tions that  m ake  up  a  fluid  m ovem ent. These  often  significantly
deviate  from  the  norm . Finally, all first-generat ion  TDAs do not
allow  axial  m otion, being  either  m etal  on  m etal  or  m etal  on
polym er, or  the equivalent. These do not  perm it  “cushioning” of
the  m otion  segm ent  w ith  axial loading. Hence, axial loads  are
transm itted  through  the  disc  to  adjacent  segm ents  and  to  the
index-level facet joints.

Replicat ion of Mechanics
The  replicat ion  of the  m echanics  of a  m otion  segm ent  essen-
tially  revolves around  the  ability of the  TDA to  m im ic sti ness
in  all  p lanes.  St i ness  is  a  funct ion  of  both  applied  st ress
(applied  load)  and  resu ltan t  st rain  (m otion), defined  by  the
follow ing equation :

Equation  (24)

Stiffness ¼
Stress
Strain

For  biological t issues, the  stress/strain  curve  has  two  funda-
m ental  components:  a  neutral  zone  and  an  elastic  zone.  If
loaded to a poin t  nearing failure, a plastic zone is observed, and
finally failure occurs (� Fig. 32.1). St i ness is determ ined by cal-
culating the slope of the elastic zone of the stress–strain  curve.

Sti ness has been  arbitrarily subclassified  into several catego-
ries. One  such  classification  schem e  compartm entalizes sti ness
into  three  categories:  unconstrained, semiconstrained, and  con-
strained. Unfortunately, each  subtype  is  not  clearly defined  and
is  often  used  di erently  by  various  authors,  researchers,  and
manufacturers/vendors. For example, a first-generation TDA m ay
be  considered  a  sem iconstrained  device  by  some,  whereas
others  consider  it  to  be  an  unconstrained  device. Hence, for  the
purposes of discussion  here, the  term  unconstrained is m echani-
cally  portrayed  by  the  neutral  zone  portion  of the  stress/strain
curve, and  the  term  semiconstrained  defines  the  characteristics
associated  with  the  elastic  zone  of the  stress/strain  curve. Con-
strained  (or  fully constrained) im plies  no  motion  and  infinite  or
nearly infinite sti ness, such  as m ight be seen  w ith  a solid  fusion
or  rigid  instrum entation.  A fully  constrained  construct  is  de-
picted  mechanically  by a  vertical line  on  the  stress/strain  curve
(� Fig. 32.2). This would be characteristic of a solid  fusion.55

Fig. 32.1  The  stress/strain  curve. A to  B, neutral zone; B to  C, elastic
zone; C to  D, plastic zone; D, failure.
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The biom echanical correlate of a degenerated disc w hose m o-
tion  and  m echanics are  dysfunct ional is portrayed  by a  sh ift  to
the  right  of the  stress/st rain  curve  (� Fig. 32.3). Thus, the  neu-
tral zone is w idened  and  the  elastic zone is shifted  to the  right .
A “sloppiness,”  if  you  w ill,  of  segm ental  m otion  is  observed.
This  represents  an  expansion  of  the  zone  of  disengagem ent
(neutral zone). Because of the increase in  laxity associated w ith
a dysfunct ional m otion  segm ent  and  a w idened  neutral zone, a
pain  syndrom e  m ay result . This is  classically m echanical in  na-
ture  and  is term ed  mechanica l pa in. Mechanical pain  is charac-
terized by a clin ical t riad: it  is deep  in  location , agonizing in  na-
ture, and  worsened  w ith  spinal loading and  improved  w ith  un-
loading. The term  zone of disengagement is used here to depict  a
zone  in  w hich  very  lit t le  force  is  required  to  cause  m otion  or
displacem ent. This is  a  zone  w here  relative  disengagem ent  be-
tween  components of the system  occurs. It  is in  th is zone (neu-
tral zone) that  the aforem entioned sloppiness of m otion  exists.

The  various  spinal  m otion–altering  devices  can  be  catego-
rized  and  quantitatively  assessed  by  noting  their  stress/strain
characteristics. Such  an  assessm ent should  evaluate flexion–ex-
tension , lateral bending, and  axial loading. With  each  (flexion–
extension,  lateral  bending,  and  axial  loading),  a  stress/strain
curve, as  depicted  in  � Fig. 32.1, can  be  generated. In  flexion–
extension  and  lateral bending, the first-generat ion  TDA ball-in-
socket–like joint  is associated w ith  a w idened neutral zone until
a  hard  stop  is  reached  at  the  extrem e  of m otion  (� Fig. 32.4a).
This is str ikingly di erent  from  the  m echanics observed  in  vivo
in  a norm al or nearly norm al disc.

An  elastom eric  disc, in  w hich  elastom er  is  sandw iched  be-
tween  the  end  plate  caps, as  in  the  short-lived  AcroFlex (DeP-
uy-AcroMed, Raynham , MA) and  to  som e  degree  the  new  sec-
ond-generat ion  discs, m ay have  the  m echanical characteristics
depicted  in  � Fig. 32.4b. This  approxim ates  the  norm al stress/
strain  relationships  in  flexion–extension  and  lateral  bending
m ore closely than  does the ball-in-socket–like joint.

A dynam ic stabilization  device, such  as  the  Dynesys  im plant
(Zim m er, Warsaw, IN), st i ens  the  spine  and  m ay be  expected
to  shrink  or  norm alize  a  pathologically  w idened  neutral  zone
(� Fig. 32.4c), w hereas  a  fusion, as  already noted, is  associated
w ith  nearly infin ite  sti ness and  is portrayed  m echanically as a
nearly vert ical and straight  “curve” (see � Fig. 32.2).55

Im plant  loading m echanics are  quite  di eren t  for  axial load-
ing. Metal-on-m etal  or  m etal-on-polym er  im plants  do  not  ef-
fect ively cushion  loads. Hence, they are  nearly infin itely sti in
axial loading, as  depicted  for  fusion  in  � Fig. 32.2. When  com -
pared  w ith  one  another  regarding axial sti ness and  shock ab-
sorption,  such  devices  perform  sim ilarly.65 Elastom eric  im -
plants, on  the other hand, cushion  loads and  have the m echani-
cal  characteristics  depicted  in  � Fig.  32.4b.  They  protect  the
dorsal elem ents from  shear loading and  m ore accurately repro-
duce  norm al  in tervertebral  disc  m echanics.66,67 Depending  on
the  sti ness and  unique  physical attr ibutes of a  dynam ic spine
stabilization  implant  (see  � Fig. 32.4c), the  slope  of the  elastic
zone  is likely to be located  betw een  that  of the  m etal-on-m etal
or  m etal-on-polym er  implant  (see  � Fig. 32.4a) and  that  of the
norm al spine in  vivo (see � Fig. 32.1).55

As already stated, the  nearly infin ite  sti ness in  axial loading
associated  w ith  first-generation  TDAs  causes  axial  loads  to  be
directly  transferred  to  adjacent  levels  and  to  the  facet  joint
complex  at  the  surgical index  level. This  m ay cause  significant
wear and tear over t im e.

Finally, it  m ust  be recognized that  not  all spines are alike. Sti -
ness varies with  age  and  from  patient  to patient. A youthful disc
is well hydrated  and  is composed  of a gelatinous nucleus pulpo-
sus  and  a  tough, constraining, and  functional  annulus  fibrosus.
Pressures  are  uniform ly  high  across  the  entirety  of the  disc  in
loaded  conditions  (� Fig.  32.5a).  The  internal  pressure  in  the
loaded  disc begins to drop  w ith  age, and  most  of a  load  is borne
by the perimeter of the disc in  the region  of the degenerated an-
nulus fibrosus, which  has gradually become  a  fibrocartilaginous
scar  (� Fig. 32.5b, c). In  extrem e  cases, the  intradiscal  pressure
can  temporarily  fall  below  zero, resulting  in  the  appearance  of
intradiscal gas on  plain  radiography (� Fig. 32.5d and e).

In  a  way, TDAs  are  designed  to  m im ic the  youthful disc. Un-
fortunately,  they  fall  short  of  this  “goal”  from  a  m echanical
perspective. Intervertebral disc m echanics and  m echanical rela-
tionships change w ith  tim e. Loading patterns degrade over  tim e
(see  � Fig. 32.5). The  inability of a  TDA to  change  w ith  t im e, as
an  aging intervertebral disc can, further  m uddies the  waters re-
garding the quest  for  the perfect  m otion  preservation  im plant.

Fig. 32.2  A curve  depicting  nearly infinite  stiffness (high stress/strain
relationship) associated  with  fusion or solid  instrumentation  (dotted
line).  Fig. 32.3  Widening (a shift  to the right) of the neutral zone, associated

with  instabilit y of the  motion segment  (dotted curve).
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Replicat ion of the Instantaneous Axis of
Rotat ion
The  location  of the  IAR of the  in tervertebral  m otion  segm ent
changes under  di ering loading conditions and  loads. It  is nor-
m ally  m ain tained  in  the  region  of  the  disc  in terspace.  Som e
TDA im plants have a fixed IAR, w hereas others m ay have a vari-
able  IAR. None  of the  curren tly available  implants replicate  the
norm al or natural IAR m otion  characteristics. The clin ical impli-
cations of th is are  not  yet  fully know n  but  have been  studied.68,

69 However, it  is  likely  that  a  fixed  IAR w ill prove  to  be  detri-
m ental to m otion  segm ent  m echanics.

Com plicat ions
Although  the  in itial  experiences  w ith  TDA application  yielded
reports  of significant  complications, including  fatalit ies  associ-
ated  w ith  dislodgem ent, im provem ents  in  im plant  design  and
surgical technique  have  m inim ized  both  the  incidence  and  sig-
nificance of complications.70–73 Van  Ooij et  al observed substan-
tial  complications  associated  w ith  the  lum bar  SB Charité  disc
(DePuy-Acrom ed,  Raynham ,  MA).74 Most  complications  were
related  to  facet  join t  pathology at  the  sam e level, degeneration
of the  facet  joints  and  discs  at  adjacent  levels, and  subsidence
and m igration  of the prosthesis.

Soft  bone  and  suboptim al  geom etry  and  footprin t  size  and
shape  were  associated  w ith  im plant  subsidence,73,75–77 but  ad-
vanced  age (older  than  45 years) was not  an  absolute  contrain-
dication  for TDA.78 Material failure was also observed. Investiga-
tors argue  that  the  predom inant  reason  for  such  complications
is  related  to  m echanical  design  issues. Many  of these  biom e-
chanical issues were  raised  in  prior  paragraphs in  th is  chapter.
Of relative note here is that  it  appears that  less ret ract ion  of the
esophagus  is  required  to  insert  a  cervical  TDA than  a  fusion
w ith  plate.79

Heterotopic  ossificat ion  has  been  problem atic, par t icu larly
w ith  the  Bryan  cervical  d isc  (Medtron ic,  Minneapolis,
MN).80–85 Th is  is  likely  related, at  least  in  par t , to  the  requi-
site  bone  m illing involved  w ith  inser t ion . How ever, the  sam e
com plication  has  been  observed  w ith  prostheses  that  do  not
require  extensive  bone  m illing  at  the  t im e  of  inser t ion .86

Other  com plicat ions  that  are  device-specific  include  sagit tal
ver tebral  body  split  fractures  related  to  the  use  of  a  keeled
prosthesis.87–89 Finally, failure  at  the  im plan t–end  p late  junc-
t ion  can  occur  because  of poor  bone  qualit y. Zhang et  al, us-
ing  per ipheral  quan t itat ive  com puted  tom ography, observed
a  sign ifican t  correlat ion  betw een  end  plate  failure  st ress  and
bone  m ineral con ten t .90

The  generat ion  of wear  debris, w ith  a  subsequent  inflam m a-
tory  response,  has  been  of  concern .  This  has  been  observed
w ith  total  h ip  and  knee  prostheses  and  in  the  TDA arena, as
well.91 Conflict ing  reports  have  been  generated,92 though. Of
note, wear  debris has been  observed  as early as 12  weeks after
inser tion  in  a postm ortem  case.93

Kyphot ic  deform at ion  has  also  been  observed  follow ing
the  p lacem en t  of a  TDA. Th is m ay be  related  to  su rgical tech -
n ique  and /or  device-specific  issues.94,95 In  the  lum bar  sp ine,
angular  m ism atch  betw een  the  im plan t  and  the  end  p late
can  a ect  ou tcom e. Such  m ism atch  is  associated  w ith  a  re-
duced  segm en tal  range  of  m ot ion .96 It  is  m ost  com m on  at
L5–S1.

Adequacy of Revision St rategies
Revision  strategies  that  require  either  direct  implant  rem oval
or  replacem ent  or  sim ple  fusion  from  a  dorsal  approach  have
proved to be relat ively safe and e ect ive. They provide adequate
backup in  m ost cases.70,71

Longevit y of the  Im plant
Although  som e first-generation  devices have been  in  place  and
have  rem ained  funct ional for  over  two decades, nonanectdotal
data  are  sparse.  The  TDA m echanics  do  not  change  as  the

Fig. 32.4  The stress/strain curves of three widely disparate devices. (A)
A first-generation  “ball-in-socket” device, in  which  no or lit tle
resistance is met until a “hard stop” is reached. (B) An elastomeric total
disc arthroplasty. Here, we see a “hybrid neutral zone and elastic zone”
combination. In (A) and (B), the  dotted  lines and curves represent  the
stress/strain  relationship  of the  device. (C) A dynamic spine  stabiliza-
tion  system  should  “stiffen” the  spine  from  a mechanically unstable
state  (dotted curve) to  a  more  normal situation  (dashed curve).
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patien t  and  the  patient’s  spine  age  and  degenerate. All the  re-
m aining nonoperated  in terver tebral m otion  segm ents  have  an
evolving m echanical pattern  that is characteristic of senescence.
Concern  for  th is  evolving  m ism atch  betw een  the  m otion-pre-
serving  device  and  the  adjacent  aging  m otion  segm ents  m ust
be considered carefully.

Sym ptom  Relief
Reports of sym ptom  relief or  improvem ent  associated  w ith  the
use  of cervical  TDA as  a  spacer  follow ing  an  anterior  cervical
discectomy are based on  early clin ical tr ials in  w hich  conflict ing
conclusions  were  derived.2,97–101 The  conclusions  from  early
tr ials  support ing  superiority  in  relief of neck  pain  and  neuro-
logic outcom e  have  been  challenged  on  the  basis  of m ethodo-
logic issues.55

Adjacent -Segm ent  Degenerat ion and Disease
There  exist  published  data  suggesting that  TDAs dim inish  adja-
cent-level stresses and degenerat ion.2–4,102–108 This inform ation,
however, is sparse  and  falls short  in  term s of long-term  clin ical
outcom es and  reoperation  rates. It  is also reflective  of the  early
enthusiastic  publications  related  to  TDA e cacy  (see  below ).
The  nearly  infin ite  sti ness  observed  in  axial loading  and  the
nearly  zero  sti ness  in  flexion–extension  and  lateral  bending
should  theoretically  cause  adjacent-  and  sam e-segm ent  m e-
chanics  to  be  substan tially  altered  and  “stressed.”  In  fact ,
m ount ing  laboratory  evidence  suggests  an  increase  in  facet
joint  force  at  the  t reated  level  associated  w ith  TDA.104,106

Moreover, recent  clinical data revealed no di erence in  the inci-
dence of sym ptom atic adjacent-level disease follow ing TDA ver-
sus  anterior  cervical  discectomy  and  fusion  (ACDF).8,109 The

Fig. 32.5  The intervertebral disc degenerative process is associated with pressure changes within the disc interspace. (A) In youth, the pressures within
the  central portion of the  intervertebral disc are  relatively high  and  uniform  across the  diameter of the  disc space  during  axial loading. (B) As the
degenerative process transpires, the high central pressure diminishes in midlife, and the fibrocartilaginous annulus begins to bear a greater portion of
the axial load. (C) As aging and degeneration continue, the pressure in the nucleus region falls even farther and can fall below zero in some conditions.
(D) The lat ter may be associated with the vacuum phenomenon if the pressures dip below zero. (D and E) An illustrative case in which flexion of a very
degenerated unstable motion segment  relatively increased intradiscal pressure (D), while extension (E) resulted in a negative intradiscal pressure with
an accompanying  radiographic demonstration  of gas in  the  disc space  (arrow).
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nearly  infin ite  sti ness  associated  w ith  the  axial  loading  of
first-generation  TDAs results  in  transm ission  of the  load  to the
adjacent  segm ents  and  index-level  facet  join ts.74 Hence,  one
m ight  even  expect  greater  degenerative  changes, rather  than
fewer or none.

Duggal et  al observed  kyphosis below  the adjacent  level after
the  insert ion  of a  cervical TDA. Lordosis  at  the  index level was
also  observed.110 Such  kyphosis  observed  at  adjacent  levels
m ost  certainly  would  expose  the  levels  to  ongoing  substantial
stresses  that  could  lead  to  adjacent-segm ent  degeneration  and
disease. Di erences in  im plant  design  m ay result  in  varying ef-
fects  on  index-level  sagit tal  alignm ent.111 This  should  be  con-
sidered w hen  a device is chosen for insertion .

A predom inant  rationale  for  the  introduction  and  utilization
of TDA has  indeed  focused  on  the  notion  that  an  arthroplasty
dim inishes  adjacent-segm ent  and  sam e-segm ent  st resses  and
that  it  therefore  dim inishes adjacent-segm ent  degeneration  and
adjacent-segm ent  disease  (sym ptom atic  degenerat ion, or  adja-
cent-segm ent  disease). This has not  been  borne  out  from  a  his-
torical  perspective.12,55,112–117 Adjacent-segm ent  degeneration
and  disease were discussed  in  greater detail in  the Chapter  31.

32.2.2  The Discrepancy between Early
and More Recent  Studies
A significant  discrepancy exists  between  the  enthusiastic early
clin ical59,102,103,105,106,116,118–138 and  subsequent  clin ical  evalua-
tions.7,8,63,109,139,140 In  fact, prior  surgery was show n  to not  alter
outcom es  in  well-selected  pat ients.141 Sim ilarly, the  perform -
ance of m ultilevel TDA was show n  to be e ect ive.142 Alternative
insertion  strategies  are  associated  w ith  m ixed  review s.143,144

Device-specific  comparative  studies  have  dem onstrated  som e
subtle  di erences  am ong devices, although  the  di erences  are
in  general m inim al.95,145

Both  clin ical and  laboratory study design  and  m ethodologies
can  vary  and  tially  a ect  results.146 Hence, th is  phenom enon
poses  dilem m as  for  researchers.  More  im portant ly,  it  can  be
used to design  a study that  achieves an in tended, rather than  an
object ive, outcom e. We all m ust  m aintain  a  h igh  level of objec-
tivity  and  guard  against  bias  w hen  designing, perform ing, re-
porting, and  in terpreting  such  laboratory, and  for  that  m atter
clin ical, studies.147–149

Of  final  note,  posture  and  sagittal  alignm ent  m ay  have  a
m uch  greater  im pact  on  adjacent-segm ent  disease  than  does
m otion  preservation . This  has  been  suggested  by m ultiple  au-
thors (see Chapter 31).150–156

32.2.3  Candidacy for Total Disc
Arthroplast y
The  determ ination  of candidacy for  TDA is an  arbitrary process
and  the  subject  of m uch  debate. Fras  and  Auerbach  elucidated
m any of the  variables  associated  w ith  the  process  of select ion
for  surgery. Overall, very  few  patients  are  t ruly candidates  for
TDA, according to their assessm ent.157 This was corroborated by
Wong et al in  a prior study.158 Finally, the cost of the technology
m ust  enter  the  discussion . It  has  and  w ill  be  studied, m oving
forward.159,160 The debate regarding TDA versus fusion  w ill con-

tinue. Meaningful prospectively acquired  data w ill be an  essen-
tial elem ent as we m ove forward.161
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33  Minim ally Invasive Spine Surgery
Minimally  invasive  spine  surgery  (MISS)  is  a  relatively  new  and
emerging segment  of the  spine  surgery arena. MISS publications
are  on  an  exponential  rise. This  is  fundamentally  related  to  the
enthusiasm  associated  with  the  potential to  accomplish  surgical
missions  with  less  invasion  and  less  risk. Less  surgery, however,
should  not  always be equated  with  “less surgical invasion.” Surgi-
cal invasion  is  related  to  the  extent  of soft  tissue  and  bony dis-
ruption,  as  well  as  the  neurologic  and  mechanical  sequelae  of
surgery.  A review  and  assessment  of  the  aforementioned  me-
chanical sequelae  of MISS, hence, are  in  order. We  begin  with  a
review  of the fundamentals and  follow  with  an  assessment of the
stabilization  and  destabilization  e ects  of MISS. We  close  with  a
specific discussion  of selected MISS techniques and  strategies.

33.1  The Fundam entals
From  a  biom echan ical and  anatom ical perspective, the  in ter-
ver tebral  d isc  changes  substan t ially  from  bir th  to  end-stage
senescence. It  begins  as  a  gelat inous  nucleus  fibrosus  w ith  a
confin ing  annulus  fibrosus  and  ends  w ith  dessicat ion  of the
nucleus and  degenerat ion  of the  annulus in to a  fibrocar t ilagi-
nous, scarlike  confin ing st ructure.

Such  a degenerative process is very di eren t  from  that occur-
ring  in  the  h ip  and  knee.  The  h ip  and  knee  are  diarthrodial

(synovium -lined)  joints, w hereas  the  in tervertebral  disc  is  an
am phiarthrodial joint. An  am phiarthrodial joint  is  not  lined  by
synovium  and  does not  contain  synovial fluid. It  degenerates in
response to repetitive loading. The  “ball-in-socket” joint  is a flu-
id, nearly frict ionless joint, w hereas an  am phiarthrodial joint  is
a m uch sti er joint  in  a norm al in  vivo situat ion. The m echanics
of an  am phiarthrodial joint  are  depicted  in  � Fig. 33.1a. As  the
joint  degenerates, the  neutral zone w idens and  the  curve shifts
to the right. The m otion  segm ent becom es less stable and  “slop-
pier” (� Fig. 33.1b).

The  bending m om ent  is  defined  by the  product  of force  and
distance  (m om ent  arm  length). A force  applied  ventral  to  the
spine  causes a  concentration  of stress, such  that  failure  can  be
initiated  and  propagated  dorsally  (� Fig. 33.2a). If the  force  is
applied  in  line w ith  the  axis of rotation, no bending m om ent  is
applied. Such  a situation  is exem plified  by a pure burst  fracture
(� Fig. 33.2b). In  such  a  scenario, no  bending  m om ent  is  ap -
plied, but  failure  can  still  occur. However, a  greater  axial load
m ust  be applied in  order to cause failure.

The correction  of such spinal deform ations involves a reversal
of the  failure-inducing forces applied. An  understanding of the
biom echanics of spinal colum n  failure  (see Chapter  6) is part ic-
ularly  relevant  in  the  MISS arena. It  is  w ith  th is  discussion  in
m ind  that  we consider  how  MISS techniques can  be  used  to re-
sist  or  correct  the aforem entioned  m echanical insults to the  in-
tegrity of the  spine. It  is  also  w ith  th is  discussion  in  m ind  that
we consider  the  potent ial for  MISS techniques to cause such  in-
sults to the in tegrity of the spine.

33.2  Spine Stabilizat ion and
Destabilizat ion
Surgically induced  spine  destabilization  is  related  to  either  the
overt  disrupt ion  of spinal elem ents or  the  creation  of stressors
that  a ect  stability  at  the  sam e  or  adjacent  m otion  segm ents.

Fig. 33.1  (A) The  classic stress/strain curve depicting the  neutral zone
(A to B), the  elastic zone  (B to C), the  plastic zone  (C to D) and  failure
(D). (B) A mechanically unstable  motion segment  is associated  with  a
widening  of the  neutral zone  and  a shift  of the  curve  to the  right
(dotted curve).

Fig. 33.2  (A) A wedge  compression fracture  and  the  associated
mechanical variables. M and  curved arrow, bending  moment; F and
straight arrow, applied load; D, moment arm; IAR, instantaneous axis of
rotation. (B) A pure  burst  fracture.
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The overt  disruption  of spinal elem ents can  result  from  disc in-
terspace  disrupt ion  (e.g.,  via  discectomy)  or  from  dorsal  ele-
m ent (part icularly facet join t) in tegrity disrupt ion.

33.2.1  Overt  Disrupt ion of Spinal
Elem ents
Both  discectomy and  facet  join t  in tegrity  disruption  can  result
in  spine  deform ation , m ost  notably  spondylolisthesis. The  de-
velopm ent  of  degenerat ive  lum bar  spondylolisthesis  is  struc-
turally  related  to  m ultiple  variables.  Once  noted,  it  tends  to
progress  in  a  large  num ber  of  patients.  Matsunaga  et  al  ob-
served  progressive  slippage  in  34% of patients  w ith  degenera-
tive spondylolisthesis, but  they noted  that  such slippage did  not
correlate w ith  sym ptom s.1 They also observed that the variables
associated  w ith  protect ion  from  slip  were  (1)  decreased  disc
space height , (2) spur  form ation , (3) end  plate sclerosis, and  (4)
ligam ent  ossification.  Hence,  m otion  segm ent  degeneration
seem s  to  confer  som e  elem ent  of stability, at  least  in  its  later
stages. This  is  perhaps  a  m anifestat ion  of  the  Kirkaldy-Willis

restabilization  phase of spinal aging. Considering the aforem en-
tioned ,  the  surgical  disruption  of  a  less  degenerated  m otion
segm ent m ay be associated w ith  a greater chance for slippage.

The relevance of the aforem entioned  discussion  to MISS is re-
lated  to  the  importance  of considering  the  m echanics  of  the
m otion  segm ent  itself. Motion  segm ent  in tegrity  is  related  to
the  variables  noted  by  Matsunaga  et  al, as  well  as  the  unique
anatomy of the  stabilizing  structures. Resection  of the  m edial
portion  of  the  facet  joint,  for  example,  significantly  a ects
stability in  the  lum bar  spine. The  m edial portion  of the  lum bar
facet  join t  is  m ost  crit ical  regarding  the  listhesis  prevention
characteristics of the joint. The m edial portion  of the facet  joint
functions  as  a  “brake,” if you  w ill. This  “brake” in terferes  w ith
the  tendency toward  listhesis in  the lum bar  spine. In  the  cervi-
cal spine, the  facet  joints  are  coronally orien ted, relatively flat ,
and  shingled. Medial facet  disruption , therefore, is not  as detri-
m ental to spinal in tegrity as it  is in  the lum bar  spine. A lum bar
facet does not  present  a flat  surface to its opposing facet’s in ter-
facing surface. Lum bar  facet  joints  are  in  fact  curved  or  even  j-
shaped, and their orientation  changes w ith  level (� Fig. 33.3).

Medial  lum bar  facet  joint  disruption , w hich  m ay  be  caused
by the  use  of a  str ict  dorsal–ventral trajectory to  lateral recess
and  foram inal  decom pression, is  associated  w ith  an  increased
chance  for  listhesis  due  to  loss  of the  aforem ent ioned  “brake”
(� Fig. 33.4a). This m edial facet  joint  “brake” represents crit ical
tissue  that  is  “m echanically eloquent.” A lower  t rajectory angle
(� Fig. 33.4b) decreases the  chance of m edical facet  joint  in teg-
rity  disruption,  w ith  preservation  of  the  “m echanically  elo-
quent” t issue. The  select ion  of a  t rajectory  for  the  resection  of
facet  joints  for  foram inal and  lateral recess  decom pression  via
MISS techniques, therefore, is  crit ical  (� Fig. 33.4c). One  m ust
be keenly aware of the biom echanical principles and anatom ical

Fig. 33.3  The  changes in  lumbar facet  joint  morphology and  orienta-
tion  from  level to  level. (Data  obtained  from  White  and  Panjabi.22)

Fig. 33.4  The  orientation  of the  surgical trajectory is critical to
minimizing  the  resection of “mechanically eloquent” tissue. (A) A
vertical trajectory, which  may be  used  on  the  same  side  of a tubular
minimally invasive  spinal surgical procedure  for lateral recess and
foraminal decompression, can result  in the  excessive resection of such
“mechanically eloquent” tissue  and  destabilize  the  spine. (B) A more
horizontal trajectory provides access to the lateral recess and foramina
without  disrupting  the  “mechanically eloquent” medial facet  joint.
Even with  the  resection  of midline  structures (i.e., lamina, spinous
process, ligamentum  flavum, and  interspinous ligaments), the
preservation of facet  joint  integrity is associated with the preservation
of adequate  stability in  most  cases. (C) The  tubular approach to  both
the  same  side  and  the  opposite  side  is depicted.
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nuances associated  w ith  decom pression, as well as the  relevant
clin ical trials.2 The latter are w ithout question  a ected by bias.

33.2.2  Creat ion of Stressors That  A ect
Stabilit y at  the Sam e or Adjacent  Levels
The  prevent ion  or  m inim ization  of the  incidence  of adjacent-
segm ent  degeneration  and  adjacent-segm ent  disease  is  a  crit-
ical factor  associated  w ith  spine  surgery. Adjacent-segm ent  de-
generat ion  or  adjacent-segm ent  disease  a ects  spinal stability
via  the  degeneration  process. This  adverse  response  to  surgery
has been  addressed  in  detail in  Chapters 31  and  32. Spine  pos-
ture, specifically segm ental kyphosis, is  likely related, m ore  so
than  surgical strategy (e.g., fusion  vs total disc arthroplasty), to
end-fusion  degenerative  changes.  The  two  cases  depicted  in
� Fig. 33.5  illustrate  th is poin t. Although  the  in itial response  to

surgery (i.e., resolution  of preoperative  radiculopathy) was sat-
isfactory  in  both  patients, the  pat ient  depicted  in  � Fig. 33.5a
(w ith  relative  segm ental kyphosis)  is  m uch  m ore  likely  to  ac-
quire  postoperative  adjacent-segm ent  degeneration  or  adja-
cent-segm ent disease than  the patien t depicted in � Fig. 33.5b.

The  less  than  optim al leverage  needed  to  correct  deform ity
achieved  w ith  MISS techniques places  the  spine  at  risk  for  the
aforem entioned  stressors,  if  deform ity  is  suboptim ally  ad-
dressed. With  the use of m odern  MISS technologies, screws and
longitudinal  m em bers  (e.g.,  rods)  can  be  connected  and  the
spine  stabilized.3 With  the  aforem entioned  m echanical  disad-
vantage, the restoration  of spinal alignm ent  m ay be suboptim al.
This can  be very detrim ental to long-term  outcom e.

Finally, long fusions MAY predispose to end-fusion  degenera-
tive  changes. Such  a  notion , however, is  som ew hat  refu ted  by
the  data  provided  by  Hilibrand  et  al.4 In  th is  study, they  ob-
served  that  longer  m ultilevel  fusions  were  associated  w ith  a
lower incidence of adjacent-segm ent  disease. Although  the rea-
sons for  th is observation  are  m ultifactorial, the inescapable fact
is  that  at  the  very  least, the  length  of fusion/fixation  does  not
appear  to  correlate  w ith  end-fusion  degenerative  changes—at
least for  two- and three-level fusions.

33.2.3  Minim ally Invasive Spine Surgery
and Spine Destabilizat ion
MISS can  positively a ect  spine in tegrity by m inim ally disrupt-
ing  crit ical  spinal  elem ents.  Minim izing  bone  and  soft  t issue
disrupt ion  is  crit ical.  MISS surgical  techniques,  however,  can
also  disrupt  spinal  in tegrity  via  the  resection  of crit ical  bony
and  soft  t issue  elem ents, as  described  above  (e.g., via  m edial
lum bar  facet  resection). This  can  occur  despite  m inim al  bone
and  soft  t issue  resection.  However,  it  is  not  the  am ount  of
bone or  soft  t issue  resection  that  is relevant  here. What  indeed
is relevant  is  the  crit ical nature  or  the  “m echanical eloquence”
of the  bone  or  soft  t issue  that  is  in  fact  resected. The  m edial

Fig. 33.5  Postoperative  radiographs of two patients who underwent
an anterior cervical discectomy and fusion procedure. (A) One was left
with a kyphotic segmental deformation and (B) the  other in a lordotic
posture. The  former is associated  with  the  application  of excessive
stressors to  adjacent  motion segments.

Fig. 33.6  Two techniques for lumbar facet  screw fixation. (A, B) The
Magerl translaminar transfacet  fixation technique. (C, D) The  Boucher
transfacet  technique.
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lum bar  facet  represents  “m echanically eloquent” t issue  in  th is
regard.

MISS can  also  result  in  the  augm entation  of sam e  and  adja-
cent  m otion  segm ent  stressors  by  inadequately correct ing de-
form ity  or  by  creating  such.  Hence,  great  care,  regardless  of
w hether  the  operation  at  hand  is a  MISS or  an  open  procedure,
m ust  be  taken  w hen  the  spine  is  fused  and  instrum ented. The
skipping of screw  levels has been  suggested  as a  MISS strategy
to facilitate  surgery. This m ay not  be  ideal because  the  snaking
phenom enon  can  result  in  the  m otion  (or  snaking)  of  in ter-
m ediate, noninst rum ented levels.5,6

33.3  Specific Minim ally Invasive
Spine Surgical Techniques
The  biom echanics  that  are  specific  to  individual  MISS techni-
ques should  be  of significant  relevance to those  perform ing the
procedure.  The  technique-specific  biom echanical  nuances  are
therefore  presented  here  for  selected  techniques. It  is  em pha-
sized that  a variety of strategies that could be considered  “m ini-
m ally  invasive” are  in  reality  sim ply  “less  invasive” than  m ore
surgically  invasive  counterpar ts.7–11 A spectrum  of  “invasive-
ness” therefore  exists.  Furtherm ore, it  m ay  be  that  a  sligh tly
m ore  invasive  technique  can  prove  to be  superior.12,13 It  there-
fore becom es obvious that one m ust  take care regarding the in-
terpretation  of the  definition  of MISS. Sim ilarly, one  m ight  ap -
propriately  ask  the  follow ing  quest ions:  Is  a  technique  t ruly
m inim ally invasive  if it  is associated  w ith  a greater  incidence of
complications?14,15 Is  a  technique  truly m inim ally invasive  if it
results  in  the  resection  of  “m echanically  eloquent” t issue  and
spine destabilization?

33.3.1  Facet  Joint  Screw  Fixat ion
Lum bar  facet  screw  fixation  is  a  m inim ally  invasive  fixation
procedure that  has received  m ixed  reviews over  the  years. Two
techniques  have  been  popularized:  (1) the  t ranslam inar  trans-
facet  (TLF)  techin ique  of Magerl  (1981)  and  (2)  the  t ransfacet
(TF)  technique  of  Boucher  (1959).  They  are  depicted  in
� Fig. 33.6 and discussed in  detail in  Chapter 22.

The  TF technique  is  theoretically  biom echanically  superior
(see  Chapter  22), likely because  the  screw  engages the  pedicle,
resulting in  better purchase. Kim  et al, however, did not confirm
such  biom echanical  superiority.16 This  m ay  be  related  to  the
fact  that  they did  not  use  lag screws and  thus did  not  fully en-
gage the facet  surfaces w ith  each  other. To be  clear, there  exists
a  potentially significant  di erence  between  fully threaded  and
lag  screws  for  th is  application.  It  is  em phasized  that  the  TF
technique  causes  the  facet  join t  surfaces  to  be  tightly engaged
w ith  each  other  if the  “lag e ect” is  em ployed, thus  restoring
lordosis  and  providing additional stabilit y related  to  abutm ent
of the  facet  joint  surfaces. Both  the  TF and  TLF techniques have
been  show n  to  be  biom echanically  equivalent  or  superior  to
pedicle  screw  fixation  (see  Chapter  22). These  data, however,
appropriately do not  convince  m any surgeons, w ho still rely on
pedicle  screw  fixation  as  their  lum bar  fixation  m ethod  of
choice.

Cervical  facet  join t  screw  fixation  has  been  em ployed  as  a
viable stabilizat ion  strategy. Its viability as a MISS percutaneous

technique has been  theoretically dem onstrated.17 The adequacy
of screw  purchase  in tegrity m ust  be  carefully assessed  regard-
ing the em ploym ent of th is technique.

33.3.2  Transsacral Lum bar Interbody
Screw  Fixat ion
The transsacral lum bar  in terbody screw  fixation  technique (ax-
ial lum bar  in terbody fixation) has enjoyed  som e clin ical enthu-
siasm . It  is  briefly  m entioned  here  from  a  biom echanical per-
spective  because  it  is  a  MISS technique. Its  biom echanical  at-
tr ibutes  are  as  follow s:  (1)  The  device  is  placed  in to  the  soft
bone  of the  sacrum  and  lum bar  ver tebra;  (2)  the  device  em -
ploys shallow  threads to  engage  cancellous bone;  (3) the  tech-
n ique  em ploys  a  soft , non–weight-bearing  fusion;  and  (4)  the
device is used  to dist ract  the spine and/or m aintain  axial height
via  the  aforem entioned  shallow  threads  in  soft  bone. None  of
these attributes are positive from  a biom echanical perspect ive.

33.3.3  Lum bar Interspinous Spacers
Lum bar  in terspinous  spacers  are  used  as  a  m inim ally  invasive
strategy to address the sym ptom s of neurogenic claudication  in
patients  w ith  lum bar  and  lateral  recess  stenosis. The  prim ary
biom echanical e ect  of such  technologies  is  the  attainm ent  of
reduced  extension. This  reduces loading of the  facet  joints and
decreases foram inal height  loss  w ith  extension . Finally, the  in-
stantaneous axis of rotat ion  (IAR) is not  substantially altered  by
th is technique.18

33.3.4  Lateral Interbody Approaches
Direct  lateral  in terbody  fusion  (DLIF)  via  the  t ranspsoas  ap-
proach  is  em ployed  in  a  m inim ally invasive  m anner  to provide
ventral in terbody axial load-bearing support. It  has been  show n
to  facilitate  the  acquisit ion  of segm ental, regional, and  global
coronal plane  alignm ent. It  can  be  used  to  increase  segm ental
lordosis. However, it  has  not  been  show n  to  im prove  regional
lum bar  lordosis  or  global  sagittal  alignm ent  w hen  used  w ith
long dorsal fixation  constructs.19 DLIF therefore m ay be part icu-
larly useful to correct  coronal plane  deform it ies. If such  sagit tal
plane  deform ity correct ion  is  desired, DLIF m ust  be  com bined
w ith  long  dorsal  techniques  that  incorporate  osteotom ies.  Of
particular  note, though, is  the  consideration  of DLIF as  a  MISS
technique. The  DLIF technique  does involve  less  exposure  than
an  open  approach. However, it  could  be considered  “m ore inva-
sive” if one recognizes the relatively high  incidence of nerve in-
jury (e.g., fem oral nerve injury) associated w ith  th is  “m inim ally
invasive” approach.20

The viability of a  m inim ally invasive  lateral extracavitary ap-
proach  has  been  assessed  in  a  cadaveric  m odel.21 Such  cadav-
eric studies clearly open  the door  for  the expansion  of the MISS
dom ain.

33.4  Sum m ary
MISS technologies  indeed  provide  advantage  w hen  appropri-
ately  em ployed. Like  any  tool, MISS can  be  both  underut ilized
and  inappropriately  excessively  em ployed. In  order  to  em ploy

Minimally Invasive Spine Surgery

453



MISS techniques e ect ively, surgeons m ust  be cognizant  of sev-
eral m echanical factors:
1. The “m echanical eloquence” of the tissues to be resected or

violated during the procedure m ust  be carefully considered
preoperatively,

2. The relatively poor leverage for deform ity correct ion  and spi-
nal alignm ent  restoration  associated w ith  m ost  MISS techni-
ques m ust  be recognized.

3. Given  the relat ive risk for residual deform ity w ith  MISS tech-
niques, the short-term  and long-term  im pact of such should
be determ ined and carefully considered preoperatively.

4. The biom echanical att ributes of som e MISS techniques m ay
preclude their em ploym ent  if the applied loads cannot be ef-
fect ively borne by the construct .

5. The complications obligatorily associated w ith  any given
MISS approach should  be included in  the  “conversation” re-
garding w hether the procedure is truly m inim ally invasive in
nature. Such  a “conversation” m ay in  fact  relegate the proce-
dure to the m ore invasive dom ain.
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34  Const ruct  Failure and Failure Prevent ion: The Decision
Making Process
In  th is  chapter, focus  is  placed  on  construct  failure  and  failure
prevention. Seven  scenarios have been  defined as worthy of dis-
cussion:
1. Construct  failure
2. Preoperative decision  m aking–related failure
3. In traoperative decision  m aking–related failure
4. Subsidence-related failure
5. Im plant–bone in terface in tegrity–related failure
6. Im plant fracture–related failure
7. Postoperative m anagem ent–related failure

Each  scenario  is  in troduced  w ith  a  case  or  cases  that  portray
the  principles  to  be  clarified  in  the  section  that  follow s. Obvi-
ously, these  cases sim ply represent  examples. Many others  ex-
ist. Each  scenario relates, to one degree or another, to principles
portrayed elsew here in  th is book.

34.1  Const ruct  Failure
We begin  by focusing on  construct  failure. Such  a  complication
is  com m onplace  and, m ore  often  than  not, related  to  surgeon
issues. Our  first  case is that  of a pat ient  w ho underwent  a  m ul-
tilevel cervical corpectomy for cervical spondylot ic myelopathy.
A bridging  implant  and  a  fibular  allograft  strut  were  em ployed
to fix the spine (� Fig. 34.1a). Repetitive stresses were  applied  to
the  implant–bone  interface  during  flexion,  extension,  lateral
bending, and  rotation. This caused  fatigue of the screw –bone in-
terface  and,  eventually,  failure.  An  interm ediate  fixation  point
into  the  native  spine  (e.g.,  a  retained  intermediate  vertebral
body)  was  not  em ployed. This  would  have  permitted  both  the
attachm ent of m ore anchors to the native spine and  the addition
of a  three-point  bending mode  of fixation  (see  Chapters  19  and
26). As a  result, the  spine, under  a variety of loading conditions,

m oved  in  dyssynchrony with  the  im plant, causing fatigue  of the
screw–bone  interface  and,  ultimately,  failure  (� Fig.  34.1b).  Of
note, such  is often  seen  w ith  long bridging implants.

Construct  failure  is  an  all too com m on  consequence  of m od-
ern-day  spine  surgery.  In  reality,  constructs  do  not  fail;  sur-
geons fail, as exem plified in � Fig. 34.1. The surgeon did not  rec-
ognize the lim itations of long bridging im plants. In  fact, the sur-
geon  likely  felt  com forted  by  the  apparent  security  of fixation
observed  at  the t im e of surgery. What  the surgeon  did  not  real-
ize  were  the  nature, m agnitude, and  num ber  of load  cycles  to
be  applied  to the  construct  during the  bone fusion  and  healing
process. The  surgeon  also  did  not  realize  the  im portance  of us-
ing  as  m any  m odes  of  fixation  as  possible.  In  th is  case,  the
om ission  of a  three-poin t  bending  component  proved  to  be  a
crit ical om ission .

Regardless of the  sem antics involved, the  term  construct  fa il-
ure  is  used  here  because  th is  term inology  is  so  deeply  em -
bedded  in  the  spine  surgeons’ repertoire. In  reality, construct
failure  should  be  considered  surgeon  failure.  Regardless,  th is
chapter  “drills dow n” in to the phenom enon  of construct  failure,
w ith  a  focus on  prevent ion. Although  the  m anagem ent  of con-
struct  failure  is crit ically im portan t , it  is addressed  in  prior  and
subsequent chapters of th is book, part icularly in  Chapter 19.

Spine surgery is unique am ong the surgical disciplines in  that
it  involves  both  the  application  of physical and  biom echanical
principles and  the  protect ion  of eloquent  neurologic t issues. As
such, it  is the only surgical discipline  that  requires of its pract i-
t ioners (1) a deep understanding of biom echanical and  physical
principles, (2) the skills of a m aster carpenter, and (3) the requi-
site  knowledge  and  finesse  to  protect  and  restore  neurologic
function.

Construct  failure  is  often  the  end  result , via  either  direct  or
indirect  m eans,  of  a  failure  to  appreciate  and/or  possess  the

Fig. 34.1  (A) Postoperative  radiographs of a  pa-
tient  who underwent  a multilevel cervical cor-
pectomy and  the  placement  of a  long  bridging
implant. (B) This construct  ultimately failed.
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aforem entioned  requisites  of  an  accom plished  spine  surgeon.
Hence, construct  failure is deserving of part icular attention.

34.1.1  Prevent ion of Const ruct  Failure
Construct  failure  prevention  strategies  are  myriad, and  som e
are  better  than  others  at  ach ieving the  anatom ical and  clin ical
goals of surgery w ithout  complications. The surgeon, in  achiev-
ing  the  goal of construct  failure  prevention, should  in  general
focus on  the aforem entioned  three requisites of a spine surgeon
that cause him  or her to stand apart  from  other surgical special-
ists. The  surgeon  m ust  harbor  a  solid  foundation  of know ledge
regarding anatomy and  biom echanical and  physical principles.
A surgeon w ho is a t rue student  of the discipline of surgery w ill
have  m astered  surgical  technique. Again , un ique  to  the  spine
surgeon  and  the  or thopedic  surgeon  is  the  need  to  harbor  a
high  level  of biom echanical  knowledge  and  the  surgical  skills
unique  to  the  m anagem ent  of  structural  pathologies.  Such  a
foundation  of know ledge  and  skill  sets  m ost  certainly  should
aler t  the  surgeon  to  the  poten tial adverse  consequences of us-
ing  a  long  bridging  im plant  such  as  the  one  portrayed  in
� Fig. 34.1. This includes the  ability to appreciate  three-dim en-
sional  anatomy  and  the  ability  to  negot iate  the  three-dim en-
sional  anatom ical  environm ent  of  the  regional  pathology  at
hand. Finally, the surgeon  m ust  be  adept  at  the  act  of surgery—
a skilled  surgeon  w ho has m astered  not  only the  regional neu-
roanatomy but also the m eans to protect  and restore neurologic
function.

34.2  Preoperat ive Decision
Making–Related Failure
Decision  m aking–related  failures  abound. In  reality,  all  seven
categories discussed  in  th is chapter  are, in  one way or  another,

related  to  decision-m aking failures. Let  us, for  a  m om ent, con-
sider  an  L4–5  fusion  operat ion  perform ed  for  back  pain  (
� Fig. 34.2a). We  m ight  substitute  any  num ber  of im aging ex-
am ples here. The problem  here m ay not  be the choice of opera-
tion, the  technique  em ployed, or  the  num ber  of levels fused. It
m ay instead  be  related  to  the  fact  that  surgery was perform ed
in  the first  place. This pat ien t  had  a chronic pain  syndrom e that
m anifested  as  back pain . She  also  had  an  im aging finding that
in  som e ways correlated  w ith  her  back pain . The error  m ade by
the  surgeon  in  th is  case  was  the  inadequate  consideration  of
“other  causes” of back pain . This  patient  had  m ultiple  ongoing
and long-term  life stresses, w ith  chronic fatigue and a sleep dis-
order.  In  addition ,  m ultiple  other  som atic  complain ts  were
voiced  by the  patien t, but  ignored  by the  surgeon  (see  Chapter
37). The surgeon  focused  on  the back pain  and  ignored  the rest .
Such  m isguided  decision  m aking  can  lead  to  m ultiple  opera-
tions and  a very unhappy patient. The  end  result  of such  a  sce-
nario is depicted in � Fig. 34.2b.

34.2.1  The Decision to Operate
The  decision  to operate, or  rather  m ore  appropriately the  deci-
sion  not  to  operate, is  perhaps  the  m ost  im portant  decision  a
surgeon m akes. The decision  not  to operate is unequivocally the
best  strategy to ensure  the  prevention  of construct  failure. It  is
argued  that  spine surgery is perform ed  in  excess. This is part ic-
ularly so  in  the  case  of surgery for  pain , part icularly axial back
pain . The  decision-m aking process is  very complex in  th is  are-
na. It  is  complicated  by m ultip le  factors. These  include, but  are
not  lim ited  to  the  follow ing:  (1)  Truly  object ive  criteria  by
w hich  surgical  candidates  can  be  defined  are  lacking;  (2)  the
surgeon  m akes the ultim ate decision, and  th is decision  is based
on  m ultiple  clin ical, patient-derived, econom ic, academ ic, and
intellectually  related  influences;  (3)  outcom e  assessm ent  in-
strum ents  have  been  and  still  are  suboptim al  and  relatively

Fig. 34.2  (A) Postoperative radiograph of an L4–5
instrumented  fusion. The  patient’s pain  syndro-
me  did  not  respond  to the  surgery. (B) An
operation can  lead  to  another, and  another, and
another—as depicted  in  this anteroposterior
radiograph.
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infrequently em ployed;  and  (4) the  decision  is  related  to  other
external  influences,  including  implant  vendors  and  hospital
econom ics.

The  Absence  of Criteria  for Surgical Candidacy
It  m ost  certainly  is  di cult  to  object ively  quant ify  the  candi-
dacy for  surgery. Multip le  clin ical, anatom ical (im aging-based),
and  psychosocial factors a ect  candidacy for  surgery. A pat ient
m ay harbor  anatom ical criteria for  surgery (e.g., a  degenerative
L4–5  spondylolisthesis)  but  not  m anifest  the  com m ensurate
clin ical findings and  sym ptom s. On  the  other  hand, the  pat ient
m ay have both , but  be  so adversely a ected  by the  ravages of a
chronic pain  syndrom e that  surgery, even  though  anatom ically
and  clin ically indicated, provides lim ited hope for ultim ate clin-
ical success (see  � Fig. 34.2b). It  is in  th is vein  that  the  surgeon
m ust  have  a  solid  grasp  of the  ent irety of the  decision-m aking
process,  including  a  com mitm ent  to  ensure  that  clin ical  and
anatom ical/im aging  correlat ion  exists. This  involves  an  assess-
m ent of the “character” of the pain .

Pain  that  has  no  anatom ical/im aging correlate  falls  in to  sev-
eral categories:  (1) nonradicular  extrem ity pain  (e.g., pain  in  a
stocking–glove dist ribut ion  that  m ay be associated w ith  periph-
eral neuropathy);  (2) pain  w hose  “character” does not  describe
a syndrom e that  is expected to respond to surgical in tervention
(e.g., axial myofascial pain);  (3) pain  that  is  related  to  another,
but  not surgically treatable, syndrom e (e.g., early-onset spondy-
loarthropath ic sym ptom s that  m ay be characteristic of ankylos-
ing  spondylit is);  (4)  pain  that  is  not  som atic  in  origin  (e.g.,
burning  or  neuropathic  pain);  and  (5)  pain  that  has  not  been
adequately  addressed  by  nonoperative  m eans  (e.g.,  a  tr ial  of
m em brane  stabilizers  in  a  patient  w ith  neurogenic  claudica-
tion). All of these are  expected  either  not  to respond to surgical
in tervention  or possibly not  to require surgery because alterna-
tive  t reatm ent  strategies obviate  the  need  for  surgery (e.g., the
successful treatm ent of neurogenic claudication  sym ptom s w ith
gabapentin).

Pain without  Anatomical/Imaging Correlat ion
Pain  that  is not  associated w ith  an  anatom ical or im aging corre-
late cannot be expected to respond to surgery. Traditional spine
surgery for pain  addresses, and hence m ust  be aligned w ith , the
anatom ical and  im aging pathology and  findings. Without  such
correlation, there  exists no hope  of a  positive  surgical yield. An
L5–S1  discectomy  for  nonderm atom al  extrem ity  pain  is
doom ed  to  failure—that  is, failure  to  achieve  a  satisfactory res-
ponse  to  surgery. Although  this  goes  w ithout  saying, the  sur-
geon  can  be  coerced  by  extraneous  influences  (e.g., econom ic
and  persuasive  patient  surgically  oriented  m aneuvers)  to  per-
form  surgery  despite  know ing  in  h is  or  her  “heart  of hearts”
that  surgery  is  not  indicated. The  rationale  that  “nothing  else
has worked, so w hy not  try surgery?” is lam e and w ithout foun-
dation.  The  surgery  can  m ost  certain ly  be  justified  to  th ird-
party  payers  on  the  basis  of the  anatom ical/im aging  findings.
This unfortunately fur ther complicates the already complex de-
cision-m aking process. Sim ply stated, “the  absence  of response
to other treatm ent  m odalit ies should in  no way be suggestive of
the  notion  that  another  m odality  (i.e., surgery) w ill m eet  w ith
success.” Many  a  pat ien t  has  lived  asym ptom atic  for  decades,

until  death  from  natural  causes,  w ith  significant  anatom ical/
im aging findings.

Pain  w hose  “character” does not  describe  a  syndrom e that  is
expected  to respond to surgical in tervent ion  (e.g., axial myofas-
cial pain) w ill rarely respond  to  surgical in tervent ion. Again , a
patient  w ith  myofascial back pain  and  a  large  L5–S1  herniated
disc is not  likely to respond  to discectomy. Although  the chance
of surgical success is adm ittedly greater  in  th is scenario than  in
the scenario from  the prior paragraph, that does not  justify sur-
gery  in  the  m ajority  of  cases.  Myofascial  back  pain  is  best
treated  by  an  aggressive  physical  restoration  program , w ith  a
focus on  core strengthening and flexibility.

A discussion w ith  the patien t  regarding “hurt  versus harm ” is
relevant  in  such  cases. The  patien t  m ust  understand  that  the
provider  indeed  understands that  the pat ient  “hurts.” No one is
denying  that.  Furtherm ore,  the  patient  m ust  clearly  and  un-
equivocally appreciate  the  fact  that  the  pain  is  not  an  indicator
of “harm ,” if indeed  such  is  the  case  (and  it  nearly always  is).
Further activity, such  as physical therapy, w ill not  be  “harm ful,”
although  it  m ay very  well hurt . Once  th is  barrier  is  overcom e,
the  patient  can  em bark on  a  physical restoration  program  that
usually m eets w ith  success. If th is barr ier  is not  overcom e, fur-
ther unsuccessful treatm ents (including m isguided surgery) can
pave the way toward a chronic pain  syndrom e, w hich  would  be
very unfortunate.

A surgical approach  to pain  that  is, unbeknownst  to the  sur-
geon, related to another, not  surgically treatable syndrom e (e.g.,
early-onset  ankylosing  spondylit is)  is  also  doom ed  to  failure.
Ankylosing  spondylitis  is  a  not  uncom m on  cause  of back  pain
in  young adults. It  is  characterized  by early-m orning back pain
that  dissipates w ith  activity by m idm orning. This pat tern  of in -
flam m atory pain  is str ikingly di erent  from  that  of m echanical
back pain  (pain  that  is deep  and  agonizing in  nature, worsened
w ith  activity or loading of the spine, and im proved by inactivity
or  un loading of the  spine). Mechanical pain  does  not  dissipate
in  the  m orn ing  and  usually  escalates  as  the  day  and  act ivity
progress. The patient  w ith  ankylosing spondylitis m ay also have
a  degenerated  lum bar  spondylolisthesis,  surgery  for  w hich
would  not  im prove sym ptom s that  are  characteristic of inflam -
m atory and not  m echanical back pain .

Pain  that  is not  som atic in  origin  (e.g., burn ing or neuropathic
pain) does not  respond  to decom pressive  or  stabilization  surgi-
cal  in tervent ion, regardless  of  the  im aging  findings. Manage-
m ent  by  a  physician  specializing  in  the  treatm ent  of chronic
pain , w ith  the  use  of m em brane-stabilizing  m edications  (e.g.,
gabapentin)  and  selected  antidepressant  m edications  (that
function  in  the  capacity of central serotonin-m ediated  pain  in-
hibitory  pathway  m odulators),  is  likely  the  m ost  appropriate
strategy, not decompressive or stabilization  surgery.

Pain  for  w hich  a  reasonable  tr ial of treatm ent  via  nonopera-
tive  m eans  (e.g.,  a  t rial  of  m em brane  stabilizers  in  a  pat ient
w ith  neurogenic  claudication)  has  not  been  attem pted  is  not
yet optim ally am enable to surgical in tervention. More than  50%
of  patients  w ith  sym ptom s  of  neurogenic  claudication ,  w ho
would  otherw ise  be  candidates for  lum bar  decompression  sur-
gery, respond to m em brane stabilizers (e.g., gabapentin).1,2 This
response  is usually sustained  for  years, and  the  m edication  can
often  be tapered and  discontinued  after 4 to 6 m onths (author’s
observations).  The  t reating  physician  m ust  be  diligent  in  the
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adm inistration  of these  m edications  and  m ust  ensure  that  ad-
equate doses (gradually increased) are  em ployed. There exists a
substantial  individual  dose–response  e ect,  particularly  w ith
gabapentin .

Factors That  Influence the Surgeon
The fact  that  the  surgeon  m akes the  u lt im ate  decision  regard-
ing  the  ind icat ion  for  surgery  and  that  such  a  decision  is
based  on  m ult ip le  clin ical,  pat ien t-der ived,  econom ic,  aca-
dem ic, and  in tellectually related  in fluences is  of great  sign ifi-
cance  from  a  decision-m aking  perspect ive.  Surgically  or i-
en ted  coercion  of  the  surgeon  by  the  pat ien t  and  the  pa-
t ien t’s  fam ily, the  fact  that  the  act  of surgery  has  a  posit ive
econom ic im pact  on  the  surgeon , and  the  fact  that  academ ic
and  in tellectual  factors  a ect  clin ical  decision  m aking  m ust
be  con t inuously  m on itored  by  the  surgeon  (and  perhaps
others) and  m ust  all be  considered  during  the  decision -m ak-
ing  process.  Com plete  transparency  on  the  par t  of  the  sur-
geon  is crit ical.

Outcom e Assessm ent
In st rum en ts  for  ou tcom e  assessm en t  have  been ,  an d  st ill
are , relat ively  subopt im al  an d  in frequen t ly  em ployed . A de-
term inat ion  of th e  p recise  in d icat ion s  for  su rgery  is  cr it ical
for  th e  ach ievem en t  of op t im al ou tcom es. How ever, if th ese
h ave  n ot  been  defin ed  an d /or  w e  are  un able  or  unw illing  to
assess  ou tcom es  object ively, w e  h ave  n o  m etr ic  by w h ich  to
m easure  our  perform ance. If th is  is  th e  case  as  w e  m ove  for-
w ard ,  w e  w ill  con t in ue  to  floun der  and  to  perform  opera-
t ion s  (expen sive  operat ion s)  th at  h ave  lim ited  h ope  of p ro-
vid ing  th e  ou tcom e  th at  the  both  th e  pat ien t  an d  the  su r-
geon  desire.

Other Related External Influences
External in fluences, including those  related  to im plant  vendors
and  hospital  econom ics, can  play  an  im m ense  but  often  non-
quantifiable  role  in  the  decision-m aking  process. The  surgeon
m ay  be  influenced  by  vendor-  and  hospital-related  econom ic
pressures.  This  m ay  or  m ay  not  be  evident  to  the  surgeon.
Therefore, surgeons m ust  rem ain  in  the  m ode  of constant  sur-
veillance  regarding  the  honest  assessm ent  of  their  pract ices
and the legitim acy of the decisions they m ake.

34.2.2  Prevent ion of Preoperat ive
Decision Making–Related Failure
Preoperative decision-m aking–related construct  failures are, for
the  m ost  part ,  preventable.  Unfortunately,  complications  in
general  are  m ost  accurately  dissected  and  analyzed  post  hoc.
The  “retrospectoscope” is  a  very  accurate  diagnostic  tool. The
aggressive  application  of the  principles  presented  herein  pro-
vides  a  foundation  for  sound  decision  m aking. However, there
is m ore. It  is not  adequate only to em ploy sound  biom echanical
principles. Establish ing the  patient  as  the  prim ary focus of the
decision-m aking process is param ount . Although  th is should go
w ithout  saying, som e  of the  aforem entioned  factors  can  skew
sound judgm ent.

Another  factor  in  the  decision-m aking  process  is  sim ply  re-
lated  to  m aking  decisions  that  are  derived  from  sound  judg-
m ent.  Wisdom  (defined  here  as  know ledge  plus  experience
plus  application  of the  Golden  Rule)3 com es  from  experience.
One  can  acquire  knowledge  by,  for  example,  m astering  the
biom echanical  principles  involved  in  the  spine  surgery  deci-
sion-m aking process. One learns from  m istakes, both  one‘s ow n
m istakes  and  the  m istakes  of others. Eleanor  Roosevelt’s  com -
m ents  in  th is  regard  are  very  relevant  here:  “Learn  from  the
m istakes of others. You  can’t  live long enough  to m ake them  all
yourself.” The  application  of the  Golden  Rule  is  a  very  sim ple,
yet  often  forgot ten , component of the decision-m aking process:
“Do  unto  others  w hat  you  would  have  done  unto  you.” Hence,
the m ost  im portant  aspect of the decision-m aking process is re-
lated  to the notion  that  surgeons should recom m end only oper-
ations that  they would  recom m end  for  them selves or  their  sig-
nificant others.

34.3  Int raoperat ive Decision
Making–Related Failure
Intraoperative  decision  m aking–related  failure  essentially
involves two types of errors:  (1) errors  associated  w ith  the  in-
corporation  of im proper surgical principles and  (2) errors asso-
ciated  w ith  the  use  of suboptim al surgical technique. A pat ient
placed in  an  exaggerated  capital flexion posture at  the t im e of a
long  occiput-to-cervicothoracic  instrum ented  fusion  is  likely
to  experience  significant  pain  and  disability  related  to  the
kyphotic  posture;  (see  Chapter  27  and  � Fig.  34.3a).  This

Fig. 34.3  (A) Postoperative  radiograph  of a  pa-
tient  who underwent  fusion while  in  capital
flexion. Significant  neck and  back pain  emerged
postoperatively. (B) Another patient  was treated
with a  multilevel corpectomy and  the  placement
of a  fibular strut  and  plating, including  the
placement  of screws into the  fibular strut.
Construct  failure  occurred.
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represents an  error  associated  w ith  the  im plem entat ion  of im -
proper  surgical principles. Another  patient  undergoes a  m ulti-
segm ent  instrum ented  fusion  for  t raum a  w ith  a  fibula  strut ,
w ith  resultant  “kickout” of the  graft–im plant  unit  (see  Chapter
19  and  � Fig. 34.3b). This  case  is  problem atic  on  m ultiple  ac-
counts. First , im proper surgical principles were em ployed. They
include the follow ing: (1) In term ediate screws were placed in to
the  fibula  strut. This  obligates  the  strut  to  m ove  w ith  the  im -
plant. It  weakens the strut  and  provides no m echanical advant-
age. (2) The surgeon  did  not  take  in to account  that  th is traum a
vict im  also had  dorsal ligam entous injury, likely necessitating a
com bined ventral and  dorsal approach. (3) The surgeon  applied
distraction  to  the  spine  before  strut  insertion  and  im plant
placem ent. The spine was easily dist racted  because  of the trau-
m a-related  ligam entous injury. However, th is  also  resulted  in  a
preloading  of the  im plant  and  strut,  w hich  fur ther  increased
the  chance  of  failure.  Suboptim al  surgical  technique  is  also
likely at  play here. Insu cient  length  of screws, poor  m ortise–
strut  m atching  carpentry,  and  the  em ploym ent  of  the  other,
aforem entioned  ill-conceived  strategies all constituted  subopt i-
m al in traoperative decision  m aking and surgical technique.

Surgical  technique–related  construct  failure  is  preventable.
The  discussion  of th is topic is lim ited  here by vir tue  of the  fact
that  the m essage is sim ple. One should  (1) m aster surgical tech-
niques, (2) read  and  practice before  complex or  unfam iliar  pro-
cedures, (3) use techniques w ith  proven  or at  a m inim um  theo-
retical e cacy, and  (4) work at  becom ing better. This applies to
everyone, no m atter how  good they th ink they are. The m astery
of surgery  is  a  process—a  process  that  requires  diligence  and
com m itm ent.

34.3.1  Prevent ion of Technique-Related
Failure
The  prevent ion  of surgical  technique–related  construct  failure
is sim ple: “Work at  it!” Pract ice, indeed, m akes perfect.

34.4  Subsidence-Related Failure
Subsidence  is  inevitable. It  follow s  nearly  all  spine  operations
and is a component  of aging (subsidence-related  loss of height).
Failure  to recognize the  presence  and  m agnitude  of subsidence
is  a  com m on  cause  of construct  failure. An  example  of such  a
phenom enon  is port rayed  by a  case  in  w hich  a dim inished  disc
interspace  height  was  elevated  (� Fig. 34.4a) by the  placem ent
of a threaded  in terbody fusion  cage (� Fig. 34.4b). Note the ten-
sion  of the  annulus fibrosus, w ith  sti en ing of the  m otion  seg-
m ent.  Unfortunately,  the  threaded  in terbody  fusion  cage
presents its round  face to the  end  plate  so that  the surface  area
of contact  w ith  the  end  plate  is  lim ited. Hence, penetration  of
the cage in to the end plate (subsidence) begins, and a loosening
of the  previously  tensioned  annulus  ensues  (� Fig. 34.4c). This
phenom enon  is evident  in  the  postoperative  radiographs of af-
fected individuals (see Chapter 19 and � Fig. 34.4d).

One of the m ost  com m on  causes of construct  failure  is subsi-
dence.  Subsidence  is  inevitable.  It  is  an  inevitable  sequela  of
senescence. The  degradat ion  of bone  in tegrity  w ith  age, com -
bined w ith  the stresses im parted to the spine by repetit ive load-
ing  over  decades, takes  its  toll  on  spine  in tegrity. Subsidence

m anifests as loss of axial height  and  angular  spine deform ation.
The act of surgery often  “encourages” the subsidence process.

The m ere presence of subsidence im plicates a failure of spine
integrity to som e degree. This m ay be  acceptable, and  even  de-
sirable under som e circum stances. In  the latter  vein , subsidence
m ay  cause  separate  but  abutt ing  bone  m argins  to  be  com -
pressed and to “see” the bone healing–enhancing pressures that
encourage  healing  (à  la  Wol ;  see  below ). On  the  other  hand,
subsidence is usually not  desirable. It  can  result  in  compression
and  angular  deform ation  to  the  extent  that  fracture  and/or
spine instability occurs.

34.4.1  Wol ’s Law
Every change in  the form  and  funct ion  of a  bone, or  of function
alone, is  followed  by  specific  defin itive  changes  in  its  in ternal
architecture  and  equally defin itive secondary changes in  its ex-
ternal configuration , in  accordance w ith  m athem atical law s.

“Structure  is  nothing  else  than  the  physical  expression  of
function. Under pathologic conditions the structure and form  of
the  parts change according to the  abnorm al conditions of force
transm ission .”

Subsidence-related  spinal construct  failure  is  related  to  one
or  both  of two phenom ena. First, subsidence  can  be  related  to,
or  be  a  result  of, pseudarthrosis. Second, subsidence  can  be  a
m ajor  con t ribu tor  to  spine  deform ation  and  resultan t  con -
struct  failure. Both  pseudar th rosis  and  spine  deform ation  are
either  the  result  or  the  cause  of construct  failure. Both  either
st ress  spinal  im plan ts  and  im plan t–bone  junct ions  or  occur
because  of  the  failure  of  spinal  im plan ts  or  sp inal  im plan t–
bone junct ions.

34.4.2  Prevent ion of Subsidence-
Related Const ruct  Failure
The prevent ion  of subsidence-related  construct  failure  involves
one or both  of two fundam ental surgical skills: (1) the perform -
ance  of  “good  carpentry” so  that  fusion  w ithout  deform ation
transpires  and  (2)  the  application  of  solid  fixation  principles
and  the  use  of techniques that  m aintain  spinal alignm ent  until
fusion  occurs. “Good  carpentry” m akes sense. A precise  fit  of a
bone  graft  in to  a  receiving  m ortise  provides  a  “close  fit” and
hence  prom otes subsidence. If th is  is  not  the  case  and  a  “close
fit” is  not  achieved, a  gap  is  created  betw een  the  bony compo-
nents  that  obligates  either  excessive  subsidence  or  persistence
of  the  gap.  The  form er  results  in  unacceptable  deform ation,
stressing of the  spinal im plant, and  the  prom otion  of deform a-
tion  and  failure. The  latter  prom otes pseudarthrosis, w ith  sub-
sequent  stressing and  degradation  of the im plant–bone in terfa-
ces  and  spinal  construct  failure.  Either  way,  spinal  construct
failure ensues, and the pat ient loses.

Subsidence is not  all bad. It  does indeed cause opposing bone
fragm ents to  “see” bone  healing–enhancing forces. Hence, per-
m itt ing  som e  subsidence, so  that  it  occurs, w hile  controlling
its  trajectory  and  extent  m ay be  optim al. This  is  precisely  the
in tended  purpose  of  axially  dynam ic  cervical  sp ine  fixat ion
(i.e.,  fixat ion  w ith  axially  dynam ic  fixators  that  prom ote
bone  healing  w ithout  angular  spine  deform ation).  A case  in
w hich  subsidence  occurred  follow ing  the  placem ent  of  an
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in term ediate-generation  Caspar  p late  w ith  paired  holes  and
slots  illust rates  several  very  relevan t  poin ts  (see  Chapter  29
and  � Fig. 34.5a, b). First , fusion  occurred  because  of the  fixa-
t ion  provided  by the  screw s placed  th rough  the  slots. Second,
the  screw s  placed  in  holes  failed  by  fracture  or  backout  due
to  the  applicat ion  of shear  forces  to  the  screws  during subsi-
dence. Th ird , the  ut ilizat ion  of in term ediate  poin ts of fixation
to  the  nat ive  sp ine  “caused” the  sp ine  to  subside  along  the
trajectory  determ ined  by  the  surgeon  (i.e.,  the  curvature  of
the  p late  in  th is case).

Hence,  the  key  to  preventing  the  complications  of  subsi-
dence-related  construct  failure  is  indeed  “good  carpentry” and
the  perm ission  of som e subsidence w hen  appropriate, w ith  the
em ploym ent  of  m ultiple  solid  fixat ion  points.  The  latter  de-
serves  fur ther  discussion  here.  The  em ploym ent  of  m ultiple
solid  fixation  points  im plies  that  the  implant  anchors  have
attained good purchase in  bone. This m ay not  always be achiev-
able  but  should  be  str iven  for.  Multiple  strategies  have  been
put  forth  in  th is  book to  achieve  such. They include  the  use  of

Fig. 34.4  (A) A degenerated motion segment can
be  managed  by (B) disc interspace  distraction
and the placement of a threaded interbody fusion
cage. (C) This may fail via subsidence. (D) A
clinical example  is portrayed  in  a  postoperative
radiograph.

Fig. 34.5  A radiograph of a  middle-generation Caspar plate, in  which
both slots and  holes were  provided  for the  nonfixed  moment  arm
cantilever screws. (A) Lateral view. (B) Anteroposterior view.
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optim ally designed  screws, screw–bone in terface augm entation
w ith  acrylic, the  use  of hooks w hen  screw  pullout  seem s inevi-
table, the  em ploym ent  of screw  triangulation, and  the  pre-  and
postoperat ive  augm entation  of  bone  in tegrity  by  m edical
m eans of prom oting bone health .

In  addit ion ,  the  em ploym ent  of  m ult ip le  fixat ion  poin ts
prom otes  sharing  of the  overall  load  by a  greater  num ber  of
im plan t–bone  in terfaces.  Th is  m in im izes  the  actual  load
borne  by  any  single  anchor  at  any  single  bone–anchor  in ter-
face. When  any  com ponen t  of the  construct  bears  an  exces-
sive  load , it  becom es  m uch  m ore  likely  to  fail. When  and  if
such  occurs,  failure  of  the  single  anchor–bone  in terface  in -
creases  st ress  on  the  rem ain ing  anchor–bone  in terfaces. Th is
obviously  increases  the  chance  of  failure  of  the  en t ire  con-
struct . The  lesson  learned  here  is  to  at tem pt  to  ach ieve  sym -
m etric  and  un iform  loading  of im plan t  anchors  and  anchor–
im plan t  in terfaces.

34.5  Im plant–Bone Interface
Integrit y–Related Failure
Im plant–bone  in terface  in tegrity  should  always  be  a  prim ary
concern  w hen  the  placem ent  of spinal implants  is  considered.
The placem ent of implants w ith  a h igh  m odulus of elasticity in-
to bone  w ith  a  low  m odulus often  results  in  failure  and  degra-
dation  of the screw–bone in terface. To put  th is another way:

Hard Im plant + Soft  Bone ~ Failure at  Im plant–Bone Interface
Bone  m ay  be  inadequate  as  a  site  of  purchase  because  of

tum or  (� Fig. 34.6a) or  m etabolic bone  d isease  (e.g., osteopo-
rosis;  � Fig.  34.6b).  Th is  m ay  resu lt  in  fat igue  failure  as  a
resu lt  of repet it ive, cyclical im plan t–bone  in terface  st ress ap -
p licat ions  (see  � Fig.  34.6  b).  Care  m ust  be  taken  not  to
expect  too  m uch  from  a  screw  in  predictably soft  bone, such
as  bone  involved  w ith  tum or, osteoporot ic  bone, or  bone  in
regions  of  kn ow n  low  bone  density  (i.e .,  the  sacrum ;  see
� Fig. 34.6a, b).

Im plant–bone  in terface  in tegrity–related  construct  failure  is
obligatorily  t ied  to  subsidence  in  som e  way. The  prior  section
provides  insight  in to  subsidence-related  failure. However, im -
plant–bone  in terface  in tegrity–related  construct  failure  is often
m ultifactorial  in  nature  and,  as  such,  m ore  complex.  Factors
contribut ing  to  in terface  in tegrity–related  failure  (other  than
subsidence) are  t raum a, in fect ion, tum or, and  the  variety of ar-
thrit ides a ect ing the spine and spine in tegrity. Such  conditions
and pathologies adversely a ect  spinal in tegrity.

34.5.1  Prevent ion of Im plant–Bone
Interface Integrit y–Related Failure
The prevent ion  of im plant–bone in terface in tegrity–related fail-
ure begins w ith  recognition of the presence of o ending pathol-
ogies  and  conditions.  Once  they  are  recognized,  the  surgeon
m ay choose  not  to  operate  or  to  perform  an  alternative  proce-
dure. Such  decisions  are  related  to  factors  such  as  life  expect-
ancy, tum or  burden , im m une and  nutrit ional comprom ise, and
bone-healing capacity. Regardless of the factors involved, great-
er  caut ion  m ust  be  exercised  during the  decision-m aking proc-
ess and  the actual act of surgery w hen  such  variables have been
in troduced in to the decision-m aking process fray.

34.6  Im plant  Fracture–Related
Failure
Im plant  fracture–related  failure  is preventable, but  it  neverthe-
less  occurs  w ith  som e  regularity. Im plant  fracture  occurs  as  a
result of repetit ive loading, and subsequent failure occurs via fa-
tigue fracture. Such fractures ALWAYS occur at  the poin t of m ax-
im um  stress  application  w ithin  the  construct  (see  Chapter  19
and � Fig. 34.7). Stress is defined here as proport ional to the ap-
plied  bending  m om ent  divided  by  the  section  m odulus  (or
strength  of the im plant  at  the point  of the applied  bending m o-
m ent). An  awareness of specific implant  vulnerabilit ies regard-
ing strength , as well as the  loads to be  resisted  by the  implant ,
should  result  in  the select ion  of an  optim al im plant  for  the situ-
ation  at  hand. Holes in  plates;  screws w ith  long, th in  inner  di-
am eters that  are  exposed  to shear  stresses;  and  failure  of bony
union  are  the fundam ental underlying factors precipitating im -
plant fracture. The first  two are related to the specific character-
istics  of the  im plant. An  im plant  w ith  a  vulnerable  “spot” re-
lated  to  a  low  section  m odulus  (strength)  poses  a  significant
risk  for  fracture  if  placed  in  a  position  of significant  bending
m om ent  application. Failure  of bony union  results in  persistent
and  repetit ive loading of the  im plant, w ith  the  potent ial for  fa-
tigue  and  fracture  at  a  vulnerable  point  or  “spot” w ithin  the
confines of the im plant.

34.6.1  Prevent ion of Im plant  Fracture–
Related Failure
The prevent ion  of im plant  fracture–related  failure is a theoreti-
cally  sim ple  m easure, yet  it  is  often  not  achieved. The  sim ple

Fig. 34.6  Two examples of poor bone quality. (A)
Magnetic resonance  image  of a  patient  with
multiple-level spinal involvement  by metastatic
cancer.(B) Axial computed  tomographic scan cut
through the  sacrum  depicts cyclical loading–
related degradation of the screw–bone interface.
Note  the  halos around  the  screws.
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m easure  aspect  is  that  portion  of the  decision-m aking process
that  is  related  to  im plant  and  im plant  characteristic  select ion
and  the  perform ance  of a  fusion  that  leads  to  solid  union . An
im plant  should  be  selected  in  part  on  the  basis  of  its  section
m odulus in  regions of expected  h igh  load and  bending m om ent
application . Rem em ber, im plants always fracture at  the point  of
m axim um  stress  application  (see  � Fig. 34.7). Stress  is  defined
here  as  the  bending  m om ent  divided  by  the  section  m odulus
(strength  at  the  poin t  of the  applied  bending m om ent). If th is
ratio  is  h igh , and  the  a ected  region  of the  im plant  is  repeti-
t ively loaded, im plant fracture is likely.

The  lesson  learned  from  this  discussion  is  that  implants
should  be  selected  on  the  basis  of their  engineering, underen-
gineering, or  overengineering  at  points  of vulnerability  as  de-
fined  by significant  m om ent  arm  length  and  force  application,
and  that  the  surgeon  should  pay  extrem e  attention  to  detail
during  surgery  so  that  both  “good  carpentry” and  “good  m e-
chanics” are com bined to achieve  “good results.”

34.7  Postoperat ive Managem ent–
Related Failure
Postoperative  patient  m anagem ent–related  construct  failure  is
likely an  insignificant  factor  in  m ost  cases. Excessive  construct
loading due  to  inappropriate  early  postoperative  activity or  to
falls can  result  in  failure or degradation  of the im plant–bone in-
terface. Poor  nutr it ion  and  im m une comprom ise can  lead  to in-
adequate  healing and  fusion, as  can  poor  bone  quality related,
in  part ,  to  insu cient  bone  in tegrity  optim ization .  Finally,
treatm ent  strategies  can  fail  because  of  improper  m onitoring
and  m anagem ent, as illustrated  by the case of a pat ien t  w ho, as
a  result  of  inadequate  follow -up,  presented  several  m onths
after  placem ent  of  a  halo  vest.  Over  t im e,  the  pins  eroded

through  the  skull, resulting in  brain  abscesses  (� Fig. 34.8a, b).
Although  this case  does not  represent  a  failed  spinal construct ,
it  does provide a good example of w hat can  happen  w hen  post-
operative  care  and  m onitoring  are  rendered  subopt im al  by  a
lack of adequate  attention  to detail on  the  part  of the  physician
or poor compliance on  the part  of the patient.

34.7.1  Prevent ion of Postoperat ive
Managem ent–Related Failure
Any or all of the aforem entioned  factors can  a ect  the in tegrity
of  a  spinal  construct  during  the  postoperative  period.  Again ,
prevention  is  sim ple. One  m ust  identify the  variables  and  pre-
ventable events to be addressed  and  then  take m easures to rec-
tify such.

34.8  Sum m ary
Postoperative  construct  failure  is  indeed  often  preventable,
although  not  always. A m ultitude  of variables  converge  at  the
tim e  of surgery and  in  the  pre-  and  postoperative  t im e  fram e
that  can  result  in  spinal construct  failure. Com binations of con-
struct  failure–prom oting variables, w hich  are  seem ingly incon-
sequential  individually,  can  result  in  failure.  Two  seem ingly
sim ilar  patients w ho undergo the identical operative procedure
m ay have very di erent  clin ical results from  a structural in teg-
rit y  perspective. Such  a  divergence  in  results  can  be  explained
by the  convergence  of unidentified  adverse  variables, or  m ulti-
ple  lesser  variables. In  other  words, the  patients  were  not  all
that sim ilar, and the operat ions were not  identical.
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Fig. 34.7  A radiograph of a fractured plate. Implants always fracture at
the  point  of maximum  stress application (see  text  and  Chapter 19).

Fig. 34.8  (A) A bone  window computed  tomographic (CT) scan
portraying skull penetration by the pins of a halo vest. (B) A soft  tissue
window CT scan  demonstrates resultant  brain  abscesses.
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35  Bed Rest  and Tract ion
Bed rest and tract ion  are infrequently considered from  a biom e-
chanical perspective. This  is  indeed  unfortunate. Problem s  in-
cluding  pulm onary  and  in tegum ent  complications, as  well  as
spinal  instability, can  result  from  their  suboptim al  considera-
tion. The biom echanical considerations associated w ith  bed  rest
and  turning, and  w ith  tract ion , are  thus the  focus of th is  chap-
ter. Of special concern  regarding bed  rest  and  turning strategies
are the follow ing: (1) the clin ical e ects of bed rest , (2) the con-
sequences  of pat ient  positioning, (3)  the  use  of specialty  beds
and fram es, and (4) positioning strategies.

Of concern  regarding traction  are (1) the advantages of cervi-
cal  t ract ion , (2)  the  disadvantages  of cervical  t ract ion , (3)  the
consideration  of  special  clin ical  situations  (e.g.,  ankylosing
spondylit is),  and  (4)  t ract ion  for  thoracic  and  lum bar  spine
pathology.

35.1  Biom echanics of Bed Rest
and Turning
35.1.1  The Clinical E ects of Bed Rest
Bed  rest  is the  in itial component  of a  nonoperative  strategy for
spine  t raum a  and  has  been  show n  to  be  e ective  in  selected
cases,1,2 even  if brief.1,3 Conversely, bed rest  has not been  show n
to have substantial therapeutic value for nontraum atic degener-
ative pathologies (see Chapter 37).4,5 The e cacy of bed  rest  for
the m anagem ent  of t raum a relates in  part  to the fact  that  spon-
taneous rem odeling of the spinal canal often  occurs over  tim e.6

Bed  rest  enables  th is  process. However, bed  rest  is  associated
w ith  profound  physiologic and  biom echanical e ects. Although
the  physiologic  e ects  of  bed  rest  are  not  directly  related  to
spine  biom echanics  and  associated  principles,  the  desire  to
m inim ize adverse outcom es indeed  m akes them  significant  and
thus worthy of discussion  here. The adverse sequelae of bed rest
include  the  follow ing:  (1)  pneum onia  and  other  pulm onary
complications; (2) fluid  retent ion; (3) problem s associated w ith
venous  stasis  (deep  vein  throm bophlebitis, pulm onary  em bo-
lism ); and (4) in tegum ent complications (e.g., pressure sores).

The  pulm onary, fluid  retention, and  vascular  complications
of bed rest  are all of clin ical sign ificance. The hum an  body is not
designed  to  be  at  rest  in  bed  for  prolonged  periods  of  t im e.
Therefore, illness-im posed  bed  rest  should  in  general  be  lim -
ited. On  the other hand, assumption  of the upright  posture by a
quadriplegic pat ient, part icularly in  the post injury period, is as-
sociated w ith  decreased  t idal volum e and vital capacity.7 This is
particularly  relevant  during  the  ventilator  weaning  process.
This  fact  alone  m ay obligate  a  period  of bed  rest  that  is  longer
than  desirable. Although  early  surgery  in  general is  a  positive
factor  regarding m obilization  and  am bulation, it  m ay not  be  of
assistance  in  th is  particular  scenario. In  fact, it  m ay contribute
to the  physiologic and  m echanical factors that  im pede  ventila-
tor weaning (� Fig. 35.1).

Bed  rest  is  associated  w ith  focal points  of in tegum ent  (skin)
pressure. In  a  m alnourished  and  insensate  patient  w ith  in tegu-
m ent  vascular  underperfusion , bed  rest  can  result  in  pressure
sores. Pressure sore location  is a  funct ion  of position, as well as

a  host  of other  factors. Assum ption  of the  supine  position  re-
sults  in  pressure  poin ts  on  the  elbow s, dorsal thoracic  region ,
occiput, heels, scapulae, and sacral region  (� Fig. 35.2a).

Assum ption  of the  lateral decubitus  position  results  in  pres-
sure  points  on  the  greater  trochanter,  ribs,  shoulder,  lateral
knee, and  lateral m alleolus of the  ankle  (� Fig. 35.2b). Further-
m ore, shoulder  distor tion , including dislocation , can  result . As-
sum ption  of the  sit t ing  position  concentrates  pressure  on  the
ischial tuberosity and  heels (� Fig. 35.2c). Skin  traction  can  re-
sult  in  injury, as  well. An  exam ple  of th is  is  related  to  traction
in  the  sacral  region  as  a  result  of  a  slum ped  posture
(� Fig. 35.2d). The  end  result  of relat ive  or  complete  inatten-
tion  to  in tegum ent  care  in  an  insensate  patient  can  be  devas-
tating (� Fig. 35.2e).

With  th is know ledge, the m echanical cause of a pressure sore
can  be  determ ined, and  strategies to  m anage  or  prevent  it  can
be crafted. Obviously, the in term ittent  application  of focal pres-
sure can  be achieved by lim iting the tim e spent  in  any given  po-
sition . This  is  the  crux of all m echanical prevent ion  and  treat-
m ent strategies for pressure sores.

35.1.2  The Consequences of Pat ient
Posit ioning
Interm itten tly  turning  the  pat ient  w ith  an  unstable  spine  can
lim it  the  aforem entioned  focal pressure  applications. This posi-
tive  e ect  m ust  be  weighed  against  the  potent ial negative  as-
pects of turning, such  as an  adverse e ect  on  spine stability.

Turning, if perform ed  w ithout  the  application  of distraction,
compression,  torsion,  translation,  or  angular  stresses  to  the
spine,  is  theoretically  beneficial,  at  least  physiologically.

Fig. 35.1  The tidal volume of a quadriplegic patient  is higher (A) in the
supine  position  than  (B) in  the  sit ting  position. This is related  to
gravitational effects on the abdominal cavity (arrow) and flailing of the
chest  wall, which  results in  paradoxical motion.
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Unfortunately, how ever, each  of the  aforem entioned  st resses
can  be  applied  to  the  sp ine  during  the  turn ing  process
(� Fig. 35.3). The  applicat ion  of d istract ion , com pression , tor-
sion , shear, or  angular  st resses  to  the  sp ine  can  thus  result  in
spine  deform ation  and  the  poten t ial  for  fur ther  neurologic
injury.

35.1.3  Specialit y Beds and Fram es
The  use  of specialty beds  and  fram es has significantly contrib-
uted  to  the  surgeon’s  ability  to  m obilize  and  position  patients,
both  in  and  out  of the  operating room . This  even  includes  the
m anagem ent  of low  back  pain .8 During  the  in it ial hospitaliza-
tion, one  of the  m ost  precarious t im e fram es regarding the  ex-
acerbation  of spinal  cord  injury  is  during  in traoperative  posi-
tioning of the patient. All of the aforem entioned spine deform a-
tions can  occur and are m ost  likely to occur w hen the prone po-
sit ion  is  em ployed  in traoperatively.  The  in traoperative  prone
position  usually requires a  180-degree  turn , w ith  the  potential
for  spine deform ation  and  spinal cord  injury (� Fig. 35.4). Rigid
fixation  of the  head  to  the  chest, as  w ith  a  halo  or  operative
fram e, does not  prevent  th is. In  fact , it  m ay exaggerate spine de-
form ation  (see Chapter 36).

Continuous-m otion  rotating  beds  (e.g.,  kinetic  treatm ent
tables, or  KTTs)  can  be  used  to  decrease  the  pulm onary  and
psych iatric–cogn it ive  com plicat ions  associated  w ith  m otion -
less  bed  rest . They m ay also  facilitate  skin  care  and  m in im ize
spinal  m otion .9 Shear  st resses  m ay  be  applied  to  the  sp ine

and  in tegum ent  (� Fig. 35.5)  and  m ay  in  fact  be  encouraged
by the  con t inuous-m otion  rotat ing bed  st rategy.

Uniform  in tegum ent  pressure beds, such  as any of the variety
of available  “bead  beds,” can  pose  a  risk  for  spine  deform ation
(� Fig. 35.6). Alternating-pressure  m attresses  provide  an  alter-
native, but  w ith  m arginal advantage.10 Of note, the  45-degree
sitt ing position  is  associated  w ith  substantially greater  in tegu-
m ent  in terface  pressures  than  other  positions.10 Circle  electric

Fig. 35.2  Pressure  points. (A) Supine  position. (B) Lateral decubitus
position. (C) Sit ting  position. (D) Traction  related to a slumped  sit ting
position. (E) The  end  result  of relative  or complete  inat tention to
integument  care  in  an  insensate  patient  can  be  devastating.

Fig. 35.3  Turning  may apply significant  loads, particularly torsional, to
the  spine, as depicted.

Fig. 35.4  The  prone  position  can result  in  spine  distortion.

Fig. 35.5  Integument  shear (arrow) can result from continuous-motion
beds, as depicted.
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beds,  w hich  rely  on  head-over-foot  turning,  lessen  the  latter
concerns but  increase  the  risk  for  distract ion  and  compression
(� Fig. 35.7)  as  well  as  hypotension  during  t ransient  assump-
tion  of the upright  posture.

Prone  positioning  in  the  in tensive  care  unit  or  operating
room  can  distr ibute  skin  pressure  to  a  larger  surface  area
(� Fig. 35.8). In  the  operating room , turning the  patien t  to  the
prone position  can  be achieved w ith  fram es, such as the Jackson
table.  The  use  of  such  turning  and  positioning  adjuncts  has
been  show n  to be  safer  than  m anual turning techniques.11 It  is
em phasized  that  prone  positioning  has  been  associated  w ith
potentially  catastrophic  complications, such  as  respiratory  ar-
rest  and spinal cord injury.

35.1.4  Posit ioning Strategies
A know ledge  of the  vulnerable  pressure  points previously out-
lined  and  discussed  should  raise  the  pract it ioner’s  level  of
awareness  regarding  the  m inim ization  of pressure  applied  to
these points. Specialty care fram es, tables, and beds can  be used
for  th is purpose. Alternatively, positioning strategies can  be de-
vised  that  accom plish  the  sam e  goals  w ith  less  expense  and
w ith  greater e cacy and safety.

Alternating  positions  w ithout  adversely  a ect ing  spinal
stability  and  in tegrity  is  key. Conrad  et  al  have  dem onstrated
unacceptable  m otion  during body position  changes  in  patients
w ith  spinal cord injury.9 Regardless, if turning can be perform ed
safely, as  has  been  accom plished  for  years, several  poin ts  are

Fig. 35.6  Uniform  integument  pressure beds (bead beds) can result  in
spine  deformation.

Fig. 35.7  (A, B) Circle  electric beds can cause  spinal compression or
distract ion (arrows).

Fig. 35.8  The prone position on a frame can result in a redistribution of
pressure  to additional pressure  points (arrows).

Fig. 35.9  Less than complete  rotation to the lateral decubitus position
(less than the  full lateral decubitus position) does not  substantially
reduce  pressure  on  the  dorsal aspect  of the  torso, as depicted.
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Fig. 35.10  Dependent  leg  extension  in  the  lateral decubitus position
decreases greater trochanter pressure. The nondependent  leg is flexed
to  maintain  the  lateral decubitus position, as depicted.

Fig. 35.11  Axillary rolls minimize  shoulder dislocation  and  distortion.
(A) Without  axillary roll and  (B) with  axillary roll.

Fig. 35.12  (A, B) Cervical traction can  reduce  translational
deformation.

Fig. 35.13  Cervical traction may be  harmful. (A) Excessive  distraction
may occur. (B) Angular deformity may not  be  reduced, although
distraction furthers tethers neural elements over the  deformity. (C)
Deformity reduction can cause  retropulsion of disc fragments into the
spinal canal.
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relevant  regarding  the  application  of  turning  strategies. First ,
incomplete  turning from  the  supine  position  to  a  less than  full
lateral decubitus position  subopt im ally reduces pressure  at  the
vulnerable  dorsal points  (� Fig. 35.9). Also, it  m ay increase  in-
tegum ent shear forces, as already discussed. Second, dependent
leg  extension  (h ip  extension)  decreases  the  protuberance  and
vulnerability  of  the  greater  t rochanter  to  applied  pressure
w hile  the  patient  is  in  the  lateral  decubitus  position
(� Fig. 35.10). Axillary  rolls  m in im ize  shoulder  distort ion  and
stresses  that  can  lead  to  discom fort  and  dislocation
(� Fig. 35.11). In  the  lateral decubitus position, the  flexed  non-
dependent  leg can  act  as  a  ballast  that  helps secure  the  lateral
decubitus  position ,  w ith  the  assistance  of  pillow s  (see
� Fig. 35.10). Position ing the patient  slightly past  the true later-
al  decubitus  position  (toward  prone)  applies  pressure  to  new
points, although  there  is  a  greater  surface  area  of contact  w ith
the  bed  than  occurs  in  the  supine  position.  Such  pressure  is
concentrated  in  the  region  betw een  the  an terior  superior  iliac
spine and the greater t rochanter. Furtherm ore, if applied appro-
priately, th is position  is com fortable for the pat ient.

Caregivers should  attem pt  to place  an  insensate  or  com atose
patient  in  positions that  the patient  would norm ally perceive as
com fortable. Most  people seek the com fort  of a lateral, or  part i-
ally  lateral, decubitus  position  during  sleep, thus  further  vali-
dating  th is  position  as  an  im portan t  position  in  the  turning
schedule.

35.2  Biom echanical
Considerat ions of Tract ion
35.2.1  Advantages of Cervical Tract ion
Cervical traction  is of theoretical advantage because of the abil-
ity to reduce spinal deform it ies and  relieve  neural compression

(� Fig. 35.12).12 Furtherm ore, it  m ay contribute  to  the  acquisi-
t ion  and  m aintenance  of spinal stability. This  m ay  be  particu-
larly relevant at  the occipital–cervical junct ion .13

35.2.2  Disadvantages of Cervical
Tract ion
Cervical  t ract ion  can  result  in  excessive  dist ract ion
(� Fig. 35.13a).14 Conversely, it  m ay not  reduce  an  angular  de-
form ity during the  application  of distraction  forces to the  neu-
ral elem ents (� Fig. 35.13b). Finally, it  can  cause retropulsion  of
intervertebral disc m aterial in to  the  spinal canal as  a  result  of
the  deform ity  reduct ion  process  itself  (� Fig.  35.13c).  Neuro-
logic deteriorat ion has been  reported to be caused by the closed
reduct ion  process. This is usually related  to disc herniation.15–27

Gran t  and  colleagues,  how ever,  refuted  these  data  in  their
large  clin ical  study.28 Others  have  e ect ively  used  closed
techn iques, including  m anual  t ract ion  and  m anipulat ions.29–

35 The  tong–bone junct ion  and  the  forces applied  by the  tongs
to the  skull degrade  w ith  t im e.36 Th is  can  result  in  tong–skull
in terface  failure.

35.2.3  Special Clinical Situat ions
Cervical  t ract ion  can  have  unexpected  or  adverse  sequelae  in
selected  situations.  These  situations,  if  anticipated,  can  be
avoided.

Ligam entous  disrupt ion  can  result  in  untoward  and  unex-
pected dist ract ion as a result  of m inim al t ract ion. Disorders that
result  in  a rigid  spine, such  as ankylosing spondylit is, can  cause
significant  stress applications to an  injured  segm ent  during the
application  of traction. The fractured  cervical spine of a  pat ient
w ith  ankylosing spondylitis  is  in  essence  a  rigid  cervical spine
separated  in to two separate  fragm ents:  the  segm ent  above  the

Fig. 35.14  Ankylosing  spondylitis with  a  cervical
spine  fracture. (A) This is equivalent  to  a  long-
bone  fracture  (dotted lines). (Double-headed ar-
rows, B) Traction  applied  “in  line” with  the  spine
(along  its axis) results in  spine  distract ion.
Traction applied  along  an axis other than  that  of
the  spine  causes a bending  moment  (curved
arrows) to be applied. This can be used to reduce
a deformity via the application of a force (load) to
a moment arm, d. (D) Translational loads are then
applied  (straight  arrows), thus reducing  the
deformity. The  bending  moment  can  be  exag-
gerated by using  three-point  (or four-point) skull
fixation  to apply traction, thus eliminating  load-
ing  of the  tongs with  respect  to  the  skull. (E, F)
This can  be  used  to reduce  a  translational
deformity.
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fracture  (the  rostral segm ent) and  the  segm ent  below  the frac-
ture  (the  caudal  segm ent).  This  is  equivalent  to  a  long-bone
fracture (� Fig. 35.14a). Tract ion  can  be  applied  in  line w ith  the
cervical  spine  fracture,  result ing  in  sim ple  dist ract ion
(� Fig. 35.14b). If  the  tract ion  is  not  applied  in  line  w ith  the

spine, a  bending m om ent  is  applied. This  strategy can  be  used
to apply tract ion  as well as a bending m om ent  and  thus correct
deform ity  (� Fig. 35.14c, d). These  t ranslational  forces  can  be
exaggerated (by design  or inadverten tly) by using traction  devi-
ces  w ith  three  or  m ore  (usually  four)  points  of skull  fixation
(� Fig. 35.14e, f). Many of these  sam e complications are  associ-
ated w ith  halo bracing.

Significant  unexpected  and  untoward  forces  m ay be  applied
to  the  spine  during  the  rem oval of m otorcycle  or  football hel-
m et. If a cervical spine injury is suspected, great  caution  should
be  exercised  during  rem oval.37 A fundam ental  knowledge  of
helm et  design  m ay be  helpful during  the  m anagem ent  of sus-
pected  acute spinal cord  injury. The helm et  itself can  be used  as

Fig. 35.15  A helmeted trauma victim  requires unique  at tention in the
emergency room. (A) The helmet  itself can be  used as a tool to  apply
tract ion in the emergency room. (B) Removal of the helmet can also be
fraught  with  risk. Therefore, knowing  that  the  helmet  proper is made
of composite  that  is amenable  to cut ting  with  a  cast  saw is relevant.
This can facilitate helmet removal and minimal neck movement  during
helmet  removal. (C) Of note, however, is the  fact  that  nearly all
helmets have  a  coiled  metal perimeter.

Fig. 35.16  Friction  from  a  bed  significantly diminishes the  effect  of
traction applied  to the  lower extremities, as depicted.
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a  tool to  apply traction  in  the  em ergency room  (� Fig. 35.15a).
Rem oval of the  helm et  can  also be  fraught  w ith  risk. Therefore,
know ing  that  the  helm et  proper  is  m ade  of composite  that  is
am enable  to cut ting w ith  a  cast  saw  is relevant  (� Fig. 35.15b).
The ventral portion  of the helm et can  be so rem oved, thus facil-
itating  m inim al  neck  m ovem ent  during  helm et  rem oval.  Of
note, however, is  the  fact  that  nearly all helm ets  have  a  coiled
m etal perim eter. A radiograph  in  the  em ergency  room  can  be
used  to  determ ine  such  helm et-related  characteristics
(� Fig.  35.15c).  This  is  relevant  during  cutt ing  of  the  helm et
proper. A w ire cut ter  would  therefore be necessary to complete
helm et rem oval via such an approach.

35.2.4  Tract ion for Thoracic and Lum bar
Spine Pathology
In  general,  t ract ion  for  pathology  in  the  thoracic  or  lum bar
spine  is ine ect ive from  a biom echanical perspective. This is in
large  part  related  to  the  significant  bulk  of  the  thoracic  and
lum bar  spine and  the surrounding torso compared  w ith  that  of
the  cervical  region. However, body  contact  (and  the  result ing
frict ion) w ith  the bed  explains m ost  of the  resistance  to the  ef-
fects of traction  in  the thoracic and  lum bar  region. This e ect  is
the  sam e  w hether  the  traction  is  applied  to  the  cervical spine
or  the  lower  extrem ities. Thus, frict ion  significantly dim inishes
the e ect of t ract ion  on  the pathologic level (� Fig. 35.16).
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36  Spinal Bracing
The  achievem ent  of spinal stability  is  optim ized  by (1)  appro-
priate  and  not  excessive  decompression, (2)  appropriate  bone
graft  or  spacer  placem ent  (fusion), (3) appropriately placed  in-
ternal fixation  constructs, and  (4) the  appropriate  use  of exter-
nal  splin ting  techniques.  The  latter  m ay  not  be  necessary  or
m ay  include  such  strategies  as  bed  rest,  tract ion,  and  spine
bracing. The latter  is  the  focus of th is chapter. General referen-
ces regarding or thotics and bracing are available elsew here.1–3

Both  bed  rest  and  t ract ion  (see Chapter 35) and spine bracing
are  fraught  w ith  di culties. The  duration  of bed  rest  required
to  attain  adequate  bony  healing  is  considerable. Furtherm ore,
lengthy  bed  rest  is  not  w ithout  risk. Associated  complications
include, but  are not lim ited to, deep vein  throm bophlebitis, pul-
m onary  em bolus,  pneum onia,  decubitus,  joint  contractures,
and depression.

Spine bracing presents its ow n  unique set  of associated  prob-
lem s, the  m ost  significant  of w hich  is  its  relat ive  lack of e ec-
tiveness  in  achieving its  goal (i.e., to  m inim ize  excessive  spinal
m ovem ent). The am ount  of soft  t issue separating the spine and
the brace itself m inim izes the  e ect iveness of spinal bracing. In
fact, there  is  an  inverse  relationship  betw een  the  th ickness  of
the soft  t issue betw een  the spine and  inner surface of the brace
and the e ect iveness of the brace.

A longer  brace  usually  provides  m ore  spinal stability  than  a
shorter  one. Therefore, the  length-to-w idth  ratio  of the  brace
plays a  significant  role  w ith  respect  to  the  e cacy of stabiliza-
tion  (� Fig. 36.1).

The  goals  of spinal  bracing  include  (1)  restrict ion  of m ove-
m ent, (2) achievem ent  and  m aintenance  of spinal realignm ent ,
and  (3) trunk support. The  achievem ent  of these  goals and  the
m echanism s  by  w hich  they  are  achieved  are  of  great  impor-
tance. The  surgeon  planning to  use  a  spinal brace  m ust  under-
stand  the patient-specific and  clin ical scenario–specific goals of
bracing and m ust  have the ability to realistically appraise, w ith-
in  reason, the propert ies of individual orthoses.

Various external splin ting techniques have been  used  to facil-
itate the early am bulation  of the patient  w ith  an  unstable spine.
Spinal splin ts are  m ade  from  a variety of m aterials. The  splin ts
generally are  constructed  of m aterials  that  furnish  som e  m ini-
m al flexibility and  sim ultaneously provide  adequate  structural
support .  Plastic  polym er  brace  m aterials  have  several  advan-
tages:  dim inished  weight, the  use  of ventilation  holes  to  pro-
vide increased  com fort , relative ease in  the do ng and donning
of the brace, and  ease of fabricat ion.1,4 Splin t ing devices that  do
not closely conform  to the torso (e.g., the halo brace and  the  Je-
wett  brace)  have  several  disadvantages. The  Jewett  brace, for
example, applies  a  dorsally  directed  force  at  the  sternum  and
the  pubic region  and  a  ventrally directed  force  at  the  thoraco-
lum bar  junct ion . This lat ter  force is often  applied  at  the level of
painfu l pathology (e.g., site  of a gibbus follow ing a thoracolum -
bar  wedge compression  fracture). Because the  pressure  applied
m ay be  significant, it  frequently causes discom fort. In  the  case
of  lum bar  instability, it  does  not  place  the  ventrally  directed
force  in  an  appropriate  location  (i.e., in  the  low  lum bar  or  lum -
bosacral spine). Furtherm ore, the Jewett  brace and sim ilar tech-
niques  do  not  prom ote  m aintenance  of  the  cylindrical  body
shell.  Contact  w ith  the  torso  is  m ade  over  a  relat ively  sm all

surface area (� Fig. 36.2). The concept of the body shell has been
previously  addressed  from  several  view points.5–8 The  Jewett
brace,  however,  does  provide  a  three-poin t  bending  biom e-
chanical advantage  (� Fig. 36.3).3,7 This  has  been  show n  to  be
an  im portan t  factor  in  the  stability  achieved  w ith  external
splin ting.  Maintenance  of  the  body  shell  also  increases  the
stability  of the  ventral  and  dorsal  spinal  elem ents  (colum ns).
Morris  and  Lucas  have  show n  and  illustrated  the  significant
role  of the  trunk (m aintenance of the body shell) as a  stabilizer
of the spine.5 Finally, the Jewett and sim ilar braces do not signif-
icantly restrict  lateral bending.

The  conform ation  (close  fit)  betw een  the  ventral and  dorsal
halves of a  brace  are  crit ical to the  ability of the  brace  to stabi-
lize  the  spine. A suboptim al fit  betw een  the  halves  of a  brace
allow s  a  parallelogram  deform ation  of the  brace  itself. This  in
turn  dim inishes its desirable biom echanical e ects and  its abil-
ity  to  protect  spinal colum n  integrity. The  halves  of the  brace
should  not  only be  secured  so  that  one  does not  slide  past  the
other  but  should  also  be  rigidly  attached  to  each  other
(� Fig. 36.4).

36.1  Cervical Spine Bracing
The  cervical  spine  is  perhaps  the  region  of  the  spine  that  is
m ost e ect ively stabilized by external splin ting techniques. This
is  related  to  the  sm aller  am ount  of soft  t issue  separating  the
brace  from  the  spine  itself. It  is  also  associated  w ith  the  sub-
stantial points of fixation  available at  the rostral and caudal ter-
m ini of the cervical region: the cranium  and the thoracic cage.

Di culties  associated  w ith  the  prevent ion  of  rotation  and
bending in  all direct ions  is  variably associated  w ith  all techni-
ques.9–15 The exten t  of lateral bending is di cult  to assess—the

Fig. 36.1  The  effectiveness of spinal bracing is inversely related to the
axial distance  between  the  spine  and  the  inner surface  of the  brace.
This is theoretically defined  by the  following  relationship: efficacy of
bracing is related to the cosine of α, in which α  is the angle  defined by
the  edge  of the  brace, the  instantaneous axis of rotation at  the
unstable  segment, and  the  long  axis of the  spine. This angle  is
determined by both the length of the brace and the thickness of tissue
between the spine and the inner surface of the brace. (A) A short  brace
(α = 15 degrees; cosine  α = 0.966). (B) A long  brace  (α = 45 degrees;
cosine  α = 0.707). Obviously, a  significant  reduct ion of efficacy comes
with the use of a shorter, wider brace—that is, the length-to-width ratio
of the  brace  is too small.
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surgeon m ust  rely on  anteroposterior radiographs. These are in-
herently  m ore  di cult  to  assess  than  equivalent  lateral radio-
graphs. Rotation  is  even  m ore  di cult  to  assess. Johnson  and
colleagues  and  Maim an  and  colleagues  used  a  goniom eter
schem e to assess rotation  follow ing cervical bracing.14,16 Lateral
and  rotatory  m ovem ents, however, usually  are  less  im portant
than  sagittal plane  m ovem ents  w ith  regard  to  clin ical stability
concerns. Cervical  collars  are  associated  w ith  variable  e cacy
in  all  the  aforem entioned  regards.17–20 Of note, rigid  cervical
collars  can  have  unexpected  negative  e ects. They  have  been
show n  to adversely alter  autom obile  driver  perform ance by re-
str ict ing neck m ovem ent.21

The  parallelogram -like bracing e ect  is a  unique  characteris-
tic of the  cervical spine. It  is related  both  to the significant  m o-
bility of the  cervical spine  and  to  the  lack of adequate  fixation

poin ts in  the m id-to-low  cervical region . The extensive m obility
of the  upper  cervical (atlan to-occipital)  and  m iddle  and  lower
cervical  regions  com bines  the  unique  characteristics  of  both
capital and  t rue  neck flexion  and  extension  m ovem ents  to  ex-
aggerate the parallelogram -like bracing e ect  (� Fig. 36.5).

Bracing that  attem pts fixation  from  the m andibular  region  to
the  base  of  the  neck  and  shoulder  often  does  not  e ect ively
prevent  parallelogram -like m ovem ents (� Fig. 36.6). In  fact , th is
m ethod of bracing m ay encourage it. A review  of published data
on  cervical  or thotic  e ect iveness  illustrates  th is  point  (� Ta-
ble  36.1  and  � Table  36.2).14 Devices  using  m andible  fixation
points w ithout  thoracic fixation  points perm it  excessive  m ove-
m ent  at  each  m otion  segm ent. The prevent ion  of lower cervical
spine  m ovem ent  via  the  attainm ent  of solid  points  of thoracic
fixation  appears to provide a significant  reduct ion  of segm ental
m ovem ent at  all cervical spine levels. This m ay per tain  to upper

Fig. 36.2  The design of the  Jewett  brace  does not  exploit  the  intrinsic
advantage  of the  body shell. It  minimizes the area of contact  with the
torso.

Fig. 36.3  The three-point  bending  forces applied  by the  Jewett  brace
(arrows). These forces are similar to those applied by spinal implants (e.
g., the  Harrington distract ion  rod).
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thoracic spine  segm ental m ovem ent, as  well. The  com bination
of capital and  compensatory true neck m ovem ents (or  vice ver-
sa) can  be controlled  by lim iting one or the other type of m ove-
m ent  because  they are  compensatory. Because  capital  (upper)
cervical m ovem ent  is indeed di cult  to restrict , the m ost e ec-
tive  alternative  is the  m inim ization  of true  (m id-to-low ) cervi-
cal neck  m ovem ent. This  can  be  accom plished  w ith  the  use  of
solid points of thoracic fixation  (� Fig. 36.7).

Another  problem  associated  w ith  cervical  spine  fixation  is
that  of  snaking.  This  phenom enon,  w hich  occurs  m ost  com -
m only w hen  rigid  fixation  is used,13,22,23 is defined  as a serpen-
tine  m ovem ent  of the  spine  in  w hich  a  sim ple  overall  m ove-
m ent  (e.g., flexion  or  extension) is accom panied  by a  com bina-
tion  of flexion  and  extension  m ovem ents at  each  in tervertebral
level.10,14 Although  overall  m ovem ent  from  the  head  to  the
thorax  m ay  be  m inim al, the  cum ulative  segm ental  m ovem ent
betw een  these  points  m ay  be  substantial.  Therefore,  snaking
can  be defined  quantitatively as the di erence between  the sum
of all segmental m ovem ents  (the  sum  of the  absolute  values of
the  segm ental m otions)  between  the  head  and  the  thorax  and
the  overall  m ovem ent  betw een  the  head  and  the  thorax.10

Although  segm ental  m ovem ents  of  the  spine  cannot  be  fairly
and  objectively  assessed, on  account  of  inconsistent  responses
of  the  patient  (see  the  follow ing), the  di erence  betw een  the
observed  overall  m ovem ent  and  the  sum  of segm ental  m ove-
m ents  can  be  m easured. This  then  becom es  a  relatively  objec-
tive assessm ent  that  relies only on  each  subject’s ow n  control.10

The  m eans  used  to  assess  the  e cacy  of  cervical  bracing
techniques are som ew hat artificial. Therefore, the surgeon m ust
be  careful  not  to  rely  too  heavily  on  the  published  data. The
m ovem ent  m easured  in  m ost  studies is elicited  voluntary neck
m ovem ent, the  extent  of  w hich  depends  on  the  cooperative-
ness of the braced  patient. Furtherm ore, and  m uch  m ore signif-
icantly, such  m ovem ent  depends  on  a  consistent  subm axim al
attempt  at  flexion, extension, rotat ion, or  lateral bending. True
consistency  is  nearly  im possible  to  attain ,  and  m ore  im por-
tantly, it  is nearly im possible to quant ify. These factors are espe-
cially im portant  in  the  cervical spine, but  they also  play a  role
in  the thoracic and lum bar spine.

The  available  data  on  the  att ributes  and  faults  of individual
external cervical spine splin ting techniques are discussed in  the
follow ing text. The  techniques are  grouped  to  facilitate  the  ob-
ject ive  assessm ent  of each  technique. These  groups are  (1) lim -
ited  cervical  bracing  techniques, (2)  cervical–shoulder  bracing
techniques,  (3)  cervical–thoracic  bracing  techniques,  and  (4)
cranial–thoracic bracing techniques.

36.1.1  Lim ited Cervical Bracing
Techniques
Lim ited  cervical braces have  no  neck base  or  shoulder  fixation
points. These points of fixation  are im portant  for  the restrict ion
of cervical m otion. All of these  techniques o er, to  one  degree
or  another, a  m andibular  poin t  of fixation. They vary, however,
in  their  ability to  a x to the  base  of the  neck, to  the  shoulder,

Fig. 36.5  (A) Capital neck flexion–extension is that  movement
associated with mobility between the  occiput–C1, C1–C2, and C2–C3.
(B) True  neck flexion–extension is that  movement  associated  with
mobility between  the  segments of the  subaxial cervical spine.Fig. 36.4  The  disadvantage  of a poorly fit ted  brace, in  which the

ventral and  dorsal halves are  allowed  to slide  past  each other, is
depicted. In this case, (A) flexion and (B) extension are not significantly
restricted  because  of this phenomenon. (C) The  elimination of this
sliding  motion, and  the  accompanying  tight  security between the
halves (causing  the  brace  to function  as a  single  solid  unit), minimize
this problem.

Fig. 36.6  The  parallelogram-like  bracing  effect  is a  unique  aspect  of
cervical spine bracing that is associated with the combination of capital
and  true  neck movements and the  unique  points of fixation available.
When inadequate low cervical or thoracic fixation is at tained, true neck
flexion–extension  is relatively unimpeded. Thus, the  compensatory
relationship  between the  capital and  true  neck movements is not
significantly thwarted. In this case, low cervical flexion is accompanied
by compensatory capital extension. (A) This in fact  may be encouraged
somewhat by the brace itself. (B) The converse is also true. The vertical
dashed  lines highlight  these  parallelogram  movements.
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or  to the  thoracic region. Collars that  do not  a x to the base  of
the  neck,  shoulder,  or  thorax  region  are  the  least  e ective
(� Fig. 36.8a). They  include  the  soft  cervical  sem irigid  collars.
Flexion–extension  m ovem ent  is  essentially  unrestricted  by
these  cervical collars  (see  � Table  36.1). Because  these  devices
do  not  substantially  restrict  m ovem ent  in  any  direct ion, they
do  not  enhance  the  parallelogram -like  bracing  e ect.  Their
overall  ine ect iveness  in  restricting  cervical  m ovem ent, how -
ever, m akes th is a m oot point.

36.1.2  Cervical–Shoulder Bracing
Techniques
An extension  of a lim ited cervical brace to include the m andible
rostrally  and  the  neck  base  or  shoulder  caudally  (Philadelphia
collar)  provides  som e  m ovem ent  restr ict ion  (� Fig.  36.8b).
However, it  sim ultaneously causes an  exaggeration  of parallelo-
gram -like  spinal  m ovem ents  (� Fig.  36.6),  w hich  can  be  cor-
rected  by adding a  chest  component  to  the  brace  (� Fig. 36.7).
These  two points obviously represent  a  t radeo . The  parallelo-
gram -like bracing e ect  cannot  be quantified. However, the rel-
ative  exten t  of its  presence  can  be  assessed  (subject ively, to  be

sure) by the observation  of flexion- and extension-induced m o-
tion  in  the upper cervical region  (capital flexion  and extension).
Note, in  � Table  36.1, that  capital and  true  cervical flexion–ex-
tension  m ovem ents  are  relat ively  unim peded  by  cervical–
shoulder  bracing  techniques  (e.g., the  Philadelphia  collar).14,24

The advantage of th is technique is related to the fact  that  it  pro-
vides som e  degree  of m ovem ent  restrict ion  (see  � Table  36.1).
The significance  of th is m ovem ent  restriction, however, is di -
cult  to assess.

36.1.3  Cervical–Thoracic Bracing
Techniques
The extension  of a cervical brace caudally to include the thorax
region  provides  a  three-point  bending  biom echanical  advant-
age, w hereas the previously discussed devices provide lesser re-
str ict ions  of  m ovem ent  or  exaggerate  the  parallelogram -like
bracing e ect  (see  � Fig. 36.5  and  � Fig. 36.7). These  splin ting
techniques  (e.g., SOMI [sternal  occipital  m andibular  im m obil-
izer],  four-poster,  and  cervicothoracic  braces;  � Fig.  36.8c)
provide  substantial restriction  of m ovem ent  in  the  m id-to-low
cervical region  (see � Table 36.1).

Table 36.1  Flexion and extension allowed at each segmental level

Test  situat ion  Motion  O–C1  C1–C2  C2–C3  C3–C4  C4–C5  C5–C6  C6–C7  C7–T1

Normal unrestricted Flexion  0.7  ± 0.5  7.7  ± 1.2  7.2  ± 0.9  9.8  ± 1.0  10.3  ± 1.0  11.4  ± 1.0  12.5  ± 1.0  9.0  ± 1.1

Extension  18.1  ± 2.1  6.0  ± 1.2  4.8  ± 0.8  7.8  ± 1.1  9.8  ± 1.2  10.5  ± 1.3  8.2  ± 1.2  2.7  ± 0.7

Soft  collar  Flexion  1.3  ± 1.3  5.1  ± 1.9  4.5  ± 1.2  7.4  ± 1.5  8.4  ± 2.4  9.9  ± 1.7  9.7  ± 0.9  7.7  ± 2.5

Extension  13.7  ± 3.5  1.9  ± 1.4  3.9  ± 1.0  5.8  ± 1.7  6.8  ± 1.6  7.8  ± 1.2  7.4  ± 1.4  2.8  ± 1.9

Philadelphia  collar  Flexion  0.9  ± 1.0  4.0  ± 1.8  1.6  ± 1.0  3.1  ± 1.1  4.6  ± 1.8  6.2  ± 1.9  6.2  ± 1.6  5.5  ± 1.8

Extension  6.8  ± 2.2  4.5  ± 1.5  1.8  ± 0.9  3.4  ± 1.0  5.8  ± 1.2  5.9  ± 1.2  5.8  ± 2.0  1.3  ± 0.9

SOMI brace  Flexion  3.6  ± 1.8  2.7  ± 1.8  0.9  ± 0.7  1.6  ± 1.1  1.9  ± 0.8  2.8  ± 1.2  2.9  ± 1.6  3.1  ± 1.8

Extension  9.1  ± 2.6  5.4  ± 1.9  4.4  ± 1.1  6.3  ± 1.4  6.0  ± 1.8  6.0  ± 2.0  5.6  ± 1.8  2.1  ± 1.1

Four-poster  brace  Flexion  2.9  ± 2.0  4.4  ± 2.1  1.6  ± 1.0  2.1  ± 1.1  1.8  ± 0.9  3.0  ± 1.2  3.9  ± 1.6  2.8  ± 1.4

Extension  9.3  ± 2.2  3.2  ± 1.4  2.0  ± 0.7  3.2  ± 1.2  3.4  ± 1.3  2.9  ± 0.9  3.1  ± 1.5  1.6  ± 0.8

Cervicothoracic brace  Flexion  1.3  ± 0.9  5.0  ± 1.9  1.8  ± 0.8  2.9  ± 1.2  2.8  ± 0.7  1.6  ± 0.8  0.7  ± 0.6  2.4  ± 1.0

Extension  8.4  ± 2.1  2.5  ± 0.8  2.1  ± 0.7  1.6  ± 0.7  2.2  ± 0.9  2.8  ± 0.9  3.4  ± 1.1  1.7  ± 0.8

Abbreviations: O, occiput; SOMI, sternal occipital mandibular immobilizer.
Note: Data  are  expressed  in  degrees as mean and  95% confidence  limits of the  mean.

Table 36.2  Average movement at each intervertebral level from maximum flexion to maximum extension

Stabilizat ion device  O–C1  C1–C2  C2–C3  C3–C4  C4–C5  C5–C6  C6–C7  Sum  of angles  Average  move-
ment  at  each

Sum  of
angles to
C6 or  C7

Measured
movement

Halo  jacket  4.5  ±
2.7

1.3  ±
1.1

4.1  ±
2.6

4.1  ±
3.2

3.1  ±
2.6

3.0  ±
1.9

6.3  ±
5.7

23.4  ± 13.7  3.7  ± 3.1  23.4  ±
13.7

5.2

Minerva jacket  3.5  ±
2.1

2.1  ±
1.1

1.7  ±
1.7

1.9  ±
1.2

2.0  ±
2.1

2.5  ±
1.6

2.3  ±
1.8

14.8  ± 4.4  2.3  ± 1.7  14.8  ± 4.4  5.2

Source: From  Benzel et  al.10

Abbreviation: O, occiput.
Note: Data  are  expressed  in  degrees as mean ± standard  deviation. O = occiput; * = statistically significant  difference  (p < 0.025)
aStatistically significant  difference  (p <0.025).
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36.1.4  Cranial–Thoracic Fixat ion
Techniques
For years, the halo device has been  the  “gold  standard” of cervi-
cal  bracing.25,26 Other  orthoses,  however,  have  recently  been
used  in  its  stead. Rigid  (halo)  and  sem irigid  (Minerva)  techni-
ques for fixation  of the cranium  to the thorax provide the great-
est  restr ict ion  of segm ental  cervical  spine  m ovem ents. As  al-
ready m entioned, th is m ay be due largely to their shared  ability
to  lim it  m id-to-low  cervical  m ovem ent.  This  type  of  fixation
considerably lim its segm ental m ovem ent  w hile sim ultaneously
m inim izing  the  parallelogram -like  e ect  (as  evidenced  by  the
dim inished  segm ental m ovem ent  observed  in  the  upper  cervi-
cal region; see � Table 36.2).

It  has been  observed  that  there  is a  sign ificant  di erence be-
tween  (1)  the  overall  m ovem ent  betw een  the  head  and  the
thorax from  flexion  to extension  and  (2) the sum m ation  of seg-
m ental m ovem ents betw een  these two regions.10,14 This di er-
ence  can  be  quantitatively  derived  from  radiographs
(� Fig.  36.9).  It  provides  an  object ive  m easure  of  snaking.10

Much  m ore  im portant  than  overall  m ovem ent  betw een  the
head  and  the  thorax,  obviously,  is  the  m ovem ent  allowed  at
each  segm ental level because instability is alm ost  always a seg-
m ental (not a global) phenom enon.

The  rigid  cranial  fixation  a orded  by  the  halo  considerably
restricts  capital  flexion  and  extension  m ovem ents. Hence, the
parallelogram -like  bracing  e ect  is  m inim ized.  However,  th is
occurs  at  the  expense  of an  exaggeration  of the  snaking of the
m id-to-low  cervical spine  and, in  fact , the  upper  cervical spine
(see  � Table  36.2), and  it  correlates  w ith  clin ical data  show ing
an  unexpected  deficiency of halo  e cacy  in  pat ients  w ith  un-
stable  cervical  spine  injuries.27–31 The  m otion  of  odontoid
fracture  segm ents  can  be  clearly  identified  by  comparing

supine  and  upright  X-rays follow ing halo  vest  fixation.31 As an
aside, halo vests are not  all alike. Pin  loading and  other param e-
ters have been  observed  to di er  w hen  di erent  vest  types are
compared.32

The  Minerva  jacket  provides  a  sim ilar  m inim ization  of  the
parallelogram -like  bracing  e ect .  The  Minerva’s  advantage  in
th is  regard  is due  m ain ly to the  exten t  of chest  fixat ion, w hich
provides  a  three-point  bending  biom echanical  advantage  (see
� Fig. 36.7). The Minerva jacket, however, does not  provide sub-
stantial  control  of capital  flexion  and  extension . Therefore, it
cannot  be  used  e ect ively  to  provide  these  force  applications.
The m ajor advantage of the Minerva jacket  is its m inim al am pli-
fication  of snaking.10,14,16,33

The m inim ization  of snaking is very im portant  regarding the
restrict ion  of segm ental m ovem ent  in  the  sagittal  plane  at  all
levels. If  halo  and  Minerva  data  are  compared, it  is  apparent
that  the Minerva jacket controls subaxial sagit tal plane segm en-
tal m otion  better  than  the  halo. On  the  other  hand, the  halo  is
obviously m uch  better  at  controlling capital flexion  and  exten-
sion .10,14,16 The  ability  to  control  the  degree  of capital  flexion
and  extension  (by m anipulation  of the  degree  of t ilt  of the halo
ring), com bined  w ith  the  additional ability  to  m anipulate  t rue
neck flexion  and  extension  (by m ovem ent  of the  ring ventrally
or  dorsally), m akes the  halo  unique  as  the  only technique  that
provides  the  ability  to  m anipulate  craniocervical  translational
and  flexion–extension  m ovem ent. The  three-point  bending bi-
om echanical  advantage  provided  by  thorax  fixation  assists  in
th is  regard  (see  � Fig. 36.7). These  poin ts are  especially impor-
tant  in  dealing w ith  such  situations as the  very unstable  hang-
m an’s fracture (� Fig. 36.10).

The  cranial  extension  of  the  Minerva  jacket  (occiput  and
forehead)  appears  to  be  of m inim al  significance.  Therefore, a

Fig. 36.7  (A, B) The  parallelogram-like  bracing  effect  depicted  in
� Fig. 36.6 can be significantly diminished by minimizing movement in
the  low cervical and  cervicothoracic regions via a  three-point  bending
mechanism. This significantly restricts true  neck flexion–extension.

Fig. 36.8  (A) Limited  cervical bracing techniques provide lit tle  cervical
spine  stabilization. Their length-to-width ratio is insufficient, and  their
points of contact  with  the  torso  are  not  solid. (B) Cervical–shoulder
bracing  techniques provide  a slight  advantage  over limited  cervical
bracing  techniques via  extension  of the  brace  to include  the  neck
base–shoulder region. However, this minimally influences movement
in  the  low cervical region, which in  turn  has a  significant  impact  on
upper cervical segmental movement  (see  Fig. 36.5  and  Fig. 36.6). (C)
Cervical–thoracic bracing  techniques provide  a  biomechanical ad-
vantage  by limiting  low cervical and  cervicothoracic motion  and
therefore  compensatory higher cervical segmental movements. They
are  typified  by the  SOMI (sternal occipital mandibular immobilizer),
four-poster, and  cervicothoracic braces.
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significant  port ion  of the  Minerva  jacket’s  e cacy  is  provided
by the m andible, occipital, and  chest  points of attachm ent. This
is not  unexpected (see � Fig. 36.7). The significance of the cervi-
cal  points  of  attachm ent,  however,  should  not  be  underesti-
m ated. They  m inim ize  spinal  snaking  via  m aintenance  of the
cervical shell (� Fig. 36.11;  see  also  later  sect ion  “Lum bar  and
Lum bosacral  Spine  Bracing”). The  halo  does  not  o er  th is  ad-
vantage. Therefore, the greater segm ental m ovem ent restr ict ion
provided  by the  Minerva  jacket  m ay be  due  partly to th is  phe-
nom enon. The relatively m inim al am ount of soft  t issue separat-
ing the  external splin t  (Minerva jacket) and  the  spine  provides
an  e ect ive body shell (see � Fig. 36.11).

The  exten t  of thoracic and  lum bar  extension  of the  external
cervical splin t  is im portant . A principal goal in  long-bone splin t-
ing  is  im m obilization  of  the  fractured  bone  from  one  joint
above  to one joint  below  the  site  of injury. If one  considers the
axial skeleton  as composed  of five segm ents that  m ight  each  be
considered  a  long bone  (cran ial, cervical, thoracic, lum bar, and
sacropelvic),  then  one  m ight  sim ilarly  consider  the  external
splin ting of an  unstable m otion  segm ent  in  one of these regions
as  subject  to  the  norm al  principles  of  long-bone  splin ting
(see  � Fig. 36.11  and  � Fig. 36.12). By tradit ional dictum , cervi-
cal and  lum bosacral im m obilizations  by  external splin ting  are

inadequate.  The  creation  of  a  rigid  cantilever-like  construct
through  rigid  attachm ent  of  the  skull  to  the  external  splin t
(halo;  � Fig.  36.13)  and  the  use  of  th ree-point  bending  con-
struct  propert ies in  the  cervicothoracic region  (see  � Fig. 36.7)
compensate  som ewhat  for  th is  inadequacy. In  the  lum bar  and
lum bosacral  regions, a  h ip  spica  brace  m ay  funct ion  sim ilarly
(see  the  follow ing).  Unfortunately, the  e cacy  of  splin ting  in
the  thoracic  and  lum bar  regions  is  comprom ised  by  the  rela-
tively  large  th ickness  of  soft  t issue  separating  the  spine  and
the  splin t.  This  m ay  explain  the  lack  of  correlat ion  betw een
length  of  brace  and  bracing  e cacy  observed  by  Triggs  and
colleagues.34

A direct  comparison  of the  m echanism s by w hich  the Miner-
va jacket  (see  � Fig. 36.11) and  the halo (see  � Fig. 36.13) func-
tion  is  in  order, for  they are  indeed  very di erent. The  form er
functions  prim arily  as  a  three-poin t  bending  fixator  (see
� Fig. 36.13)  and  the  latter  prim arily  as  a  fixed  m om ent  arm
cantilever  beam  fixator  (see  � Fig. 36.13). The  form er  is  clearly
less rigid  than  the latter, thus explaining the observed  di eren-
ces  in  snaking  described  above  (see  � Table  36.2  and
� Fig. 36.9).10 Nevertheless, a  lower  thorax  or  lum bar  attach-
m ent  increases the  lever  arm  available  for  three-poin t  bending
force  application.  As  was  dem onstrated  in  Chapter  12,  the

Fig. 36.9  Segmental movement  at  each individ-
ual level (in degrees) can be assessed, measured,
and  calculated  from  flexion  and  extension radio-
graphs. The  total movement  is the  sum  of the
angles. The  overall movement  between the
cranium  and  the  low cervical region (lowest
segment  assessed) is the  measured  movement.
The  difference  is an  objective  assessment  of
snaking. (A) The  differences at  segmental levels
are  depicted  in  this hypothetical example. “Ex-
tension” identifies the  extension intersegmental
angles. “Flexion” identifies the  flexion  interseg-
mental angles. The  sum  of the  angles is 32
degrees. (B) The  overall movement  between  the
cranium  and  the  lowest  segment  assessed  is 2
degrees. Therefore, in  this case, the  objective
measure  of snaking  is 30 degrees.
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length  of the  construct  is proport ional—theoretically—to its  ef-
ficacy  (as  assessed  by its  ability  to  resist  bending  m om ents  at
the unstable segm ent).

Most  splin ting techniques cause lit t le  compression  or distrac-
tion  of the  cervical  spine. Furtherm ore, axially  orien ted  force
application  generally is  di cult  to  quantify. In terestingly, Koch
and  Nickel  assessed  dist ract ion  and  compression  forces  w ith
the  halo  by insert ing a  t ransducer  in  the  stabilizing bars of the
halo. A surprising variation  of axial forces (a variation  of nearly
22 lb  total) was observed  during the  assumption  of a variety of
positions  associated  w ith  norm al  daily  act ivity.22 These  data
were corroborated  by Lind  and  colleagues.35 In  fact, the conclu-
sions of the Lind group were as follow s:

1. Great flexion–extension  m otion  occurs in  each m otion  seg-
m ent of the cervical spine despite halo vest fixat ion .

2. The  m otion  pattern  of the  cervical spine  stabilized  w ith  a
halo vest  is like a curling snake.

3. The  m otion  is  greatest  in  the  upper  part  of  the  cervical
spine and decreases farther dow n.

4. The  halo  vest  provides  distraction  across  the  neck during
the w hole t reatm ent  period (3 m onths).

5. There  are  large variations of force  across the  neck depend-
ing on  the  type  of exercise  perform ed  or  position  of the  body
(m ean m axim al variation, 175 N).

6.  A tigh tly  fit ted  vest  exaggerates  the  variations  of  force
across the neck.

7. A large  distraction  force  across  the  neck of the  patient  in
the supine position  results in  a large variation  of force and great
m otion  in  the m otion  segm ents of the cervical spine.35

These  factors  m ay adversely a ect  stability. For  example, an
in terbody fusion  or  a  dens fracture  w ill heal less well if repeti-
t ively subjected to distract ive forces. Conversely, a deform ity re-
lated  to  a  wedge  compression  fracture  can  be  exaggerated  by
compressive  axial force  application  (� Fig. 36.14), although  the
halo vest  has been  e ect ively used, even  in  the elderly, to m an-
age upper cervical spine injuries.36

A unique  attribute  of the  halo  device  is  the  ability  to  apply
capital  (upper  cervical)  flexion  or  extension  by  m anipulating
the  angle  of the  halo. The  halo  m ay  be  particularly  useful  for
the  m anagem ent  of a  hangm an’s  fracture  (spondylolisthesis  of

Fig. 36.10  A very unstable  hangman’s fracture  can  be  managed  by
applying  a  complex set  of forces to the  unstable  segment. (A) The
fracture  itself is a result  of a hyperextension loading to failure. (B) This
usually results in  a subluxation of C2 on C3 and disruption of the  pars
interarticularis of C2. (C) Simple  distraction, (D) capital flexion, or (E)
true  neck extension  alone  does not  provide  adequate  reduction. (F)
However, a  combination of slight  simple  distraction, moderate  capital
flexion, and  moderate  true  neck extension  provides an optimal force
complex application for reduction. Arrows depict  forces and moments
applied.

Fig. 36.11  (A) The  Minerva jacket’s significant  surface  area of contact
with the torso helps it  to maintain the body shell and prevent  snaking.
(B) Its mechanism  of action is via  the  application  of or resistance  to
three-point  bending  forces (arrows).

Fig. 36.12  The  axial skeleton can  be  considered
as consisting of five  segments. (A) The segments
are depicted and defined. (B) A cervical collar and
(C) a  brace  embracing  the  mandible  and  the
thoracic region are  depicted. Responses to
externally applied  forces are  depicted  for (D) the
unbraced, (E) collared, and (F) extensively braced
spines. Note  the  relative  augmentation  of pro-
tection provided by longer braces. This concept is
also  depicted  in  � Fig. 36.1.
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the  axis), for  w hich  t rue  neck  (subaxial  cervical spine)  exten-
sion  and  capital neck (upper cervical spine) flexion  are  desired,
com bined  w ith  traction  (dist ract ion). This  essentially  is  repre-
sented  by the  “m ilitary tuck” position. All forces can  be  applied
in  a  halo vest  or  jacket. Som e pat ien ts m ay require  tract ion  be-
fore  application  of the  vest  or  jacket.37 Very few  should  require
surgery if so t reated.

Finally,  pin  site  complications  w ith  the  halo  are  not  in fre-
quent. These  include  dislodgem ent , calvarial  penetration, and
cosm etic problem s. Many cannot be elim inated. However, it  be-
hooves  the  surgeon  to  a x  the  device  m ost  e ect ively  to  the
calvaria. Appropriate  torque  and  technique, obviously, are  im -
perative. In  th is  regard, a  perpendicular  insert ion  of halo  pins
into  the  skull  m axim izes  the  structural  in tegrity  of the  in ter-
face.38 The  application  of th is  consideration  alone  m ay reduce
the incidence of pin  site complications.

36.2  Cervicothoracic Spine
Bracing
External  splin ting  of  the  cervicothoracic  region  can  be  e ec-
tively accom plished  by either  extending a  thoracic brace  to  in-
clude  the  cervical  region  (by  attaining  a  m andibular  point  of
fixation) or  using the halo technique w ith  a caudal extension  of
the  brace  to include the  thoracolum bar  or  lum bar  region. Koch
and  Nickel have  furn ished  in teresting data  dem onstrating  that
the  e cacy of the halo technique in  lim iting flexion  and  exten-
sion  m ovem ent  gradually increases  as  the  cervical spine  is  de-
scended  in to  the  cervicothoracic region  (� Fig. 36.15).22 By ex-
trapolating th is inform ation  in to the  upper  thoracic spine w ith
a  caudally  extended  halo  technique,  one  m ight  expect  to
achieve  a  substantial advantage  w ith  the  halo  brace  in  this  re-
gion—that  is, the  halo  vest/jacket  technique  can  be  used  e ec-
tively for upper thoracic spine instability.

36.3  Thoracic Spine Bracing
The thoracic spine is un ique in  that  it  is the only segm ent of the
spine  to  w hich  tradit ional external splin ting  principles  can  be
applied  (by  vir tue  of  the  fact  that  it  has  two  axial  segm ents
above  [cran ial  and  cervical]  and  two  axial  segm ents  below

[lum bar  and  sacropelvic]).  This  allow s  the  attainm ent  of  ad-
equate  poin ts of fixation . The th ickness of soft  tissue separating
the  spine  and  the  external  splin t  is  relat ively  unim portan t  in
this region  because of the relatively firm  rib cage.

Restrict ion-of-m ovem ent  data  for  segm ental external splin t-
ing in  th is region  of the  spine  are  sparse. Nevertheless, bracing
can  be  assum ed  to  be  at  least  som ewhat  e ect ive. It  has  been
used  e ect ively  for  the  nonoperative  m anagem ent  of thoraco-
lum bar  fractures39–41 and  for  adolescent  idiopathic  scoliosis.42

Of note, its use for  m ild  thoracolum bar fractures has been  legit-
im ately quest ioned.

The  exten t  of m otion  restrict ion  m ay  not  be  related  to  the
rigidity  of  the  orthosis,  As  show n  by  Cholew ick  et  al  in  a

Fig. 36.13  (A) A rigid  beam  projecting  from  a wall is a  fixed  moment
arm  cantilever. (B) The halo ring is rigidly at tached to the calvaria. This
provides a  rigid  cantilever (fixed  moment  arm  cantilever beam)
construct.

Fig. 36.14  The  transmission of distraction  and  compression forces to
the cervical spine may be problematic in the face of (A) a dens fracture,
in  which  overdistraction  may decrease  the  chance  of union, or (B) a
subaxial wedge  compression fracture, in  which  further compression
can  exaggerate  the  deformity.

Fig. 36.15  Koch and  Nickel determined  the  percentage  of normal
cervical spine  motion allowed  in  a  halo. The  average  was 31%; the
range  was from  42% in  the  upper cervical spine  to 20% in  the  low
cervical spine. The  restriction of segmental motion increased  as the
spine  was descended, as depicted. (From  Koch and  Nickel.22
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10-subject  assessm ent  of three  or thoses.43 Motion  can  be  as-
sessed  w ith  video  fluoroscopy.  Thoracolum bosacral  or thoses
have  been  show n  to  reduce  in terver tebral m otion  in  the  m id-
lum bar  spine  region  w ith  th is  technique44 and  also  via  the
roentgen  stereophotogram m etric analysis  of subjects in  supine
and erect  positions.45

36.4  Lum bar and Lum bosacral
Spine Bracing
The  lum bar, and  particularly the  low  lum bar, region  is  di cult
to splin t  externally because  of the  lim itations created  by an  in-
adequate  caudal  fixation  poin t.  For  adequate  fixation ,  two
points that  are at  least  four or  five vertebral levels proxim al and
distal to the unstable segm ent, and that are am enable to im m o-
bilization  by an  external splin t, are  required. The  pelvic region
does  not  provide  such  an  advantage;  there  is  insu cien t  dis-
tance from  the unstable segm ent to the pelvic points of fixation.
In  addition , h ip  flexion, even  w ith  h ip  spica application , allow s
unacceptable  m ovem ent  that  m ay result  in  inadequate  protec-
tion. Part ial compensation  for th is can  be achieved by lengthen-
ing the  brace. This  is  accom plished  either  by adding an  exten-
sion  to a single lower extrem ity, in  the form  of a h ip  spica, or by
extending the brace dow nward  to the  inguinal region, over  the
iliac  crests. However, for  e ect ive  stabilization  of  th is  region,
sit t ing m ust  be  vir tually elim inated. These  braces generally are
not  well tolerated. Their e cacy, furtherm ore, is suspect .46

Object ive data on  the  e cacy of external lum bar and  lum bo-
sacral splin ts  are  sparse,47 although  they have  been  e ect ively
used  to  m anage  pediatric  lum bar  spondylolysis.48 Conversely,
back  belts  have  not  been  show n  to  be  e ect ive  in  the  work-
place.49 The available  data suggest  that  the com m ents of Sypert
are  rational  and  object ive.50,51 As  Sypert  cogently  states,  “The
e ect iveness of the  various lum bosacral orthoses in  lum bosac-
ral im m obilization  (excluding  the  spica-type  device)  is  related
m ore  to  their  discom fort  than  to  the  actual m agnitudes  of the
forces (abdom inal compression , th ree-point  fixation) transm it-
ted  from  the  appliance to the body. Thus, the functions of m ost
lum bosacral orthoses  are  to  rem ind  and  to  irr itate  the  pat ien t
so that he restricts m ovem ents, to support  the abdom en to alle-
viate  som e  of  the  load  on  the  lum bosacral  spine,  to  provide
som e m ovem ent  restrict ion  of the upper lum bar and  the thora-
colum bar spine by three-poin t  fixation, and  to reduce excessive
lum bar  lordosis  to  provide  a  straighter  and  m ore  com fortable
low  back.”3 Of note  is that  uninstrum en ted  lum bar  fusions that
were  braced  for  5  m onths  had  a  higher  fusion  rate  than  those
braced for 3 m onths.52 This implies at  least  som e e cacy.

36.5  Com plicat ions
Com plicat ions  of orthoses  include  but  are  not  restricted  to  (1)
pain ,  (2)  pressure,  (3)  psychological  dependence,  (4)  poor
hygiene, (5) axial m uscle  weakness and  disuse  atrophy, (6) re-
str ict ion  of act ivity, (7) aggravation  of spinal sym ptom s, (8) vas-
cular  (venous)  comprom ise,  and  (9)  ine ect ive  stabilization .
Halo  bracing  is  associated, in  addition  to  the  above  complica-
tions, w ith  pin  site  complications  that  include  cosm etic  prob-
lem s,  osteomyelit is,  brain  abscess,  and  other  soft  t issue  and

wound-healing problem s. Therefore, spinal or thoses should  be
judiciously  em ployed. Furtherm ore, they  should  be  em ployed
only as long as they o er a therapeutic advantage.

An  uncom m only observed, but  potent ially fatal, complication
of spinal bracing is the body cast  syndrom e. This syndrom e is a
m anifestation  of  duodenal  obstruct ion  follow ing  the  applica-
tion  of a  body cast. Acute  gastric dilatation  w ith  vom it ing m ay
be followed by aspirat ion , airway comprom ise, cardiac arrest , or
gastr ic  perforation  and  peritonit is.  Rem oval  of  the  brace  and
other  sym ptom atic therapy  m ay be  urgently  required.53,54 The
rarity  of  th is  syndrom e  is  due  to  the  rarity  of  the  extrem ely
tight  application  of lum bar  braces, and  to the  infrequent  use  of
casts that are not  rem oved or loosened.
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37  Exercises, Condit ioning, and Other Nonoperat ive
Strategies
Pain  of spinal origin  is m ultifactorial.1 Exercises for  the m anage-
m ent  of spinal disorders  are  designed  to  dim inish  pain  and  to
increase stability. In  part , they accom plish  their task of pain  m a-
nagem ent  by increasing stability  (see  the  follow ing). Pain  m ay
be  secondary  to  sti ness  (e.g., restriction  of m otion);  m uscle
spasm  (myofascial  pain);  instability;  and  other,  less  well-de-
fined  m echanism s. Stretch ing exercises  can  increase  the  range
of m otion  and  relax  spasm ;  strengthening  exercises  can  aug-
m ent  spinal  stability.2 A  host  of  additional  m anagem ent
schem es m ay be  used  to address the  causes of spinal disorders,
such  as strategies that  address obesity,3 tobacco abuse,4 and  in-
flam m atory processes.5,6 However, it  is safe  to say that  an  exer-
cise  regim en  is  the  predom inant  nonoperative  strategy for  the
m anagem ent  of disorders of the  spine. It  is therefore  appropri-
ate  to pay particular  attention  to th is aspect  of spinal stabiliza-
tion  and  pain  m anagem ent.7 It  is  also  appropriate  to  consider
the  fundam entals  first , followed  by  diagnosis  and  di erential
diagnosis  determ ination  and  finally  by  m anagem ent  strategy
determ ination.8 Surgery is  usually (or  should  be)  a  strategy of
last  resort .9 Surgical indications for spinal disorders have never-
theless been  a hotbed  of controversy.10,11 Evidence dem onstrat-
ing the  suboptim al outcom e  and  dim inished  cost-e ectiveness
of surgery for  back pain  and  related  disorders is both  m ounting
and  yet  persisten tly  controversial,12–21 although  lam inectomy
for  lum bar  stenosis  appears  to  be  consistently show n  to  be  ef-
fect ive  and  cost-e ective, as  has  surgery  for  sciatica.21–24 Fur-
ther  defin ition  of the  problem  and  the  a icted  patient  is  crit-
ical.25,26 It  is  clear  that  depression , anxiety  disorder, and  sub-
stance  abuse  disorder  are  underlying  factors  that  portend  a
poor  outcom e  w ith  both  surgical  and  nonsurgical  tradit ional
treatm ent  techniques and regim ens.27–29

37.1  Biom echanics
Muscles,  as  well  as  associated  fascial  and  tendinous  attach-
m ents and  ligam ents, provide  significant  support  for  the  spine.
They create  both  a  guy w ire–like  support  system  (� Fig. 37.1a,
b) and  a cantilever support  system  (� Fig. 37.1c, d). St rengthen-
ing  either  or  both  of  these  system s  increases  axial  loading
(� Fig.  37.2a)  as  well  as  angular  deform ity  resistance
(� Fig. 37.2b). The  associated  m ultiplanar  deform ity  resistance
augm ents spinal stability (� Fig. 37.3).

Im m obility can  cause  m otion  segm ent  sti ness by foreshort-
ening ligam ents and  tendons and  by causing fibrous adhesions.
This can , in  and of itself, be associated w ith  pain . Increasing m o-
bility (e.g., by stretching) m ay decrease pain  (� Fig. 37.4).

Finally, lower  extrem ity  laxity, or  overuse, is  associated  with
back pain. This may be related  to the kinetic chain  or link theory,
in  w hich  abnorm al forces that  are  applied  caudally are  transm it-
ted  rostrally.30 Back pain  secondary to act ivity related  to a sport ,
such  as golf, is more com m on  than  once thought. Understanding
the mechanics of the stresses applied to the spine can  assist  w ith
m anagement.31 Motion  has even  been  studied  in  contortionists,
thus  illustrating  both  the  advantages  and  problem s  associated
w ith  the m aintenance of extrem e flexibility.32

37.2  Di erent ial Diagnosis of Pain
of Spinal Origin
Pain  of spinal origin  is  a  poorly understood  and  heterogeneous
condition 33 that  is  often  inadequately assessed.8 This  in  part  is
related  to  the  fact  that  it  is  m ultifactorial. However, it  can  be

Fig. 37.1  (A, B) Muscles, fascia, and  tendons may support  the  spine  via a  guy wire  mechanism  (e.g., erector spinae  muscles) and  (C, D) via  a
cantilevered  mechanism  (e.g., rectus abdominis muscle).
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broken  dow n  into relatively broad  categories, the  separation  of
w hich is relevant  from  the perspective of determ ining the prog-
nosis  and  a  m anagem ent  strategy:  (1)  m uscle  spasm  or  strain
(e.g., myofascial pain  syndrom e)34 (2) m echanical pain; (3) non-
specific chronic pain;  (4)  funct ional pain;  (5)  pain  of cataclys-
m ic origin  (e.g., m alignancy, infect ion, large hern iated  disc w ith
spinal cord  injury, or  cauda equina syndrom e), w hich  is usually
m echanical or neurogenic in  origin; and (6) pain  w ith  syndrom -

ic  and  disease-specific  etiologies, m ost  specifically  inflam m a-
tory back pain  .

The  importance  of establishing  the  category or  type  of pain
before  treatm ent  cannot  be  overem phasized. The  characteriza-
tion  and  quant ification  of the  pain  and  disability  are  likew ise
very im portant 35 Myofascial back pain , chronic pain , funct ional
pain , and  inflam m atory  back  pain , for  example, would  not  be
expected to respond to surgery of any kind.

Fig. 37.2  (A) Increasing the tension of support muscles, tendons, and fascia increases axial loading of the discs and vertebral bodies. (B) This increases
resistance  to angular deformation (e.g., kyphosis or scoliosis).

Fig. 37.3  (A, B) The  application  of tension  to  both  the  guy wire  and  cantilevered  muscles and  tendons increases spinal stability. This is akin  to
tightening  a tent  rope  that  would  otherwise  allow excessive  motion in  a wind  storm.
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37.2.1  Muscle Spasm  and Myofascial
Pain
Muscle  spasm , myofascial pain , or  strain  is  occasionally associ-
ated w ith , or synonym ous w ith , the diagnosis of myofascial pain
syndrom e.36 It  is akin  to a  “m uscle  pull.”37 Stretch ing exercises,
m uscle  relaxants, and  expectan t  or  observational strategies are
usually e ect ive. This  type  of pain  is  usually self-lim iting, par-
ticularly  if  an  underlying  cause  is  appropriately  addressed.
Subsets  of  th is  population ,  however,  have  a  relat ively  poor
outcom e.38 Muscle  pain  m ay  be  related  to  oxygenat ion  and

in tram uscular  pressure.39 Neither  of these  etiologies  responds
to spine surgery in terventions.

37.2.2  Mechanical Pain
Mechanical  pain  is  usually  deep  and  agonizing  and  is  exacer-
bated  during assumption  of the  upright  posture  and  during ac-
tivity in  general (loading). It  is dim inished w ith  bed rest  or a de-
crease  in  activity (unloading). This  pain  is  akin  to  the  hip  pain
associated  w ith  a  badly  degenerated  h ip  joint.  This  pain  in-
creases  w ith  activity  (loading)  and  decreases  w ith  inact ivity
(unloading;  � Fig. 37.5). Mechanical pain  is usually observed  in
adults, par ticularly aging adults. However, it  is also observed  in
adolescents, often  related  to stress injuries of the pars in terar t i-
cularis in  athlet ic individuals.37,40 It  m ay even  be fam ilial.41

Mechanical  pain ,  if  associated  w ith  dysfunct ional  m otion
segm ent–related  instability,  can  be  e ectively  treated  w ith  a
stabilization  operation , or  m ore  often  w ith  core-strengthening
exercises. External fixators, in  fact, have  been  used  as  a  tool to
determ ine  the  potential  e cacy  of  future  surgery.42,43 It  is
em phasized  that  both  the  clinical syndrom e—that  is, the  triad
of (1) deep  and  agonizing pain  that  is (2) worsened  w ith  spine
loading  and  (3)  improved  w ith  spine  unloading—and  im aging
correlation  m ust  be  present  to m eet  the  criteria  for  surgical in-
tervention .

It  is indeed  worth  m ent ioning that  the last  component  of the
syndrom e triad  is crit ical. The pat ien t  m ust  be  able  to seek and
find  a  position  of relative  com fort . If th is  cannot  be  done, the
likelihood of achieving relief w ith  stabilization  surgery is sign if-
icantly  dim inished. To  put  it  another  way, a  fusion  procedure,
under  these circum stances, is not  likely to find  and  secure such
a position  of com fort  if the  pat ient  cannot  voluntarily and  voli-
tionally do so. Various tests have been  em ployed to heighten di-
agnostic advantage, such as discography and m odified m agnetic
resonance im aging, w ith  varying results. For  the  m ost  part , the
utilit y  of such  diagnostic  strategies  is  at  best  conjectural, and
som e  evidence  exists  to  suggest  that  discography  m ay  cause
harm  by injuring the annulus fibrosus.41–53

Fig. 37.5  A degenerative hip joint, as depicted, may cause mechanical
pain.

Fig. 37.4  Motion may be  restricted  at  motion segments adjacent  to  a
painful motion segment  (horizontal curved arrow) as a  result  of
guarding  (tensioning  the  “guy wires”; diagonal arrows), as depicted.
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37.2.3  Nonspecific Chronic Pain
Nonspecific  chronic  pain  is,  as  its  nam e  im plies,  di cult  to
characterize. Often , these  patients  have  had  one  or  m ore  pre-
vious spine operations, and their  pain  cannot be str ictly catego-
rized  as having either  a  m echanical or  m uscle  strain  cause. De-
pression  and  other  psychiatric conditions, directly or  indirectly,
play a significant  role  in  m any patien ts w ith  back pain ,28,54,55 as
do psychosocial stresses.56 Contributing to the  confusion  is  the
fact  that  spine  pathology, as  defined  by  radiography, does  not
correlate w ith  back pain .57–79

37.2.4  Funct ional Pain
Funct ional pain  (i.e., m alingering) is  unfortunately not  uncom -
m on. This type of pain  is associated  w ith , and  exacerbated  by, a
secondary  gain  m echanism , such  as  financial,  social, legal, or
prim ary psychiatric aberrations.60–63

37.2.5  Pain of Cataclysm ic Origin
Pain  of cataclysm ic origin  m ay arise from  causes such  as a large
acute  herniated  disc, m etastatic  tum or  of the  spine, and  infec-
tion.  Even  cervical  spine  compression  m ay  be  the  culprit .64

These  causes  m ay be  associated  w ith  the  rapid  progression  or
sudden  onset  of deterioration  that  m ay  not  be  reversible. Tu-
m or-related  pain  has been  characterized  as being worse  during

bed  rest ,  w hereas  m echanical  back  pain ,  in  contrast ,  is  im -
proved  w ith  bed  rest. Diurnal variations  in  cort isol levels  m ay
contribute  th is  type  of pain , w ith  dim inished  levels  occurring
during the hours of sleep.

37.2.6  Pain with Syndrom ic and
Disease-Specific Et iologies
Disease-specific etiologies include  the  w hiplash  syndrom e  and
the  flat-back  syndrom e. The  w hiplash  syndrom e  is  poorly  de-
fined, acute in  onset , and  not  too dissim ilar  from  m uscle spasm
in  character. It  appears  to  be  m uch  m ore  complex  than  rou-
tinely  thought .36 It  m ay be  associated  w ith  ligam entous  strain
or tear, or facet joint  abnorm alities.

The flat-back syndrom e is associated  w ith  loss of the  norm al
spine  contour. In  the  lum bar  spine, a  loss  of  lum bar  lordosis
or  the  presence  of  lum bar  kyphosis  m ay  create  an  abnorm al
posture  (� Fig. 37.6a). This  m ay  cause  excessive  pelvic  tilt , so
that  knee  flexion  and  often  cervical extension  are  required  to
m aintain  forward  vision  (see  Chapter  27  and  � Fig. 37.6b). The
loss of lum bar lordosis is often  associated w ith  the loss of thora-
cic kyphosis  as  a  compensatory  m echanism . This  m ay obviate
the  need  for  excessive  cervical extension  that  would  otherw ise
be  necessary  to  attain  sagittal balance  if a  loss  of thoracic ky-
phosis were not  present  (� Fig. 37.6c). The pain  associated  w ith
this  anatom ical varian t  is  for  the  m ost  part  nonspecific. How -
ever, it  m ay be  characterized  as back pain  that  extends dorsally
to the  th ighs (ham str ing t igh tness) and  is associated  w ith  knee
flexion  that  is  obligated  by the  need  to  m inim ize  the  e ect  of
pelvic flexion. The latter  is  adaptive. It  provides for  forward  vi-
sion  (see Chapter 28).

Leg  pain , in  com binat ion  w ith  back  pain , has  obvious  diag-
nostic  and  therapeut ic  implications. These  im plications, how -
ever, m ay not  be  as straightforward  as they appear  on  the  sur-
face.65 Associated  h ip  pathology can  complicate  both  diagnosis
and  treatm ent .66 In  fact, greater  t rochanteric pain  accounts for
a substantial proport ion  of the pat ien ts referred  to spine physi-
cians for  evaluation  of low  back pain  and  as such  is one  of sev-
eral  nonspinal  m asqueraders  of  spinal  pathology.67,68 Finally,
coccydynia  m ust  be  included  in  the  di erential  diagnosis  of
pain  in  the low  back and sacral region.69

Inflam m atory  back  pain  is  often  associated  w ith  inflam m a-
tory  a ict ions  of the  spine, such  as  ankylosing  spondylit is. It
usually  presents  in  younger  patients  (younger  than  40  years)
and  is  worse  in  early  m orn ing hours  before  they arise. It  then
dissipates  over  a  short  period  of t im e  after  they arise  and  am -
bulate. This is in  stark contrast  to  m echanical back pain , w hich
usually worsens throughout  the  day and  is worsened  w ith  spi-
nal loading. The di erentiation  betw een  the two is crit ical. Un-
necessary operat ions should  be avoided, and  early treatm ent  of
the inflam m atory back pain  can  retard  the advancem ent of dis-
ease. The age of the patient  is a crit ical di erentiating factor. Pa-
tients w ith  inflam m atory back pain  are in  general m uch young-
er  than  those  w ith  m echanical back  pain . A sim ple  blood  test
(HLA-B27) and  a pelvic X-ray (sacroiliac join t  pathology/fusion)
m ay be  diagnostic under  such  circum stances. Regardless, if in -
flam m atory  back  pain  is  suspected, consultation  w ith  a  rheu-
m atologist  would seem  prudent.

Fig. 37.6  (A) A flat  back is a  manifestation of the  loss of the  normal
lumbar lordosis. (B) Cervical extension  and  knee  flexion  may be
necessary to facilitate  forward vision and sagit tal balance. (C) The loss
of thoracic kyphosis may also  compensate  for a  flat  back, thus
minimizing  the  need  for cervical extension.
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37.3  Managem ent  St rategies
Pain  of spinal origin , as  well  as  its  m anagem ent, is  extrem ely
complex  and  hence  poorly  understood.  The  costly  nature  of
treatm ent adds yet another layer of complexity and confusion.70

This is so for  neck pain 71 and  for  back pain .72–77 The problem  is
at least  som ew hat sim plified by establishing the appropriate di-
agnostic category. Once  the  diagnostic category is  determ ined ,
m anagem ent  strategies m ay be  sim ilarly determ ined. These  in-
clude, at  a  fundam ental level, education  and  injury prevention
strategies.2 They also include a variety of nonoperative m anage-
m ent strategies.

37.3.1  Educat ion
Augm entation  of the pat ient’s know ledge base and awareness is
always of benefit . This  is part icularly t rue  w ith  respect  to  back
pain .  An  awareness  of  the  spinal  and  paraspinal  anatomy
(� Fig. 37.7) and  som e of the biom echanical principles outlined
above is im perat ive. This usually helps the patient  regarding his
or  her  contribution  to  injury  prevent ion  or  the  rehabilitation
process,2,78,79 w hich  includes education  about  factors that  indi-
rectly im pact  back pain , such as cigarette sm oking.80

37.3.2  Prevent ion
Although  exercise program s have not  been  show n  to be consis-
tently e cacious  regarding the  prevent ion  of work-related  in-
juries, it  is  becom ing  increasingly  clear  that  augm entation  of
the strength  of the supporting m uscles via exercise is of clin ical
significance.81,82 An  increase  in  the  strength  of the  paraspinous
m uscles  has  been  show n  to  be  associated  w ith  a  decrease  in
neck pain , back pain , and extrem ity pain .83–86

37.3.3  Nonoperat ive St rategies
Many nonoperative strategies m ay be used for the m anagem ent
of spine pain .87 These include bed rest , bracing, yoga, chiroprac-
tic care, acupuncture, m agnets, in tradiscal electrothermy, verte-
broplasty, and  m edication, as  well  as  other  schem es  that  use
stretching,  strengthening,  and  m any  other,  less  well-know n
strategies.88–90 It  is  im perative  that  the  natural  h istory  of the
spinal disorder be taken  in to consideration  during the decision-
m aking process.91–93 For  example, myofascial pain  is  often  epi-
sodic. The  pain  can  be  expected  to dissipate  w ithout  t reatm ent
and  w ith  “t incture  of t im e.” The  patient  should  be  so educated.
Obviously, such  episodes are  m ost  e ect ively m anaged  by pre-
venting  them .  Good  body  and  lift ing  m echanics  and  core-
strengthening exercises are crit ical in  th is regard.

Finally, m ultidisciplinary  rehabilitation  program s  have  been
show n  to  be  e ective  for  the  m anagem ent  of  back  pain .
Although expensive, they m ay indeed be cost-e ective.90,94

Bed Rest  and Tract ion
Bed rest has been  touted as a treatm ent for pain  of spinal origin .
Proponents cite postt raum atic anatom ical rem odeling as one of
m any  rationales  for  such  a  strategy.95–99 Close  scrut iny, how -
ever, has dem onstrated  either  a  negative  e ect  or  no e ect  re-
lated  to  long-  or  short-term  bed  rest.100–105 Furtherm ore,  an

early return  to  norm al (rather  than  restricted) duties  has been
show n  to  be  beneficial  regarding  the  m anagem ent  of  back
pain .106 Of note, t ract ion  has been  show n to lack e cacy.107

Bracing
Spinal  bracing  supports  the  spine. Traum atic  injuries  w ithout
posterior  colum n  disruption  are  often  e ect ively  treated  w ith
bracing.108 However, others have found that  the e cacy of brac-
ing  is  not  related  to  posterior  colum n  ligam entous  injury.109

Spinal  rem odeling  spontaneously  occurs  in  t raum a  and  non-
traum atic disc disease, thus  further  underscoring the  ultim ate
e cacy of th is approach , at  least  in  selected cases.95–99

Bracing should  theoretically alleviate  or  dim inish  m ost  pain
of spinal origin  (m echanical pain)  by m eans  of support ing the

Fig. 37.7  Anatomy of the  dorsal paraspinal muscles.
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spinal colum n. This  essentially  unloads  the  spine  and  its  sup-
porting structures. A m ajor disadvantage of bracing, however, is
the  associated  lim itation  of m otion, as  well as  obligatory inac-
tivity and  subsequent  atrophy of the  support ing m uscles of the
spine. Back belts  have  not  been  show n  to  be  e cacious110 and
are therefore controversial.111

Yoga
Yoga has been  associated w ith  the alleviation  and  improvem ent
of pain .112 However, the  cause-and-e ect  relationship  for  the
m anagem ent of back pain  is not en tirely clear.

Spinal Manipulat ion
Chiropract ic  and  other  form s  of  m anipulation  sim ilarly  have
been  associated  w ith  im provem ent  of back and  neck pain .72,107,

113–122 However,  spinal  m anipulation  is  a  very  com mon,  and
perhaps  overused  and  costly,  m anagem ent  strategy.  Selected
patients  appear  to  be  e ect ively  treated  w ith  such  strategies.
Therefore, spinal m anipulation  should  not  be discarded  as a ra-
tional t reatm ent option  for som e pat ients.

Acupuncture
Acupuncture  has  been  used  for  the  m anagem ent  of spinal dis-
orders w ith  m ixed  results. There  are  m any explanations for  the
aforem entioned  m ixed  results.  Variations  in  control  groups,
flaw s  in  study  design ,  and  inadequacies  of  sam ple  size  have
contributed  to  the  uncertainty.  Hence,  defin itive  inform ation
regarding e cacy is not  t ruly available at  th is t im e.123,124

Magnets
Perm anent  m agnets  have  been  touted  as  a  treatm ent  for  back
pain . However, a  random ized, double-blinded  crossover  study
dem onstrated no e ect .125

Vertebroplast y and Kyphoplast y
Structural support of a collapsed segm ent of the spine m ay alle-
viate  a  m echanical type  of pain  associated  w ith  ver tebral body
collapse  (� Fig. 37.8a). The  elevat ion  of ver tebral body heigh t ,
the  reversal  of  kyphot ic  deform ity,  and  the  elim inat ion  of
ver tebral body deform at ion  (� Fig. 37.8b, c)  are  the  probable
m echan ism s  of repor ted  pain  relief  w ith  ver tebroplasty  and
kyphoplasty.126,127

Int radiscal Elect rotherm y
Alteration  of the protein  m akeup  of the dorsal annulus fibrosus
and/or  denervation  m ay  be  of benefit  to  som e  patients.128–131

The exten t  of e cacy is yet  to be proved, part icularly w hen  the
obligatory need  for  a controversial diagnostic tool, discography,
is considered.57,132–135

Medicat ion
Medication, in  particular  m uscle  relaxants, is  associated  w ith  a
dim inution  of spine  pain  sym ptom s. Anti-inflam m atory m edi-
cations m ay also be helpful.6,136

Inject ion Therapy
Trigger  point,  facet  joint,  nerve  root,  and  epidural  inject ions
have  been  sporadically used  for  back, neck, and  radicular  pain .
Results have  been  m ixed, and  in  general poor.137–143 The  in tra-
ligam entous inject ion  of sclerosing solutions (prolotherapy) has
been  used  for  the  m anagem ent  of pain  of spinal origin . The  re-
sults have been  m ixed, so th is t reatm ent strategy has been  used
only sporadically.144

Inject ions  in to  the  region  of  spinal  im plants  in  patien ts
w ith  recurren t  back  pain  after  a  failed  degenerat ive  lum bar
spine operation  have been  em ployed  to determ ine the potential

Fig. 37.8  (A) Osteoporotic vertebral collapse
(compression fracture). (B, C) Restoring vertebral
body height  with vertebroplasty or kyphoplasty
can reduce  a  kyphotic deformity.
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e cacy  of  subsequent  im plant  rem oval.145 Obviously,  such
strategies have not  been validated.

Finally, nerve  root  and  epidural blocks and  inject ions can  be
associated  w ith  significant  complications,  including  paraple-
gia.146 Therefore, these  should  be  considered  in  the  decision-
m aking process.

Back Exercises: Tradit ional Schem es
Traditional schem es  for  the  m anagem ent  of back  pain  m ay be
divided  in to four categories. As a group, they are herein  term ed
GASS exercises:  (1) general well-being augm entation, (2) aero-
bic exercises, (3) st retching exercises, and  (4) strengthen ing ex-
ercises.  Each  is  discussed  in  the  follow ing  text.  The  exercise
component  has arguably been  best  typified  by McKenzie  exer-
cises.147–160 Proponents em phasize  that  they are  best  taught  by
trained  therapists.161 Spinal  extension  is  em phasized  as  a
m echanism  to “centralize pain”; however, th is m ay have signifi-
cant  biom echanical  and  anatom ical  lim itations  in  m any
cases.162 The  im portance  of  aerobic  exercise  in  the  overall
schem e should not  be over-163 or underest im ated.164

General Well-Being Augmentat ion
Psychosocial factors, as well as the patient‘s gender and  person-
ality, a ect  m echanical loading of the  spine56 and  obviously, in
turn , a ect  back pain . They should  be  considered  and  m odified
w hen possible.

Sm oking, as an  aside, is a  m ajor  risk factor  for  a  negative  out-
com e  of  the  treatm ent  of  back  pain  by  any  means.165,166 This
should  be  carefully considered, and  appropriate  counseling and
alterations  in  decision-m aking  strategic  planning  should  be
undertaken  for  sm okers. The  negative  e ect  of sm oking, how -
ever, m ay have been  underem phasized. Sm oking plays a  signifi-
cant  role  in  back pain. Sm oking increases back and  leg pain, and
the  cessation  of sm oking  decreases  back  and  leg  pain.167 How -
ever, sm oking has  been  show n  to  be  a  weak  risk  factor  regard-
ing back pain.4 This m ust  be taken  into consideration  clinically.

Sim ilarly, obesity is a risk factor for  refractory back pain . This
m ay be  related  to  excessive  and  eccentric spinal loading and  is
relieved  to  som e  degree  by  weight  loss.168–171 Such  excessive
and abnorm al loading m ay a ect  nutrien t  supply to the nucleus
pulposus and  accelerate  the  degenerative  process, w ith  a resul-
tant  augm entation  of pain .172

Weight loss decreases axial loading of the spine (� Fig. 37.9a).
Gained  weight  is  predom inantly  located  ventral  to  the  C7
plum b line (see Chapter 27). As a result , the patien t  extends the
spine  to  m aintain  sagit tal  balance  (� Fig.  37.9b,  c).  This  m ay
cause or exaggerate back pain  (Fig. 37.9d). Weight gain  has been
show n to be weakly associated w ith  back pain .3

Aerobic Exercises
Aerobic exercise enhances the pat ient‘s well-being and  sense of
accom plishm ent. Furtherm ore, it  augm ents a person’s ability to
fur ther  increase exercise w ithout  increasing pain .173,174 It  is not
associated  w ith  an  increased  incidence  of  back  pain ,  even  in
children  and  adolescents.175 Many factors have  been  suggested
as  causes  for  these  observations, including  endorphin  release
related  to  exercise  and  m ood-related  benefits  associated  w ith
physical activity. Regardless of the  m echanism  of th is phenom -

enon, its e ect  on  the m anagem ent  of back pain , however  indi-
rect , cannot be overem phasized.164

Stretching Exercises
Stretching  via  flexion,  extension,  and  lateral  bending  of  the
spine  segm ents  lyses  adhesions  and  lengthens  foreshortened
ligam ents  and  tendons.  This  is  at  least  of  theoretical  benefit
w ith  respect  to the  m anagem ent  of back pain  (� Fig. 37.10).176,

177 Control  of  m otion  and  m aintenance  of  posture  are  also
im portant .178

Fig. 37.9  (A) Obesity increases the  axial loading  of spine  segments
(arrow). (B) The gained weight  is usually centered ventral to the axis of
the  spine (straight arrow), thus creating a moment  arm  and a bending
moment  (curved arrow). (C) Torso  extension (horizontal arrow) is
necessary to maintain  balance. (D) This may cause  disc bulging  and
exacerbate  back pain.

Fig. 37.10  Back-stretching  exercises. (A) Toe  touching. Note  the
method  of measuring  and  monitoring  progress. (B) Back extension.
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Strengthening Exercises
Strengthening  of  the  paraspinal  “guy  w ire”  and  cantilever
m uscle  and  tendon  support  system s of the  spine  should  be  an
integral part  of back pain  m anagem ent  program s because  of its
theoretical  and  proven  e cacy.116,176,179–196 This  consists  of
tightening  the  support  system  so  that  it  m ay  better  resist  ap -
plied  loads and  stresses  (see  � Fig. 37.3  and  � Fig. 37.11). Con-
troversy, it  is em phasized, prevails.197–199

37.3.4  A Program m at ic Approach
A program m atic  approach  to  the  m anagem ent  of  back  pain
(funct ional restoration) has been  show n  to be of benefit 2,115,200–

205 and  of varying  cost-e ectiveness.206 This  has  been  studied
extensively by the  Quebec Task Force207 and  others.208,209 Such
a program m atic approach, w hich  incorporates the four essential
components  outlined  previously  for  the  m anagem ent  of back
pain , allow s  the  use  of m ultiple  strategies  for  complex  prob-
lem s. This global approach  is  discussed  below. Such  a  program
can  be  applied  at  hom e  by  a  m otivated  pat ient. This  strategy
has been  show n to be e ect ive.210

Generalized Augm entat ion of Physical Well-
Being
Augm entat ion  of  physical  w ell-being  m akes  the  patien t  a
better  surgical  candidate  (if  surgery  is  deem ed  appropriate)
and  sim ultaneously fosters a  physiologically and  biom echan i-
cally  im proved  clin ical  status.  Program s  for  the  cessat ion  of
sm oking  and  for  w eigh t  loss  are  im perat ive.  Both  can ,  and
should ,  be  object ively  assessed  and  recorded  on  a  period ic
basis.  If  the  pat ien t  cannot  dem onstrate  progress  in  these
areas, the  lack  of m otivat ion  may be  cause  to  reject  surgery
as an  opt ion .

Aerobic Exercise
Aerobic  exercise  can  sim ilarly  be  quantitated  (by  patient  h is-
tory)  and  recorded. The  sense  of  well-being  and  accom plish-
m ent  acquired  from  a  planned  aerobic exercise  program  (e.g.,
walking, running, sw im m ing, or  cycling)  creates  a  positive  in-
ternal physical and psychological m ilieu  and further establishes
the exten t of the patient’s m otivation.

St retching Exercise
Lack of flexibility  is  an  in tegral component  of the  pain  associ-
ated  w ith  m echanical  instability. The  spine  of  a  patient  w ith
m echanical  instabilit y  should  be  thought  of as  akin  to  a  joint
frozen  from  long-term  im m obilization .  Flexibility  can  be  im -
proved  and  progress  quantitatively  m onitored.  Toe  touching
can  be assessed  by asking the patien t  to reach  for  the toes, w ith
knees locked, and  to hold  the  lowest  position  achievable for  20
seconds. The distance from  the floor  is m easured  and  recorded.
Bouncing is discouraged; progress is encouraged. In  fact, lack of
progress  m ay be  a  m anifestation  of a  lack of adequate  m otiva-
tion. Other  exercises include  extension  and  foot-on-stool exer-
cises. These, however, are  not  so  easily  quantitated  and  m oni-
tored  (see  � Fig. 37.10). Less aggressive  exercises  m ay be  m ore
appropriate in it ially.

Core-St rengthening Exercise
Often , m uch  of the  pain  of spinal  origin  associated  w ith  m e-
chanical instability m ay be reduced by an  appropriate strength-
en ing  program . The  supporting  m uscles  of the  spinal  colum n
can  be  thought  of as  such:  support ing m uscles. These  m uscles
assist  in  activit ies  of daily living, provide  support , and  prevent
excessive spinal m ovem ent. If an  asym m etry of m uscle strength
exists, excessive  stresses  m ay be  placed  on  the  spine  or  on  its
support ing  m uscles.  The  assym etrical  strengthening  of  the
m uscles  that  support  the  spine  (abdom inal  and  paraspinous
m uscles) m ay result  in  m uscle  strength  im balance. This in  turn
m ay  result  in  an  excessive  ratio  of  load  application  to  spine,
w ith  an  exaggeration  of  the  dysfunct ional  nature  of  a ected
m otion  segm ent. This e ect  is exaggerated in  aging patients be-
cause  of the  m uscle laxity associated  w ith  dim inished  m echan-
ical strength  and in tegrity of the dorsal spinal ligam ents.211

The  m uscle  groups  that  should  be  specifically  exercised  in-
clude  the  dorsal  paraspinous  m uscles  and  the  abdom inal
muscles. Specific exercises include supine leg lifts, w ith  progres-
sion  to  abdom inal  crunches  or  sit-ups,  for  abdom inal  muscle
strengthening;  and  prone  leg  lifts, w ith  progression  to  the  “air-
plane”  or  “rocking  chair”  exercise,  for  paraspinous  m uscle
strengthening  (see  � Fig. 37.11). Less  aggressive  exercises  m ay
be  m ore  appropriate  at  first.  Cervical  spine  stretching
(� Fig. 37.12) and strengthening (� Fig. 37.13) exercises are anal-
ogous in  most  respects to the aforementioned  lum bar exercises.

Fig. 37.11  Exercises to strengthen  back and
abdominal muscles. Abdominal muscles can be
strengthened  by leg  lifts. The  patient  begins (A)
with  one  leg  at  a  time, then  progresses (B) to
both legs and finally (C) to sit-ups (crunches). The
paraspinous and  other dorsal low back muscles
can be  strengthened  by prone  leg  lifts. The
patient  begins (D) with  one  leg  at  a  time, then
progresses (E) to  both  legs and  finally (F) to  the
head, chest, and  both  legs (the  “airplane” or
“rocking  chair” maneuver).
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Surgeons cannot  divorce them selves from  a program  of exer-
cise  and  education. Without  active  involvem ent  of both  the pa-
tient  and  the surgeon, the chance of failure  of the  m anagem ent
plan w ill assuredly increase.

Pat ient  Educat ion
Patien t  education  is crit ically im portant.2,78,79 If patien ts under-
stand the need for their active participation  in  the m anagem ent
of their  problem , such  active  part icipation  is  m ore  likely. This
can  be  facilitated  w ith  educational  m aterials  and  illustrat ions
(see � Fig. 37.3). Docum entation  of the pat ient’s progress is im -
perative  for  longitudinal  m onitoring  purposes. A patient  w ho
cannot  part icipate  or  refuses  to  part icipate  is  unlikely  to  suc-
ceed  in  a  program  as  outlined  above. Such  patien ts  probably
should  seek  relief elsewhere  because  the  chance  for  relief that
surgery  provides  is  m uch  dim inished  chance  in  th is  pat ient
population .  Of  particular  note  regarding  patient  education  is
that  it  has  been  show n  to  lack  e cacy  in  the  prevention  of
work-associated low  back injuries.212 This observation  fuels fur-
ther  controversy,  particularly  in  view  of  the  fact  that  flexion
and  rotat ion  of  the  t runk  and  lift ing  at  w ork  have  been
show n  to  be  risk  factors  for  low  back  pain .213 A pat ien t’s  as-
sessm ent  of h is  or  her  ow n  health  and  com orbidity, however,

a ects  surgical  outcom e.214 Pat ien t  educat ion  clearly  a ects
th is  process.  Of  final  note,  pat ien ts  should  be  instructed  to
avoid  prolonged  standing or  sit t ing, as  well as  other  m echan-
ically  unsound  m aneuvers.  Th is  recom m endat ion  has  a  bio-
m echan ical foundation .215,216

37.4  Addit ional Points
Two  final  points  deserve  em phasis.  First ,  narcotics  arguably
play  a  lim ited  role  in  the  m anagem ent  of  chronic  back  pain .
Therefore, dose  reduct ion  and  w ithdrawal play an  in tegral role.
Second,  “contractual”  arrangem ents  betw een  the  pat ient  and
the  surgeon  (w rit ten  or  verbal)  regarding  the  m anagem ent  of
pain  m edication  and  participation  in  the  four-point  program
outlined  above  establish  an  honest  and  object ive  relat ionship
betw een  the  pat ient  and  the  surgeon. This  assists  both  par ties
in  their  quest  to  defeat  their  m utual enemy, the  patient’s  pain
syndrom e. This strategy, of course, is of lim ited value if issues of
secondary gain  prevail.60–62

The strategies discussed  here, or  sim ilar  strategies, can  be  ef-
fect ively  applied  to  large  populat ions  of pat ients  in  an  organ-
ized  m anner  for  the  purpose  of disease  m anagem ent.217 Much
work, however, is yet  to be done.

Fig. 37.13  Cervical strengthening  exercises.

Fig. 37.12  Exercises to  stretch the  dorsal paraspinous muscles of the
cervical spine. Both the  longitudinal (paraspinous muscles) and  the
lateral (trapezius and  rhomboid  muscles) are  stretched  by this
technique.
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38  Biom echanical Test ing
Up  to  th is  point  in  the  book, arm chair  biom echanics  have  in  a
sense been  applied  to the  clin ical arena—that  is, physical, kine-
m atic, and  biom echanical principles have been  applied  in  a log-
ical m anner  to  clin ical problem s. In tuit ion  plays  a  role  in  th is
process.  All  surgeons  conceive  patient-specific  clin ical  strat-
egies that  are based, at  least  in  part , on  in tu ition. They also use
the  principles  outlined  in  th is  book  and  their  individual prior
experiences.

A large port ion  of our knowledge base is derived from  biom e-
chanical studies. It  is  emphasized, however, that  the  perform -
ance, docum entation, and in terpretat ion of biom echanical stud-
ies are  prone  to error  and  even  m isinterpretation. This chapter
specifically addresses  such  issues:  the  perform ance, docum en-
tation, and in terpretat ion  of spinal biom echanical research .

The  perform ance  or  assessm ent  of a  biom echanical study in-
volves  crit ical appraisal of the  m ethodology used, as  well as  a
knowledge or awareness of the pitfalls of biom echanical testing
and  in terpretat ion.1,2 Panjabi  set  the  standards  decades  ago.3

This  chapter  addresses  the  factors  and  pitfalls  associated  w ith
biom echanical testing.

38.1  Methodologies
A variety of m ethodological approaches to the  study of biom e-
chanical spinal colum n  behavior  can  be  em ployed. Many varia-
bles  play  a  role  in  the  decision-m aking  process  regarding  the
planning, perform ance, and  in terpretat ion  of a  biom echanical
study. These are discussed in  the pages that follow.

38.1.1  Determ inat ion of the
Experim ental Strategy
The  quest ion(s) to  be  answered  by a  study m ust  first  be  deter-
m ined. Is  the  spinal colum n, a  spinal im plant, or  the  im plant–
bone  in terface  to  be  studied?  Is  inform ation  about  sti ness,
flexibility, strength , failure, or  fat igue  desired?  The  experim ent
m ust  be  tailored  to answer  the  question  at  hand. Care  m ust  be
taken  to  avoid  using  a  strategy  that  w ill  not  answer  the  in-
tended  question. For  example, tradit ional  m ultiple-cycle  (m il-
lions of cycles) fatigue  testing to  assess the  long-term  integrity
of the  bone–m etal junct ion  of a  construct  provides  lim ited  in-
form ation. Stress-to-failure  testing m ay sim ilarly not  be  appro-
priate for the assessm ent of a screw –bone in terface in  osteopor-
otic  bone. In  fact,  short-term  (fewer  than  100,000  cycles)  fa-
tigue  testing m ay provide  m ore  clinically relevant  inform ation .
A cadaver spine obviously is not  living tissue and  therefore can-
not  physiologically respond  to the  stresses placed  upon  it  (e.g.,
rem odel).  Hence,  the  experim ental  bone–m etal  in terface  w ill
degrade  m ore  rapidly  than  it  would  in  an  in  vivo  situation .
Hence, if cyclical testing is  to  be  perform ed, it  m ust  be  accom -
plished  before  the  specim en  decomposes and  in  a  biom echani-
cal t im e fram e during w hich  rem odeling would not  occur if th is
were an  in  vivo experim ent  (i.e., fewer  than  100,000 cycles). On
the  other hand, cyclical loading (fat igue  testing) m ay indeed  be
appropriate  for  the  study of im plant  in tegrity and  e cacy. The
average  spine  is  exposed  to  1  m illion  to  3  m illion  cycles  per

year.4 The average spine im plant  is generally expected  to m ain-
tain  stability until fusion  is achieved. This, for  the  sake  of argu-
m ent,  is  generally  about  6  m onths.  Therefore,  the  im plant
should  be  able  to  w ithstand  approxim ately  1  m illion  cycles  of
“norm al” load  m agnitude, although  it  is  custom ary to test  to  5
m illion  or  10  m illion  cycles or  m ore. This testing can  be  by the
application  of such  physiologic loads as polyurethane blocks to
w hich  the im plant  is secured (� Fig. 38.1a).

Significant  lim itations  of  laboratory  testing, however, exist .
The  aforem entioned  strategy  tests  only  the  im plant.  Cadaver
specim ens do not  have surrounding attached funct ional m uscu-
lature  and  soft  t issues (� Fig. 38.1b). Therefore, they do  not  ef-
fect ively m im ic or  replicate  the  in  vivo  situation. Furtherm ore,
there exists significant  specim en variability. This obligatorily in-
creases  the  sample  size  required  to  achieve  statistical  signifi-
cance  and  thus  cost.  Anim al  specim ens  provide  greater
uniform ity  regarding  geom etry  and  bone  density.  They  are
therefore  superior  to  cadavers  for  assessing  instrum entation
perform ance, but  not  for assessing kinem atics related to the hu-
m an spine.

38.1.2  Choice of Specim ens
Hum an  cadavers  are  a  good  m odel  for  biom echanical  testing.
They  generally  replicate  the  clin ical  situation .  However,  they
are  expensive, handling is  complicated  by the  nearly  insignifi-
cant  but  fin ite risk of infect ion, and they are often  not  represen-
tative of the situation  to be studied. For example, the specim ens
are often  aged. This poses significant challenges and problem s if
a  researcher  in tends  to  study spine  t raum a, w hich  m ost  com -
m only  a icts  adolescents  and  young  adults.  If  young  hum an
spines  are  unavailable  or  im pract ical, and  if bone  quality  is  an
im portan t  factor in  the planned study (e.g., a study to assess the
probable  in  vivo  e cacy of an  im plant), an im al spines that  are
anatom ically sim ilar  to  hum an  spines  and  of sim ilar  size, such
as  calf or  sheep  spines, m ay be  m ore  appropriate  than  hum an
specim ens. Regardless, such  specim ens should  be fresh  and  free
of any em balm ing or chem ical treatm ents.

38.1.3  Specim en Preparat ion
Appropriate  techniques  for  specim en  preparation  are  an  in te-
gral par t  of the m echanical testing process. Creep, temperature,
and  specim en  hydration  are  part icularly  im portan t  considera-
tions. Misleading inform ation  m ay be accrued if these and other
factors are not appropriately accounted for (see the follow ing).

In  general, spine  specim ens are  cleared  of nonstructural soft
t issue.  The  spinal  ligam ents  and  discs  are  usually  left  in tact .
Specim ens  are  often  frozen  until testing. Therefore, they m ust
be  thawed  completely before  testing and  should  be  kept  m oist
w ith  saline-soaked w rappings.

38.1.4  Specim en Mount ing
The  specim en  m ust  be  a xed  to  the  testing  m achine  at  both
ends.  Specialized  m achines  that  grip  the  fixtures  housing
the  specim ens  are  designed  to  fit  in to  the  m aterials-testing
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m achine  and  can  be  custom ized  to  apply  o set  loads  to  the
specim en. Pot ting is the process of em bedding the specim en  in-
to the  gripping fixture  w ith  plaster  of Paris, polym ethylm etha-
crylate, or  a  polyester  resin . Plaster  of Paris  is  brit t le, so  it  is  a
less  desirable  choice  in  m ost  circum stances. Fixation  security
m ay  be  enhanced  w ith  screws  or  bolts. The  vertebrae  rostral
and  caudal to  the  m otion  segm ent(s) or  vertebrae  to  be  tested
should  be  potted  (a xed  to  the  biom echanical  testing  m a-
chine). The specim en  should  be centered  in  the fixture  (pot), or
untoward  bending  m om ents  w ill  be  in troduced  (� Fig.  38.2).
Often , specim ens are potted w hile frozen to avoid m isalignm ent
in  the  pot  caused  by  the  flexibility  of  the  thawed  spine
(� Fig. 38.3). If  the  aforem entioned  strategy  is  em ployed, the
specim en is thawed after potting, but before testing.

38.1.5  Specim en Length
The  num ber  of m otion  segm ents included  in  the  specim en  can
significantly im pact  the  results.1 Snaking can  occur  if m ultiple
m otion  segm ents are  included. This e ect  is  exaggerated  if the
norm al spine posture is altered (e.g., loss of norm al cervical lor-
dosis; � Fig. 38.4).5,6 In  th is regard, assumption  or attainm ent of
the  lordotic  posture  augm ents  stability  by  causing  the  facet
joints to be  engaged  bilaterally. Of note, several ligam ents span
m ultiple  spine segm ents. Therefore, dividing a  long ligam ent  at

an  in term ediate  point  decreases  its  e cacy  and  decreases  its
functional  single  m otion  segm ent  im pact  on  stability,  thus
som ew hat  dim inishing  the  clin ical  m eaningfulness  of  short-
segm ent biom echanical studies. Furtherm ore, longer specim ens
perm it  additional m otion , as a result  of the inclusion  of a great-
er  num ber  of disc in terspaces during the biom echanical testing
procedure. As a result , both  the complexity of the data acquired
and  its analysis are  increased. This decreases the  validity of the
test  result  and its clin ical relevance.

38.1.6  Forces and Mom ents
A spinal  m otion  segm ent  or  ver tebra  becom es  sti er  as  it  is
progressively deform ed. Sim ilarly, rapid  loading rates are  asso-
ciated  w ith  greater  sti ness than  slower  loading rates. The  du-
ration,  configuration,  and  m agnitude  of  bending  m om ents
should  replicate  the  clin ical  situation  to  be  studied.  The  re-
searcher should  be cognizant of these factors w hen  in terpreting
laboratory data.

One or  m ore of several loading vectors m ay be applied  to the
spine  during  a  biom echanical study. If m ore  than  one  is  used,
loading is considered  to be  complex. An  increase  in  complexity
of spinal loading essentially decreases, in  an  exponential m an-
ner, the validity of a  study. In  addition, pure  axial loading is as-
sociated  w ith  unpredictable  eccentric  spinal  elem ent  loading.

Fig. 38.1  Limitations of biomechanical testing.
An implant may be rigidly affixed to polyurethane
blocks that  mimic vertebral bodies. Loads are
repetitively (cyclically) applied  to test  implant
fatigue. (A) Left : the overall setup. Right: close-up
view of the  implant. (B) Cadaver or animal
specimens lack intermediate  points of muscle
fixation. (A) The former tests only the implant. (B)
The  lat ter (relatively inaccurately) assesses the
overall clinical scenario.
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This  is  particularly  so  if the  norm al  spine  posture  is  not  used
and/or  m ultiple  m otion  segm ents  are  studied  (see  � Fig. 38.4
and � Fig. 38.5).6

Pure  bending m om ent  application  is  di cult , if not  im possi-
ble, to  achieve  absolutely  because  at  least  som e  component  of
an  applied  bending  m om ent  is  axial in  nature. This  translates
into  som e,  although  perhaps  tr ivial,  axial  load  application
(� Fig. 38.6). Of note  is that  an  apparatus and  experim ental de-
sign  have  been  developed  to  accom plish  the  task,  at  least  in
part , of providing a pure m om ent.7 Biom echanical m odel stand-
ards, though, are clearly needed.8

38.1.7  Interm ediate Muscle Force
Applicat ion
To accurately replicate the in  vivo situat ion, the researcher m ust
sim ulate  in term ediate  m uscle  load  applications. This is of great
biom echanical  significance,9–11 particularly  if m ultiple  m otion
segm ents are being studied  (� Fig. 38.7). The di culty w ith  the
application  of in term ediate  m uscle forces, however, is that  they
are  di cult  to  replicate  and  that  unknow n  and  often  im m eas-
urable variable(s) are in troduced. This m akes the addition  of si-
m ulated  m uscle  forces  in  biom echanical studies  a  guess  at  the
very best.

In  addition, m uscle  forces apply diagonal and  axial force  vec-
tors.  This  results  in  an  increase  in  the  applied  axial  load
(� Fig. 38.8a). Furtherm ore, an  asym m etric diagonal load  appli-
cation  can  result  in  a rotational or component  that  is due to the
coupling  phenom enon  (� Fig. 38.8b). If  the  spine  specim en  is
rigidly potted  at  each  end, as is usually the  case, the  rigid  fixa-
tion  at  the  term ini  of the  specim en  w ill  resist  the  aforem en-
tioned  rotational  component. This  in troduces  significant  error
and substan tially tain ts the results.

38.1.8  Type of Test
There are four basic types of biom echanical testing procedures:
(1)  strength ,  (2)  fatigue,  (3)  stability,  and  (4)  m athem atical

Fig. 38.2  The moment  arm (D) applied if the specimen is not centered
in  the  pot  at  one  end  (dashed figure). This occasionally causes
unanticipated  and  undesirable  load  applications, with  an  associated
perversion of the  results.

Fig. 38.3  The flexibility and  curvature  of the  spine  can result  in
misalignment  of the  specimen in  the  pot, as depicted.
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tests. Strength  testing  involves  construct  loading  to  determ ine
load-bearing  or  load-resisting  capacity.  Fatigue  testing  deter-
m ines the  ability of a  construct  to  w ithstand  cyclically applied
loads, usually until a fusion  would theoretically at least  par tially
m ature  (about  80,000  to  100,000  cycles)  or  an  implant  would
fracture  (m ore  than  1  m illion  cycles). Stability  testing assesses
the  ability  of the  construct  to  m inim ize  fusion-degrading m o-
tion. This is an  indicator  not  on ly of stability but  also, m ore  im -
portantly, of  im plant  or  construct  sti ness  (or  flexibility).  Fi-
nally, m athem atical  testing  can  be  used. This  strategy  usually
em ploys a fin ite  elem ent  m odel (FEM) and  fin ite  elem ent  m od-
eling computerized strategies.

St rength Test ing
Strength  testing, also know n  as load-to-failure  testing, involves
the  application  of a  load, usually gradually, until the  construct
fails. A load–deform ation  curve  is  thus generated  (� Fig. 38.9).
Photography  and  m otion  analysis,  as  well  as  the  analysis  of
stresses and strains at  the poin t of failure w ith  electronic equip-
m ent  (e.g.,  extensom eters,  goniom eters,  and  strain  gauges),
m ay be em ployed to enhance the ability to assess the character-
istics and  nuances of failure. This docum ents not  only the  tim e
of failure, but  also  its  geom etry. Strength  correlates  w ith  load
m agnitude  and  deform ation  at  the  tim e  of failure. Sti ness can
also  be  determ ined  from  the  data  (slope  of load–deform ation
curve; see � Fig. 38.9 and � Fig. 38.10).

Strength  testing in  a  load-to-failure  m anner  assesses  the  in-
tegrity of the spine or a spinal construct . It  is therefore useful to
study the  m echanism s of spine  failure  and  the  theoretical e -
cacy of spinal instrum entation  constructs  and  techniques.12 As
stated  previously, the  failure  load  (load  applied  at  the  m om ent
of failure) and  the  extent  of deform ation  at  the  t im e  of failure
can  be  used  to  assess  construct  strength  and  sti ness. This  in-
form ation  m ay  also  be  attained  from  the  load–deform ation
curve  (see  � Fig. 38.10). Sti ness  is  m easured  as  the  slope  (of
the tangent) of the load–deform ation  curve, usually in  the elas-
tic zone  (w ithin  w hich  a  nearly linear  stress/st rain  relationship
is  usually  present).  Energy  absorption  m ay  also  be  assessed
(� Fig. 38.11).6 Measurem ent  of these  param eters  provides  in-
sight  in to the m echanical properties of the specim en.

Fat igue Test ing
Fatigue  testing assesses  the  ability of the  construct, or  the  im -
plant  itself,  to  w ithstand  repetit ive  subm axim al  or  subfailure

loads. With  fat igue  testing, the  construct  is usually cycled  until
it  fails  or  until  a  clin ically  reasonable  num ber  of cycles  have
been  applied. The  num ber  of cycles  w ithstood  defines  the  fa-
tigue  life  for  the  load  applied. Several  tests  in  w hich  di erent
loads are used  m ay be undertaken.13 A curve for load  versus fa-
tigue  life  can  thus be  generated  (fat igue  curve).12 This is a  very
usefu l m ethodology for  the implant  designer and is also of rele-
vance  to  the  clin ician.  It  is  em phasized  that  a  sub-threshold
load  is  applied .  Th is  load  should  correspond  (relat ively)  to
the  loads  that  the  im plan t  is  exposed  to  clin ically. Generally,
the  selected  load  is  applied  un t il  the  specim en  fails.  The
num ber  of cycles  that  the  construct  is  exposed  to  before  fail-
ure  defines the  fat igue life  of the  construct . As stated , varying
loads  can  be  applied  to  establish  a  curve  (load–fat igue  rela-
t ionsh ip;  � Fig.  38.12a).12 Spine  im plan ts  undergo  approxi-
m ately 3  m illion  cycles per  year. Therefore, an  im plan t  should
be  expected  to  w ithstand  1  m illion  to  3  m illion  cycles  before

Fig. 38.4  (A) Specimen length  (number of mo-
tion segments included  in  the  specimen) affects
results. A large  number of segments (e.g., more
than two) affects the  results adversely. The
cervical spine  is used as an  example. (B) Snaking
can occur during  axial load  applications. (C) The
snaking  can  be  focal. (D) It  is usually complex,
with  rotatory, sagit tal, and  coronal plane  com-
ponents (Fig. 38.5). This effect  is minimized if the
normal cervical lordosis is preserved. (Data
obtained  from  Oktenoğlu  et  al.6)

Fig. 38.5  (A) The  inclusion of multiple  motion  segments in  the
specimen and the application of axial loads to a specimen, particularly
a nonlordotic cervical spine  specimen, can result  in  (B) coronal plane
snaking. (Data  obtained  from  Oktenoğlu  et  al.6)
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fusion  acquisit ion .  Th is  should  be  taken  in to  considerat ion
w hen  a  fat igue study is designed  and  in terpreted.

The  im plant–bone  in terface  is  m uch  m ore  di cult  to  test  in
the  biom echanical  laboratory  from  a  cyclical  testing  perspec-
tive. The  ex  vivo  nature  of the  specim en  predisposes  to  wear
(erosion  and  degradation  or  breakdow n  of the  bone)  w ithout
rem odeling  (� Fig. 38.12b, c). Rem odeling  obviously  occurs  in
vivo, but  not  in  the ex vivo laboratory situation.

Fatigue experim ents are  essentially of three types. The first  is
used  to test  spinal im plants. The  im plants are  usually attached
to  fixation  device  (e.g., polyethylene  blocks) that  m im ics spine
m otion ,  and  then  to  the  m echanical  testing  m achine  (see
� Fig. 38.10). The  experim ental constructs  m ay w ithstand  m il-
lions  of cycles  because  the  im plant, not  the  bone–metal inter-
face, is tested.

The  second  type  of fatigue  testing involves the  cyclical load-
ing of a  spine specim en  that  m ay or  m ay not  have been  altered
by injury  (i.e., researcher-generated  injury). Because  the  spine
specim en  cannot  rem odel  and  respond  to  loads  as  it  does  in
vivo, the  num ber  of cycles  that  it  can  w ithstand  is  lim ited  by
decomposition  and  factors  related  to  the  inability  to  rem odel
(usually fewer than  100,000 cycles).

The  th ird  type  involves the  cyclical loading of a  spine  speci-
m en  into w hich  a  spinal im plant  has been  inser ted  (usually an
injured  spine). This  construct  can  w ithstand  even  fewer  cycles
because  of the  relative  in tolerance  of the  ex  vivo  bone–m etal

Fig. 38.6  Pure  bending  moment  application uses a long moment  arm
with  minimal (but  some) axial load applications, as depicted.

Fig. 38.7  The  in vivo application  of intermediate  muscle  force  vectors
is depicted. Lateral and  predominantly diagonal loads (arrows) are
applied. These force vectors are difficult  to reproduce accurately in the
biomechanics laboratory.

Fig. 38.8  (A) Diagonal muscle  loads (diagonal straight arrows) can  be
used  to apply axial load  component  vectors (vertical straight  arrows)
and (B) rotatory (torque) vectors (curved arrows). The lat ter are caused
by a complex interaction  between  the  facet  joints and  the  uncover-
tebral joints (the  coupling  phenomenon) in  the  cervical spine  and
occur only if asymmetric loads are  applied.
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in terface to cyclical loading (see � Fig. 38.12b, c). Assessm ent  of
the  fatigue  life  of the  im plant  is  generally  precluded  because
the researcher cannot  put  the specim en  through  the num ber of
cycles that  would provide m eaningful and clin ically relevant  in-
form ation  (usually at least 80,000 to 100,000 cycles). In  th is sce-
nario, fatigue testing can  assess only early im plant  behavior and
construct  failure.4

Stabilit y Test ing
Stability  testing  assesses  sti ness  and  its  converse, flexibility.
Subm axim al loads are usually applied. If st i ness is to be tested,
the construct  is displaced  and  the load  or  m om ent  m easured. If
flexibility is  to  be  tested, a  load  or  m om ent  is applied  and  dis-
placem ent  m easured  (� Fig. 38.13). Stated  another  way, if m o-
tion  is m easured (and the load controlled), the testing is term ed
flexibility test ing. If loads are  m easured  (and  displacem ent  con-
trolled), st i ness is assessed.12 The type of loading can  a ect  fa-
tigue  life  and, to  varying degrees, m im ic the  true  in  vivo  envi-
ronm ent .14–16 St i ness testing m ay be  optim al in  th is  regard.15

It  should  be  noted  that  stability  is  an  am biguous  term ,17 and
therefore  its  assessm ent  and  in terpretat ion  should  be  under-
taken carefully.

The  loading  rate  can  significantly  a ect  results.  Hence,  it
should  be  carefully  taken  in to  consideration .  Specifically  re-
garding sti ness, clin ically relevant  data  are  lacking that  docu-
m ent  the  benefit  associated  w ith  sti er  constructs.4 Situation-
specific  criteria, including  age  of the  specim en  or  pat ien t, are
therefore  yet  to  be  developed.18 The  recent  t rend  toward  the
clin ical use  of dynam ic spinal fixators  underscores  the  impor-
tance  of  a  solution -specific  consideration  of  the  need  for  a
sti er  versus a m ore dynam ic im plant.

Mathem at ical Test ing
Mathem at ical  testing  assesses  a  spinal  elem ent,  implant ,  or
construct  by  using  a  m athem atical  m odel, or  rather, an  FEM.

With  th is  technique, an  anatom ical  structure  is  geom etrically
divided in to m ultiple elem ents. Each  elem ent  is associated w ith
boundaries  and  attr ibutes. Loads  (input)  are  then  theoretically
(m athem atically) applied to the structure. The resulting stresses
w ithin  the  m odel  (output)  are  m athem atically  derived  w ith
computer  algorithm s;  thus, deform ation , failure, and  other  im -
plant-, spinal elem ent–, or  construct-related  behavior  is  theo-
retically  portrayed.  Currently,  FEM  strategies  can  be  used  to
replicate  biom echanical  tests.  Com puter  m odeling  strategies
are  used, as stated  previously, to divide large  anatom ical struc-
tures  in to  sm all  elem ents  of fin ite  size  (fin ite  elem ents). Each
elem ent  has  well-defined  borders  and  characteristics  and  is
also  associated  w ith  conditions  for  in teractions  w ith  adjacent
elem ents  (boundary  conditions;  � Fig. 38.14a). In  general, the

Fig. 38.9  A load–deformation  curve. This test  is used  to measure  the
strength  of an  implant, which is determined  by notation of the  load
applied at  the time of failure. A–B, neutral zone; B–C, elastic zone; C–D,
plastic zone; E, failure  zone.

Fig. 38.10  Load–deformation  data  can be  analyzed  to obtain  stiffness
data (slope  of the  load–deformation curve, or load/deformation), as
depicted. The  slope  is depicted  by the  dashed  line. Stiffness data  are
derived  from  the  load–deformation  curve  by calculating  the  slope  of
the  curve  in  the  elastic zone  (between  B and  C; dashed line).

Fig. 38.11  Energy absorption may be  assessed  from  the  load–
deformation  curve  by measuring  the  area under the  curve  (shaded
region), as depicted.
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m ore complex the m odel (m ore elem ents), the m ore accurately,
w ithin  reason , it  replicates the  act ion  and  react ion  of the spine
and/or  implant  to the applied  stresses (� Fig. 38.14b, c). Mathe-
m atical  m odels  depend  on  boundary  property  assumptions,
w hich  are usually based  on  cadaver-derived  data. This obligates
som e  error  from  the  outset. Sim plifying  assum ptions  are  also
m ade, unavoidably leading to  further  error. The  literature  sim -
ply cannot  provide all the biom echanically relevant  param eters.
Simplifying  assumptions  and  guesses  are  therefore  obligatory.
They are, as well, m isleading. Each  assumption  compounds the
overall inaccuracy of the  m odel. For  example, if each  of five  as-
sum ptions is m ade and each  is associated w ith  a 30% error (70%
accuracy),  the  overall  accuracy  would  at  best  be  (0.7)
5 = 0.168 = 16.8%. This assumption–error  relationship  is valid  for
biom edical testing, as  well. Sim ply stated, the  num ber  and  ex-
ten t of assumptions associated w ith  both  m echanical and m ath-
em atical testing studies essentially prohibit  the confident appli-
cation  of the  data  and  conclusions  so  attained  and  derived  to
the clin ical arena.

Finally, even  m ore  error  is incurred  because  of the  d i culty
associated  w ith  precise  anatom ical  replicat ion .  Therefore,
m anipulat ion  by the  m odeler  can  be  used  to  alter  output  un-
t il  it  replicates  biom echan ical  test ing  resu lts.  Thus,  FEM  is
relat ively ine ect ive  at  m aking clin ically relevan t  predict ions.
As  com puting  pow er  increases,  the  com plexity  of  FEMs
should  also  increase, along w ith  accuracy and  predictabilit y.5,

19,20 Considering  the  aforem entioned, the  valid it y  of FEMs  is
d i cu lt  to establish .12

Test ing Pit falls
Multiple factors can  adversely a ect  the results of a biom echan-
ical test . These  can  lead  to  an  inadequate  or  inaccurate  assess-
m ent  of the  data  acquired. The  in tent  of biom echanical testing
is to acquire inform ation  that  w ill assist  in  the determ ination  of
clin ically  relevant  strategies. If the  inform ation  acquired  from
biom echanical testing is  fallacious, irrelevant, or  m isleading, it
becom es useless or even  counterproduct ive.

The  load  application  rate  a ects  results.21 Rapid  loading  in-
creases sti ness, predom inantly because  the  creep  phenom en-
on  is  not  allowed  to  becom e  m anifest  (i.e., the  spine  is  not  al-
lowed  to  relax  and  creep)  before  ultim ate  failure. Therefore, a
rapidly  loaded  spine  fails  earlier  and  w ith  less  load  than  a
slow ly loaded  spine. The absence  of a creep-related  decrease  in
sti ness  is  the  prim ary cause  of th is  observation , w hich  m ust
be  considered  m ethodically  w hen  an  experim ental  design  is
being planned.

38.1.9  The Biom echanical Model
It  is  importan t  to  choose  the  m ost  appropriate  biom echanical
m odel that  w ill test  the  clin ical hypothesis at  hand  in  the  m ost
relevant  m anner. Failure  to  do so  is  a  com mon  m istake. First , a
hypothesis is often  not  w ell defined . Second, the  acquired  da-
ta  are  often  clin ically  useless. Defin ing  a  hypothesis  is  easy.
How ever, it  is  em phasized  that  th is  should  be  done  before  an
experim ent  is  perform ed.  The  clin ical  u t ilit y  of  the  der ived

Fig. 38.12  The  determination of the  fatigue  life
of an  implant  (number of cycles to failure). (A)
Exposure  of a number of the  same  implants to a
family of loads can be  used  to generate  a  curve.
Note  that  as the  load  is diminished, the  number
of cycles to failure increases. (B, C) Fatigue at  the
implant–bone interface is more difficult  to test  in
the  biomechanical laboratory. (B) Note  the  gaps
(halos) around the screw and (C) the large defect
remaining  after the  screw is removed.
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in form at ion  depends  on  m any  variables.  Som e  of  them  are
discussed  here.

It  is im portant  to understand the quest ion  to be addressed by
the experim ent, so that an  appropriate experim ental design  can
be derived. Multip le factors are  involved  in  the  m odel select ion
process:  (1)  specim en  select ion  (e.g.,  species),  (2)  size  of  the
vertebrae  (3)  length  (num ber  of segm ents)  of the  spine  to  be
studied, (4) posture of the spine, and (5) bone quality.

Specim en Select ion
Obviously, hum an  spines are  m ost  appropriate for  acquiring in-
form ation  that  is  clin ically relevant  to  hum ans. However, there
are  m any draw backs to the  use  of hum an  cadaveric specim ens.
First ,  they  are  expensive.  Second,  the  extract ion  of  clin ically
relevant  inform ation  is  complicated.  Hum an  cadaveric  spines
are  usually from  elderly  people. Osteoporosis, w hich  is  associ-
ated  w ith  decreased  bone  in tegrity  and  disc  in tegrity  in  the
spines  of  elderly  persons  compared  w ith  those  of  younger
adults, complicates  data  in terpretat ion . Furtherm ore, diabetes,
other  com orbidities, and  sm oking, w hich  also  a ect  bone  and

disc characteristics and  in tegrity, are  m ore  com m on  in  the  eld-
erly, as  well. Therefore, the  data  derived  from  a  biom echanical
study of the  spines of elderly persons are  of m inim al relevance
to the  young adult  population . If hum an  specim ens are  used, a
knowledge  of the  specim en  history is im perative  (e.g., cause  of
death , age, gender, com orbidities, and  so  on). Finally, the  risk
for  infect ious  disease  transm ission  m ust  be  considered  w hen
cadaveric t issue  is used. Know ledge of the  clin ical h istory helps
m inim ize th is risk.

The  spines  of nonhum an  prim ates  are  the  next  best  model.
However, they also  are  expensive. In  addit ion, their  anatomical
variance  is often  significant. The spines of nonprimate  m amm als
can  provide a structurally sim ilar  replication  of the human  spine
and  can  also provide bone that  is of sim ilar  quality to that  of the
young adult  hum an  spine.22 The specim ens are more homogene-
ous in  bone  density and  geom etry than  available  human  spines.
Therefore, sam ple  size  and  cost  are  dim inished. However, non-
primate m amm als are not  bipedal, so there is a fundamental dif-
ference  between  the  animal model spine  and  the  hum an  spine.
Given  the  above  discussion, young  adult  sheep  and  calf spines
provide significant  utility, particularly if cost  is a major factor.

Vertebrae Size
The size of the specim en vertebrae should  correspond relat ively
closely to that of hum ans. The  “cube–square law ” applies in  th is
regard. The  m ass of an  object  is proport ional to  the  cube  of its
linear  dim ensions. Unfortunately, its strength  increases in  pro-
portion  to  its  cross-sectional  area. This  is  proportional  to  the
square  of its  linear  dim ensions. Therefore, as the  size  of an  ob-
ject  increases, the forces acting on  it  have an  increasingly great-
er  im pact. In  other words, as the size of an  object  such  as a ver-
tebral body is  increased, the  relat ive  ability of the  object  to  re-
sist  loads  dim inishes. Thus, m odels  that  sign ificantly  di er  in
size  from  hum an  spines  provide  data  that  are  of quest ionable
significance. If the specim en  size is sim ilar  to the size of the hu-
m an  adult  spine, im plants of standard  sizes  can  be  used  to  in-
strum ent the spine (e.g., in  stability testing).22

Length of Spine to Be Studied
As the  length  of the  spine  included  in  the  testing apparatus  is
increased,  the  m agnitude  of  the  in tervening  (and  uncontrol-
lable) deform ations is sim ilarly increased. This can  adversely af-
fect  the  results.6,23 The  in tervening  segm ental  m ovem ent  is
caused  by  the  snaking  phenom enon  and  results  in  a  “floating
vertebrae” e ect  (see � Fig. 38.4 and � Fig. 38.5).5 Furtherm ore,
the increased length  of a spine specim en adds to the complexity
of data analysis. Unpredictable  m otions occur at  each  of the ex-
posed m otion  segm ents and m ust  be m onitored w ith  individual
m easurem ent  devices  (e.g., extensom eters)  to  obtain  accurate
bending m om ents at  each vertebral level.

Spine Posture
Spine  posture  (e.g., lordotic, straight, or  kyphotic) is a  very im -
portant  considerat ion  in  biom echanical testing, particularly ax-
ial load testing. Natural spine postures elicit  m uch less eccentric
loading  and  m uch  less  aberran t, unpredictable  force  and  load
application  (during  axial  loading)  than  do  unnatural postures.
Such  loading  is  m uch  m ore  com m on  in  a  spine  w ithout  its

Fig. 38.13  (A) Stiffness and  (B) flexibility curves.
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natural curvature (e.g., straightened) than  in  a m ore natural lor-
dotic cervical spine.6,24–26

Bone Qualit y
As  m entioned, bone  quality  is  extrem ely  im portant  regarding
the  applicability of results  to  the  clin ical arena. The  bone  den-
sit ies in  a  hum an  spine  are  nonuniform  from  level to  level and
w ithin  each vertebra. Bone of a quality sim ilar  to that  of hum an
bone  m ust  be  used  to  optim ize  results. Of note  is  that  an im al
bone  density is m uch  m ore  uniform  than  hum an  bone  density.
However, the  vertebral  cort ices  of calves  and  sheep  are  m uch
thicker  than  those  of hum ans. Also, the  end  plate  region  m e-
chanics in  an  im m ature vertebra (e.g., a calf vertebra) di er  sig-
nificantly from  those  in  an  adult  hum an  vertebra. These factors
m ust  be taken  in to consideration.

Creep
Creep is the phenom enon in w hich a load causes a dynam ic res-
ponse. This response  occurs gradually, not  instantaneously, fol-
low ing the  application  of a  load. In  other  words, there  is a  con-
tinued  deform ation  in  response  to  a  constan t  load  caused  by
the  viscoelasticity  of the  ligam ents  and  disc  structures. To  ac-
count  for  th is, som e researchers preload  specim ens to compen-
sate for  creep  by causing som e of the creep  to be dissipated  be-
fore  the  ultim ate  experim ental  load  is  applied. The  published
literature  has in  general not  adequately taken  th is  in to  consid-
eration .27,28 Hydrophilic  discs  can  swell  if not  loaded, even  in
the  postm ortem  state.  Therefore,  sti ness  is  increased  and
creep is exaggerated. Creep can pervert  in terpretation  of the re-
sults. It  is em phasized  that  prestressing the  spine  (subm axim al
loads) to m inim ize creep m ay be beneficial.5,24

Tem perature
Freezing and  thaw ing a biological specim en  in  general does not
a ect  the  specim en’s response  to m echanical testing. However,
th is  is  controversial.29–34 Sim ilarly,  the  length  of  t im e  during
w hich  a  specim en  is kept  at  a  given  temperature  (e.g., at  room
temperature) ultim ately does  not  a ect  biom echanical charac-
teristics.30 Som e  authors  in  fact  freeze  specim ens  in  a  desired
position  to  facilitate  fixing  the  testing  apparatus  (potting;  see
the follow ing).6

Specim en  tem perature  (e.g., body temperature  vs room  tem -
perature) does not  generally a ect  a specim en’s response to bi-
om echanical  testing. Several  exceptions  exist . Com pared  w ith
room  temperature, body  temperature  causes  ligam ents  to  ex-
pand  slightly. Creep  therefore  is  m ost  evident  at  body temper-
ature. This is a ected by frozen storage.34 Also, the fat igue life of
vertebrae  decreases  at  body  temperature.  However,  ult im ate
failure strength  and  total energy absorpt ion  (at  failure) are usu-
ally not  a ected  by temperature.5 Finally, the  e ect  of freezing
perm anently  alters  creep  behavior. This  m ay  be  related  to  al-
tered tissue perm eability.34

Moisture
The extent  of hydration  of a specim en  does not  generally a ect
its  response  to  the  biom echanical  testing  of  bone.  However,
hydration  is  important  regarding  the  soft  t issue  response  to

biom echanical testing.21 Basically, desiccated ligam ents respond
suboptim ally to  tensile  force  application , and  extrem ely poorly
to repetit ive axial loading (fatigue testing).

In terver tebral  disc  hydration  significantly  a ects  the  res-
ponse  to  biom echanical  testing. A hydrated  disc  is  sti er  and
bears  axial loads  m ore  e ect ively  than  a  dehydrated  disc (see
Chapter  5).  It  is  also  associated  w ith  m ore  creep.  As  already
m entioned, the hydrophilic nature  of the  disc causes it  to swell
in  the postm ortem  (unloaded) state.

Som e investigators use a  hydration  schedule, w hereas others
use  a  water  retention  film  to  cover  the  specim en. Also, as  al-
ready stated, preloading can  m inim ize the subsequent creep as-
sociated  w ith  disc  overhydration  and  sti ness,  thus  substan-
tially  m inim izing  the  significance  of  m ost  of  the  aforem en-
tioned factors.

Specim en Mount ing
Fixation  of the  specim en  to the  testing apparatus is a  key com -
ponent  of a  biom echanical  test. If a  specim en  is  fixed  poorly,
the test  m ay fail or  the results m ay becom e perverted. The pot-
ting process m ay be reinforced  w ith  screws or  bolts placed  in to
the  end  vertebrae  (� Fig.  38.15).  This  provides  stability  and
helps  prevent  failure  at  the  vertebra–pot  junct ion  by avoiding
m ovem ent  during loading. Failure to adequately a x the speci-
m en  to  the  testing  m achine  w ill  adversely  a ect  results.  If  a
specim en  is  m isaligned  in  the  pot, in it ial stresses  in  the  speci-
m en  w ill  skewing  the  biom echanical results. This  occasionally
w ill occur unbeknow nst  to the researcher.

The Test ing Machine
Although  all  test ing  m ach ines  should  provide  sim ilar  if
not  iden t ical  resu lts,  ease  of  experim ent  perform ance  and

Fig. 38.14  Finite  element  model. (A) A structure, such as a vertebra, is
divided  into  elements with  well- defined  borders, characteristics, and
boundary conditions. (B, C) Complex models reveal increasingly
greater amounts of information.
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experim ent  in terpretat ion  m ay foster  a  cleaner  experim ental
design . Such  a  m ach ine  is depicted  in  � Fig. 38.16a. Soft ware-
driven  m ach ines  provide  sign ifican t  advan tages  com pared
w ith  their  m anually  driven  coun terpar ts.  More  com plex
experim ents  can  be  perform ed, and  m ore  accurate  and  m ore
detailed  data  are  usually  acquired  w ith  the  newer  soft ware-
driven  m odels.  For  exam ple,  pure  m om ents  (or  m ore
appropriately,  nearly  pure  m om en ts)  cannot  be  applied  by
conven t ion al un iaxial m ach ines.35

Biaxial  m ach in es,  m ach in es  th at  deliver  loads  in  m ore
th an  on e  p lan e  (e .g., axial an d  torsion al), expan d  th e  u t ilit y
of  th e  biom ech an ical  t est .  Th ey  requ ire  add it ion al  com po-
n en ts  (torque  m otors  an d  so  on );  h en ce,  th ey  are  cost ly.
Th ey  also  p rovide  th e  op t ion  of  m ult ip lan ar  force  app lica-
t ion . Th is  perm it s  o -axis  load in g  an d  m om en t  app licat ion ,
w ith ou t  per version  of  th e  experim en tal  design .  With ou t
such  an  abilit y, un n ot iced  or  un accoun ted-for  load  an d  m o-
m en t  app licat ion s  can  resu lt . Th ese  data  can  be  d i cu lt  to
in terp ret .

Robots  can  be  used  to  provide  sm ooth ,  reliable,  replicable
biaxial-like loads to specim ens (� Fig. 38.16b). Testing schem es
can  be  program m ed  to  provide  complex and  clin ically relevant
testing paradigm s (� Fig. 38.16b).

Others have em ployed strain  m easurem ents to assess the ad-
equacy of spinal fusion .36

38.1.10  Experim ental Design
Like the results of experim ents in  all m edical disciplines, the re-
sults  of spine  biom echanics research  are  inextricably bound  to
the quality of the experim ent, and  m ore  im portan tly to the  de-
sign  of  the  experim ent.  The  expression  “garbage  in ,  garbage
out” m ost  certainly applies  here. Therefore, w ithout  equivoca-
tion, experim ental  design  is  crit ical  to  data  in terpretat ion. In
th is  regard, a  consideration  of the  application  of force  (loads)
and  m om ents and  the  m anner  in  w hich  they are  applied  (test-
ing m ode; strength  testing vs fat igue testing vs stability testing)
is relevant.

Fig. 38.15  Potting  the  end  vertebra. This is often  reinforced  with  screws or bolts—in  this case  screws, as depicted  (A) in  an  axial view and  (B) in  a
laboratory specimen.

Fig. 38.16  A materials testing  machine. (A) A
computer drives the  tests. (B) Recently, robots
have  been  employed  to provide  more  complex
motions with  feedback loops that  alter motion
and  enhance  quality of output.
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Interm ediate  Muscle Force Applicat ion
Interm ediate  forces  sim ulating m uscle  act ion  can  be  applied  to
a  spine  specim en  w ith  cables  (term ed  the  follower  load).  This
can  m im ic the  in  vivo  situation. The  am ount  of tension  applied
by the  cables  is  crit ical. However, the  appropriate  tension  to  be
applied  is essentially unknown. Clinical forces, as well as exper-
im ental  cables,  apply  axial  and  translational  forces  to  the
spine.10 The  compression  (axial load)  e ect  contributes  to  pre-
loading  of the  spine. Because  the  extent  of interm ediate  forces
applied  to  the  spine  is  poorly  understood, and  because  of the
fact  that  they alter  (in  an  unknow n  m anner) the  biom echanical
results, these forces m ay indeed  contribute  to, rather  than  m ini-
m ize, confusion  and  inaccuracy.5 This is compounded by the fact
that  in  the  in  vivo  situation, lateral m uscle  “pull” is  a ected  by
back pain.37 Other  factors m ost  certainly are involved, as well.

Forces and Mom ents
Force  (load) application  to the  spine, in  its sim plest  form , repli-
cates  axial loading as  an  isolated  load. However, th is  is  an  un-
com m on  m echanism  of spine  loading (� Fig. 38.17a). Sim ilarly,
pure  bending m om ents, as  m entioned, are  even  m ore  uncom -
m only applied  to the  spine  in  vivo (see  � Fig. 38.6). Most  often ,
a  com bination  of force  vectors, including forces  and  m om ents,
is  applied  (� Fig. 38.17b). This  translates  in to  linear  and  rota-
tory  (torque)  load  applications.  The  surgeon  m ust  take  great
care  to assess the  location  of the  instantaneous axis of rotation
at  the m om ent of failure. This can  significantly a ect  results.38

State-of-the-art  biom echanical testing m achines (e.g., biaxial
m achines)  that  use  software-driven  technology  and/or  robots
can  sim ultaneously apply linear  and  rotatory loads  (forces and
m om ents). This is important  if the researcher hopes to replicate
the loading of the hum an spine.39

A m ajor  lim itation  of  tradit ional  testing  m achines  is  their
inability  to  apply translational loads  (i.e., apply loads  in  a  per-
pendicular  orien tation). It  is  em phasized  that  th is  lim itation  is

inherent , on  a  theoretical basis. Therefore, it  is  associated  w ith
all available testing apparatuses. Robots m ay be an  exception  in
that  they  can  be  program m ed  to  provide  translat ional  loads.
However, the validity of th is strategy is yet  to be confirm ed (see
� Fig. 38.16b).

Test ing Mode
The  m ode  of test ing  (st rength , fat igue, stability)  sign ifican t ly
a ects  experim ent  outcom e  and  results.  The  resu lts  of  an
otherw ise  very cred itable  study  m ay be  unnecessarily  invali-
dated  by  the  use  of an  inappropriate  study  design . Strength ,
fat igue,  and  stabilit y  test ing  are  very  d i eren t  conceptually
and  clin ically.  Therefore,  in  th is  vein ,  a  hypothesis  m ust  be
form ed  before  the  test ing  m ode  is  chosen .  It  then  m ust  be
studied  m ethodically.

38.2  In Vivo Biom echanical
Test ing
A final note is worthy of em phasis. Testing im plants in  vivo m ay
perm it  the  researcher  to  bypass  m any  of the  aforem entioned
obstacles to m eaningful research.9,32,40 A variety of technologies
m ay perm it  w idespread  research  regarding the  clin ical utiliza-
tion  of in  vivo biom echanical testing. These include the im plan-
tation  of strain  or  pressure m easurem ent  devices36,41–48 and  in-
traoperative  techniques.49 Both  are  associated  w ith  significant
error and, hence, m isinterpretation.

38.3  Conclusion
Experim ental design, execution , and in terpretation  are complex
endeavors. Each  entails a m ethodical and  careful approach. Hy-
potheses  m ust  be  well  defined  and  m eticulously  explored. Fi-
nally, only reasonable conclusions m ust  be derived  from  exper-
im ental data. Unfortunately, conclusions that  are both  excessive
in  num ber  and  erroneous  are  often  derived  from  inadequate
and/or  m isleading  data.4 We  m ust  all  exercise  care  and  judg-
m ent  regarding  these  issues.  Much  work  is  yet  to  be  done17

w hile  sound  scientific  m ethodologies  are  applied  at  the  sam e
tim e.50 Hence, diligence and the perpetual questioning of m eth-
odologies and  results are in  order. This should  result  in  a liberal
application  of the  “sni test .”51 In  other  words, one  should  ask
the  follow ing  quest ions  w hile  assessing  any  biom echanical
study: Are the results logical?  Are the conclusions supported by
the  data  presented?  The  nose  m ay at  t im es  be  m ore  accurate
than  the analytical study at hand.
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39  The Decision-Making Process: A Reprise
39.1  Clinical Decision Making and
the Biom echanical Basis for
Const ruct  Failure
Clin ical decision  m aking is  the  ultim ate  focus  of th is  book. An
appreciation  of anatom ical and  clin ical correlations and  the  at-
tainm ent  of a  deep  understanding of biom echanical principles
are  crit ical regarding  one’s  ability  to  craft  rational approaches
to care. With  th is in  m ind, it  goes w ithout  saying that  the afore-
m entioned form  the basis for the prevention  of construct  failure
and  for  clin ical success. Hence, if one  understands  the  biom e-
chanical  basis  for  construct  failure, construct  failure  becom es
m uch less likely.

This  chapter, the  final chapter  of th is  book, focuses on  three
components  of  the  clin ical  decision-m aking  process:  (1)  the
derivation  of a  sound  clin ical plan , (2) the  appreciation  of ana-
tom ical and  clin ical correlations, and  (3) the biom echanical ba-
sis for construct  success or  failure. Case scenarios are presented
to  illustrate  the  principles  and  strategies  em ployed  to  derive
clin ical plans and  to determ ine  the  biom echanical m echanism s
of failure, w hen  such  occurs. Finally, selected  scenarios are  pre-
sented  to  illustrate  the  principles  relevant  to  decision  m aking.
The  scenario  categories  include  the  follow ing:  (1) the  decision
to perform  a ventral, dorsal, or com bined procedure; (2) the de-
cision  regarding  the  site  of deform ity correction;  (3)  the  deci-
sion  regarding  the  determ ination  of the  m ost  appropriate  tra-
jectory for  surgical in tervent ion;  (4) the  decision  regarding the
extent  of surgery;  and  (5)  the  impact  of stereotact ic radiosur-
gery on  the  surgical decision-m aking  process  in  pat ients  w ith
m etastatic cancer. Clinical scenarios for  each  of these categories
are  used  to  discuss  the  derivation  of  sound, biom echanically
relevant  clin ical plans. Finally, complication  avoidance, as it  re-
lates to construct  failure, is em phasized.

We  begin  th is  final chapter  w ith  a  discussion  of the  process
involved  in  m aking  clinical  decisions. We  then  delve  in to  the
nuances of the process.

39.2  The Decision-Making Process
All of us m ake  m any decisions each  day. Perhaps the  m ost  im -
portant  of these are the  ones that  a ect  the lives of others. This
is par ticularly so for surgeons. In  th is regard, the m ost appropri-
ate decision  choice is rarely unequivocal and  truly obvious. Fre-
quently,  decisions  m ade  w ith  the  best  of  in tentions  are  m et
w ith  legitim ate  crit icism  in  retrospect.  Far  too  m any  people
(surgeons  in  particular)  use  the  “retrospectoscope”  to  judge
others w ho, by vir tue  of being in  the  “hot  seat,” were  forced  to
m ake  decisions  prospectively  and  w ithout  the  advantage  of
hindsight .  In  th is  vein  and  complicating  the  decision-m aking
process, it  is  exceedingly com m on  for  spine  surgeons  to  di er
regarding  their  clin ical opinions. Perhaps  both  fortunately and
unfortunately, there seldom  exists a true righ t or w rong way.

In  spine  surgery,  the  decision-m aking  process  is  indeed
complex. It  is imperative to understand the fundam entals of op-
erative  and  nonoperative  in tervent ion.  The  roots  of  these

fundam entals—spine  biom echanics and  the  clin ical application
of biom echanical  principles—have  been  presented  in  the  pre-
ceding  chapters. A surgeon  cannot  “instruct” another  surgeon
regarding  the  best  way to  assim ilate  th is  inform ation  in  order
to  m ake  optim al decisions. Situations  and  pat ients  are  unique,
dictating the need for case-specific thought and creativity. More
im portan t ly, chance enters the equation . Two apparently identi-
cal patien ts m ay respond di eren tly to seem ingly identical clin-
ical in tervent ions. Although  these  di erent  responses are  m ore
than  likely related to variables that are not  as of yet defined, the
m edical  com m unity  m ust,  until  show n  otherw ise,  attribute
them  to chance, or  rather  to the im pact  of undeterm ined  varia-
bles. It  is w ith  th is in  m ind that  th is chapter provides som e food
for  thought  regarding  decision  m aking  and  the  process  by
w hich  decisions are m ade.

39.3  Spine Surgery versus
Nonoperat ive Managem ent : Back
Pain as the Paradigm
The surgical decision-m aking process first  involves the decision
of w hether  or  not  to  operate. This is a  key and  crit ical decision
that  is  all too  often  inappropriately m ade. For  the  patient  w ho
has  undergone  several  unsuccessful  operat ive  in tervent ions,
the  m ost  importan t  surgical decision  was  indeed  the  decision
to operate in  the first  place—that  is, the decision  to perform  the
first  operation . After  the first  operation , a return  to the preope-
rative state is im possible. “One can  always do spine surgery, but
one can  never  undo spine surgery.” Although  this adm onition  is
in tuit ive and obvious, it  is often  forgotten  or not applied. Not all
pathologies  or  pathologic  processes  respond  to  surgical  in ter-
vention,  and  the  surgical  in tervent ion  itself  m ay,  and  often
does, lead  to m ore spine surgery. The phrase  “spine surgery be-
gets  spine  surgery” is  unfortunately  “bigger  than  life”  in  the
current surgical and technologic era.

To  facilitate  the  discussion  of  the  decision-m aking  process,
the  m anagem ent  of back pain  is  used  as an  example. The  non-
operative  and  operative  decision-m aking  dilem m as  and  deci-
sions associated  w ith  back pain  are  part icularly illustrat ive  and
so  are  used  here  as  a  tool  to  illum inate  the  nuances  associ-
ated  w ith  the  decision-m aking process. Such  can  also  help  us
establish  a  tem plate  for  the  decision-m aking  process  w ith
other  condit ions.

39.3.1  Back Pain: Defining the Clinical
Disorder
A clin ical disorder or condition  m ust  be clearly defined  before a
reasonable  treatm ent  strategy can  be  established. Although  in-
tuit ive, th is  principle  is  com m only  m isapplied,  perhaps  m ost
notably in  the m anagem ent of back pain .

For example, the etiology of back pain  is heterogeneous. Pain
in  som e  patients  is  related  to  m uscle  spasm , or  a  myofascial
disturbance. Pain  in  others  m ay  be  related  to  dural  or  neural
compression. In  still  others, in flam m ation  m ay be  at  play  (i.e.,
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inflam m atory back pain , also  know n  as  early-onset  ankylosing
spondylit is).  And  finally,  pain  m ay  be  m echanical  in  nature,
w ith  a myriad of associated potent ial etiologies.

Although  the  aforem ent ioned  schem e perhaps represents an
oversim plification, it  is  used  here  in  order  to  avoid  the  in tr ica-
cies  and  controversies  of  diagnosis  and  categorization  that  a
m ore complex schem e would  entail. Each  of the four categories
of pain  is presented and discussed.

Myofascial Pain
Muscle  spasm  (myofascial  pain)  and  related  entit ies  are  the
m ost  com m on cause of back pain . The pain  is usually sharp  and
associated  w ith  palpable  tenderness  of  the  paraspinous
m uscles. It  seldom  responds to bed rest  (spinal unloading).

Pain Caused by Dural and Neural Com pres-
sion
Dural, part icularly  ventral dural, compression  (� Fig. 39.1) can
cause  axial and  referred  pain  (as  a  result  of the  relatively  rich
ventral  dural  innervation),  w hereas  nerve  root  compression
causes radicular  pain . Radicular  pain  is  usually sharp  and  elec-
tr ic. Axial pain  is usually dull and agonizing.

Inflam m atory Back Pain
Inflam m atory  back  pain  is  m ore  com m on  in  persons  younger
than  40  years of age. It  is  worse  upon  wakening and  dissipates
as the  m orning progresses. Its character, although  not  the  tim e
fram e  in  w hich  it  occurs, is  sim ilar  to  that  of m echanical back
pain . It  therefore behooves the  surgeon  to pursue the  diagnosis
of  both  of  these  conditions  aggressively.  Inflam m atory  back
pain ,  w hich  is  characteristically  seen  in  patien ts  w ith  early-
stage ankylosing spondylit is, is not  e ect ively t reated by fusion.

Hence,  m isdiagnosing  early-stage  ankylosing  spondylit is  in  a
patient  w ith  back  pain  as  m echanical back  pain  can  lead  to  a
very poor outcom e follow ing ill-advised surgical in tervention .

Mechanical Back Pain
Mechanical pain  is  typically  deep, dull, and  agonizing. Muscle
tenderness  is  not  a  component  of  th is  pain  type, although  it
m ay  be  an  associated  sym ptom . Mechanical pain  is  worsened
by  activity  (loading)  and  dim inished  by  unloading  (e.g.,  bed
rest).  It  is  often  associated  w ith  degenerative  disease  of  the
spine (i.e., a dysfunct ional m otion  segm ent; � Fig. 39.2).

Chronic Pain
Chronic pain  is  defined  prim arily  by its  “chronicity.” Although
it  m ay have begun  as an  acute pain  syndrom e, such  pain  devel-
ops  a  life  of its  ow n  as  t im e  passes. It  also  changes  character,
often  being associated  w ith  nonradicular  and  atypical pain . The

Fig. 39.1  Ventral dural sac compression, as depicted, can  cause  axial
back pain.

Fig. 39.2  Mechanical back pain  is caused  by a  degenerated  motion
segment  that  is dysfunctional. (A) Decreased  disc interspace  height,
irregular appearance  of the  end  plate, sclerosis of the  end  plate, and
osteophyte  formation are  the  cardinal radiographic signs of a
degenerated  disc interspace  and  hence  a  dysfunctional motion
segment. (B) Subluxation, with or without  motion, may or may not  be
present, as depicted.
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complaint  of  “burning,”  for  example,  is  often  a  chronic  pain
sym ptom . It  is  often  associated  w ith  m ultiple  other, unrelated
som atic complaints.

As stated, the pain  is usually nonradicular and is not  m echan-
ical in  nature. The im aging findings m ay or m ay not  show  path-
ology that  is  am enable  to  surgery. Of perhaps the  greatest  im -
portance is the observation  of chronic fatigue (low  energy level)
w ith  an  accom panying sleep disorder in  m any of these patients.

39.3.2  Managem ent
Each  of  the  aforem entioned  types  of  pain  is  m anaged  di er-
ently. Only one  (i.e., pain  caused  by dural and  nerve  root  com -
pression) responds to decompressive surgery, and  only one (i.e.,
m echanical pain) is am enable to spine stabilizat ion w ith  fusion/
instrum entation ,  so  that  the  surgeon  can  at  least  hope  to
achieve success.

Myofascial  pain  (m uscle  spasm )  responds  to  “tincture  of
tim e,” m uscle relaxants, and  stretching exercises. It  m ay be pre-
vented  by  a  core  m uscle–strengthening  exercise  program .
These exercises strengthen  the support ing m uscles of the spine
(e.g., rectus abdom inis and  erector  spinae m uscles;  see  Chapter
37). This pain  type  is usually self-lim iting, but  it  often  recurs if
preventative exercises are not  instituted.

Dural and  neural compression  often  responds to  “tincture  of
tim e” and  ant i-inflam m atory agents. Decom pressive surgery (e.
g.,  discectomy  or  lam inectomy)  m ay  be  appropriately  per-
form ed in  selected cases.

Mechanical pain  is akin  to the pain  caused  by hip  or knee ar-
thrit is  in  pat ients  w ith  severely  degenerated  join ts. It  is, in  a
sense,  a  m anifestation  of  the  wear-and-tear  phenom enon  (a
worn-out  joint). Joint  rem oval and  replacem ent  (as  applied  to
hip  or knee degenerative disease) or  fusion  (as applied  to in ter-
vertebral join t  degeneration) should  elim inate  the  cause  of the
pain . What  is  learned  from  th is  analogy  is  that  pain  itself  is
m anaged  by rem oving the source or by stabilizing (i.e., w ith  fu-
sion) the m otion  segm ent (i.e., preventing abnorm al or dysfunc-
tional m otion).

Regarding  the  decision-m aking  process,  it  m ust  be  under-
stood  that  join t  stabilization  can  be  achieved  by  nonoperative
as  well as  operat ive  m eans. Surgical techniques  for  fusion  and
stabilization  are  well  described.  Nonoperative  m anagem ent
strategies are less well understood. However, they are m ost  cer-
tain ly capable  of e ectively contribut ing to the  m anagem ent  of
m echanical pain . Flexibility  exercises  can  decrease  fibrous  ad-
hesions  in  adjacent  m otion  segm ents, thus  e ect ively alleviat-
ing the  restricted  range  of m otion  and  decreasing the  pain  re-
lated  to  the  sti ened  spine. Strengthening exercises  can  stabi-
lize joints (see Chapter 37). This decreases the m echanical com -
ponent  of the  pain  syndrom e. Therefore, aggressive attempts at
nonoperative  m anagem ent  should  include  both  stretching and
strengthening algorithm s (i.e., spine reconditioning).

39.3.3  Pat ient  Select ion
Currently,  the  process  of  pat ient  select ion  for  both  operative
and nonoperative m anagem ent algorithm s is relatively unscien-
tific. The surgeon  m ust  therefore  rely on  in tuition, exist ing sci-
ent ific inform ation, and  m ost  im portan t ly com m on  sense. Most
spinal  disorders  can  be  m anaged  nonoperatively. Therefore, a

patien t-specific  nonoperative  strategy  should  be  crafted  and
m ethodically  em ployed  in  nearly  all  patients  w ith  back  pain .
Failure  of  such  a  nonoperative  strategy  m ay  be  construed  as
one of the indicators in  favor  of surgery in  an  otherw ise appro-
priate  candidate. A general rule  of thum b  is  clearly  applicable
here: surgery should  be considered  only for  those patients w ho
have  m et  str ict  criteria,  and  w hose  sym ptom s  and  findings
would  cause the  surgeon  to undergo surgery in  sim ilar  circum -
stances.

One  m ust  rem em ber, however, that  a  failure  of nonoperative
m anagem ent  in  and  of itself does  not  constitute  an  indication
for  surgery.  Put  another  way,  one  should  never  assum e  that
since “nothing else has worked, surgery w ill. ”

Indicat ions for Surgery
Indications for surgery include the follow ing: (1) threat  of para-
lysis  or  death  and  (2)  failure  of  previous  reasonable  trials  of
nonoperative  m anagem ent  in  pat ien ts  for  w hom  surgery  is  a
reasonable  alternative  strategy. There  are  m any  contraindica-
tions  to  surgery, including these:  (1) the  absence  of an  indica-
tion  for  surgery  (the  m ost  obvious), (2)  m edical  contraindica-
tions  (usually related  to  com orbidities), and  (3) success  w ith  a
nonoperative  alternative. Prudence  and  the  liberal use  of com -
m on  sense  are  em phasized.  The  overuse  of  diagnostic  algo-
rithm s that  increase the rate of surgery m ay not  be prudent . An
example  in  th is regard  is associated  w ith  discography, w hich  is
relatively  unreliable  regarding  the  prediction  of  clin ical  out-
com e.1 Algorithm s  for  determ ining  outcom e  w ith  discography
are  therefore  suspect.2 On  the  other  hand, discography can  be
used to “weed out” pat ients from  surgical consideration. If used
in  th is  m anner,  discography  takes  on  a  di eren t  “diagnostic
light.”

Philosophy
Physician  and  even  institut ion  philosophy  plays  a  role  in  the
clin ical  decision-m aking  process. Physician  philosophy  should
(1)  be  established  and  (2)  be  based  on  a  sound  foundation  of
evidence (w hen  available) and  com m on  sense. Category-specif-
ic algorithm s can  be  generated, adhered  to, studied, and  rede-
fined  (based  on  study results). This process can  be form al or, as
is m ost often  the case, inform al.

39.3.4  The Decision to Operate
Nonoperative  strategies  have  been  addressed  in  Chapter  37.
Further  discussion  is  warranted, however, regarding  the  deci-
sion-m aking process. The  determ ination  of surgical indications
is the m ost  di cult  and  yet  the m ost  im portan t  aspect  of every
surgical discipline. This  m ay be  m ost  evident  in  spine  surgery,
especially w ith  regard to the indications for spinal fusion. There
are  no  o cial rules  to  guide  patient  m anagem ent. Hence, un-
certain ty, confusion, and  m isinform ation  often  prevail. Never-
theless, the use of a logical pat ient  m anagem ent  schem e should
optim ize  the  outcom e  for  any given  pat ient. Such  a  schem e  is
presented here.

The  follow ing  presents  a  schem e  used  by  the  author.  This
schem e is based  largely on  observations and  opinion . Surgeons
m ay or m ay not  choose to incorporate part  or all of th is schem e
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in to their  ow n  decision-m aking schem e. Nevertheless, the  con-
sideration  of such  a  schem e  m ay  be  instruct ive  and  help  sur-
geons devise their ow n strategic plans.

Indicat ions for Lum bar Fusion
Spinal fusion  m ay be indicated w hen excessive or abnorm al spi-
nal  m otion  causes  refractory  pain  that  significantly  in terferes
w ith  the  act ivit ies of daily living in  pat ients w ho are  m otivated
and  w ho  are  actively  participating  in  their  ow n  rehabilitation
and  recovery program . This surgical indication  schem e  is  di -
cult ,  if not  im possible, to  quantitate.  General  rules  of  thum b,
however, can  be  established  on  a  surgeon-specific  basis. Sur-
geons  should  determ ine  their  ow n  well-defined  and  m ethodi-
cally conceived  criteria. In  the  author’s opin ion, spinal fusion  is
indicated if, and only if, the follow ing four conditions are clearly
established: (1) Excessive or abnorm al segm ental spinal m otion
exists, (2)  th is  m otion  is  related  to  the  pat ien t’s  pain , (3)  the
pain  significantly  in terferes  w ith  the  act ivit ies  of daily  living,
and  (4) the  patient  has  dem onstrated  a  com m itm ent  to  h is  or
her m anagem ent and recovery process.

Excessive or Abnormal Spinal Motion
Confirm ing that  a  spinal m otion  segm ent  is the  cause  of a  pain
syndrom e (pain  generator) is truly a m ost di cult , if not impos-
sible, endeavor. Findings  on  plain  radiography, m agnetic reso-
nance  (MR)  im aging, computed  tom ography  (CT), bone  scan-
ning, and  discography  have  been  used  as  im aging  criteria  for
spine  surgery. In ternal disc degeneration  or  disrupt ion  is  often
touted  as  a  cause  of pain  of spinal origin . Its  diagnosis  by dis-
cography or  MR im aging, however, has not  been  show n  to cor-
relate w ith  clin ical outcom e. CT, sim ilarly, does not  provide clin-
ical  correlation . Bone  scanning, although  appealing  regarding
its  ability  to  define  regions  of  “inflam m ation,” sim ilarly  does
not correlate w ith  surgical outcom e.

Because  surgical  outcom e  is  not  correlated  w ith  tradit ional
“outcom e assessm ent  param eters,” the surgeon  should  perhaps
seek surgical indicators that  shrink, rather  than  expand, the  in-
dications for surgery. The painful m otion  segm ent  that  is unsta-
ble, excessively m obile, or excessively degenerated should  theo-
retically  becom e  painless  if im m obilized. The  unstable  m otion
segm ent  can  m ost  often  be  e ect ively  identified  by  plain  ra-
diography (including flexion  and  extension  X-rays). Its  relation
to pain  can  be gleaned from  the patien t’s h istory and clinical as-
sessm ent.

The  radiographic  findings  associated  w ith  painful  m otion
segm ents  are  (1)  excessive  m obility,  (2)  fixed  subluxat ion  or
other  segm ental  deform ity, and  (3)  sign ificant  segm ental  de-
generat ive  changes.  These  findings  suggest  that  excessive  or
dysfunct ional spine m otion  exists. Put  another way, fixed spinal
deform ity or excessive degenerative changes in  and/or around a
disc in terspace  indicate  that  abnorm al segm ental m otion  exists
or has existed. Therefore, even  in  the face of an  inability to dem -
onstrate excessive m otion  by flexion and extension  views, these
findings m ay be associated  w ith  pain  of spinal origin . This pain ,
for  lack of a  better  term , is  defined  as m echanical back pain . It
results  from  m echanical instability and  dysfunctional segm en-
tal m otion . Note that  the painful m otion  segm ent cannot be un-
equivocally localized, nor  can  it  be  unequivocally distinguished

from  other,  sim ilarly  radiographically  involved  m otion  seg-
m ents. It  is  em phasized  that  the  in tervertebral disc is  not  the
only component  of the  m otion  segm ent  that  m ay be  contribu-
ting  to  the  m otion  segm ent’s  dysfunctional  nature.  The  facet
join ts can  and often do contribute to such. The obligatory m ulti-
factorial nature, from  an  etiologic perspective, adds to the com -
plexity of the diagnostic and decision-m aking processes.

Clinical Assessment
The  clin ical  assessm en t  is  the  m ost  im por tan t  aspect  of  the
surgical indications  determ inat ion  process. It  includes  an  ac-
curate  docum en tat ion  of  the  patien t’s  h istory  and  the  per-
form ance  of  a  physical  exam inat ion .  The  patien t  h istory  is
im portan t  on  tw o  accoun ts. First , it  establishes  the  h istory to
date  and  the  chron icity  of  the  process. More  im portan t ly, it
elicits  the  character  of the  pain . Establish ing the  character  of
the  pain  is  a  key concept  in  the  surgical indicat ions  determ i-
nation  process.

Pain  associated  w ith  m echanical instability  is  identifiable  by
three defining criteria, all of w hich  are required  to establish  the
diagnosis: (1) The pain  is deep and agonizing; (2) the pain  is as-
sociated w ith  act ivity or loading of the allegedly painful m otion
segm ent; and (3) the pain  is decreased or elim inated by unload-
ing of the spine (i.e., the allegedly painful m otion  segm ent).

Before  the  presence  of pain  associated  w ith  m echan ical in -
stabilit y  (m echan ical  back  pain )  can  be  established ,  other
com ponen ts  of  the  patien t’s  pain  syndrom e  m ust  be  either
elim inated  or  accoun ted  for  by both  clin ical m eans and  im ag-
ing techn iques.

Extent  of Pain
The extent  of pain  is di cult  to quantitate. Usually, it  cannot  be
e ect ively  assessed  during  one  o ce  visit .  The  surgeon  m ust
take  adequate  t im e  to  “get  to  know ” the  patien t  and  fam ily.
Questionnaires,  including  outcom e  assessm ent  instrum ents
and psychosocial assessm ent  tools, m ay be useful in  the process
of assessing disability and quality of life and  establish ing guide-
lines for treatm ent algorithm s.3,4

The  assessm ent  of pain  m ust  also  involve  a  determ ination  of
chronicity. Chronic pain  often  does not  respond to conventional
decompression  or  stabilization  techniques. Managing such  pain
via  a  m ultidisciplinary approach  is  m andatory. The  team  m ust
address  not  only  the  pain , but  also  the  fatigue  and  sleep  dis-
turbance  that  are  often  associated  w ith  such  pain  syndrom es.
Spinal cord stim ulation m ay even be indicated in  a very selected
subset of patients.5

Pat ient  Motivat ion
Identifying  a  m otivated  patien t  is  m ore  straightforward  than
quantitating  the  pat ient’s  pain . In  fact, m otivation  m ay be  ob-
ject ively  assessed, albeit  indirectly. Several  param eters  can  be
m onitored  periodically to  assess  progress  w ith  a  nonoperative
treatm ent  regim en:  (1)  cessation  of sm oking, (2)  weight  loss,
(3) flexibility param eters, and  (4) exercise  tolerance and  condi-
tioning.  Midlevel  health  care  providers  (nurse  pract it ioners,
physician  assistan ts, and  physical therapists) can  play a  pivotal
role in  th is process, as well as in  patien t education.
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The Last  Hurdle  before  Surgery: Aggressive
Nonsurgical Managem ent
Four  separate  m anagem ent  techniques  (constitut ing  a  four-
point  program )  are  an  in tegral  component  of the  nonsurgical
m anagem ent  of m echanical  back  pain:  (1)  general  augm enta-
tion  of physical well-being, (2)  aerobic exercise, (3)  st retch ing
exercise, and  (4) strengthening exercises  (GASS). Each  of these
requires  pat ient  education  by  the  surgeon, by  m idlevel health
care providers, or m ore appropriately by both  (see Chapter 25).

39.3.5  Alternat ive Nonsurgical and
Diagnost ic Strategies
Bed Rest  and Tract ion
Assum ption  of the  horizontal position  for  prolonged  periods is
often  not  beneficial  and  poten t ially  m edically  harm ful. There-
fore, unless otherw ise dictated  (e.g., quadriplegia and  spinal in -
stability), on ly short  periods of bed rest  should be considered.

Tract ion  has  lim ited  application. Its  use  is  usually  restricted
to pat ients w ith  an  unstable  spine. Other  indications should  be
considered suspect.

Spinal Bracing
Bracing m ay be  indicated  for  (1) stabilization  or  (2)  diagnostic
purposes. If stabilization  is the indication  for a bracing strategy,
its  pitfalls  and  the  alternatives  to  bracing  m ust  be  considered
(see  Chapter  36). If diagnost ic inform ation  is  sought, the  infor-
m ation  gleaned  should  be  sparingly and  carefully incorporated
into the  decision-m aking process. Spinal bracing may tempora-
rily  stabilize  the  spine  and  result  in  a  temporary  relief of m e-
chanical back pain .6 A surgical fusion  m ay be indicated if (1) the
indications for surgery are present and (2) the pat ient  has failed
aggressive  nonoperative  strategies. An  aggressive  approach  to
nonoperative m anagem ent  includes the use of external fixators
for diagnost ic purposes.7 More rational approaches to nonoper-
ative  m anagem ent  include  aggressive  physical restoration, core
strengthening, and flexibility program s.

39.3.6  Select ion of the  Operat ion
Once  the  patien t  has  m et  the  clin ical  criteria  for  surgery  and
dem onstrated  the w ill to part icipate  actively in  a  pain  m anage-
m ent  program , a  considerat ion  of surgery is  reasonable  if pain
persists. However, three  poin ts still m ust  be  addressed:  (1) the
level(s) to be fused , (2) the fusion  technique to be  used, and  (3)
the need for supplem entary instrum entation.

The  level(s)  to  be  fused  are  determ ined  by lum bar  spine  ra-
diographs  (including  flexion  and  extension  view s). The  fusion
technique to be used  is determ ined  by the surgeon’s arm am en-
tarium  and biases, w hich  obviously m ust  be based  on  sound  bi-
om echanical  principles. The  choice  of technique  is  also  based
on  the  clin ical  situation , the  surgeon’s  clin ical  judgm ent, and
h is  or  her  assessm ent  of  the  literature. The  need  for  in stru-
m entat ion  placem ent  is  sim ilarly  determ ined . Lum bar  fusion
is  often  supplem ented  by  instrum en tat ion  placem ent . Other
considerat ions, how ever, m ay prevail. Situat ions  in  w h ich  the
fusion  rate  is  h igh  w ithout  inst rum en tat ion  m ay  be  best

t reated  w ith  in  situ  fusion  (fusion  w ithout  supplem ental
instrum entat ion).

Finally, other  factors  m ay  dictate  the  type  of operation  em -
ployed. The  presence  of  neurologic  deficit  and/or  neural  ele-
m ent compression  m ay oblige the surgeon to perform  a surgical
spinal decompression  that  fur ther destabilizes the spine or  that
destabilizes  the  spine  over  additional  m otion  segm ents. Such
factors,  obviously,  complicate  the  surgical  decision-m aking
process.

39.3.7  Outcom e Assessm ent  Tools
Outcom e  assessm ent  tools  and  evidence-based  m ethodologies
can  and  in  fact  w ill be  increasingly used  to  determ ine  optim al
treatm ent  strategies. They provide for  a  scient ifically based  de-
cision-m aking process.8–14

39.4  Problem -Based Decision
Making
The  surgical decision-m aking process  is  an  art  form . No  single
strategy always works, and  even  the  m ost  inadequate  of strat-
egies  w ill  work  occasionally. The  decision-m aking  process  in-
volves the  assim ilation  of prior  experiences and  the  experience
of others  (e.g., by  the  learned  assessm ent  of the  literature), in
addition  to an  in-depth  knowledge and  awareness of the appli-
cation  of biom echanical and anatom ical factors and principles.

Problem -based  decision  m aking  is  the  process  of dividing  a
complex  problem  into  component  problem s  to  facilitate  and
clarify  the  decision-m aking  process.  For  example,  a  thoraco-
lum bar fracture  presents at  least  three  m ajor component  prob-
lem s:  (1) neural compression , (2) the  ability of the  ventral col-
um n  to  reconstitu te  itself, and  (3)  the  propensity  for  progres-
sive  angular  or  translat ional  deform ation.  If  each  of  these  is
contem plated  separately and  appropriately priorit ized, the  de-
cision-m aking process is sim plified.

39.4.1  Neural Com pression
In  m any pathologic spine processes, consideration  m ust  first  be
given  to neural elem ent  decompression. This is because  neuro-
logic function  is usually the h ighest  priority in  any spine opera-
tion. The existing instability and the iatrogenic destabilizing na-
ture  of neural elem ent  decom pression  can  then  be  considered
together  to determ ine the strategy to be used  for  spinal stabili-
zation. Of significant  note, the  deform ity reduction  process can
be  used  to  decom press  neural  elem ents.  This  enhances  the
spine  stabilization  process, as  well  (� Fig. 39.3). When  neural
decompression  is  required  and  such  decom pression  is  not  at-
tainable  by  deform ity  correct ion, direct  neural  decom pression
is indicated. As a  general rule  of thum b, ventral lesions should
be approached ventrally and dorsal lesions dorsally.

It  goes w ithout  saying that  neurologic complications can  oc-
cur  as  a  result  of surgery. Epidural hem atom a  and  inadequate
decompression  have been  show n to be the m ajor culprits.15 The
incidence  of complications, par ticularly  infect ion, is  increased
w hen  blood  loss  is  excessive.16 Com plicat ions,  however,  are
often  not  clear-cut. Pat ients perceive them  to occur  at  a  greater
frequency  than  do  surgeons.17 The  incidence  of complications
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obviously increases w hen  im m unosuppression  complicates the
situation .18 Other, less com m on  complications occur  as a  result
of  position ing  during  surgery.19 The  bottom  line:  the  greater
the num ber and m agnitude of com orbidities, the greater the in-
cidence  of complications.20,21 Com orbidit ies are  also  associated
w ith  an  increased cost of care.22

39.4.2  Vent ral Colum n Load-Bearing
Abilit y
The  ability  of  the  vertebral  body  to  bear  axial  loads  acutely
(� Fig. 39.4), or after healing (� Fig. 39.5), is crit ical.23 If the ver-
tebral body cannot  ultim ately bear  an  axial load, ventral recon-
struct ion  is  required  (� Fig. 39.6). If the  vertebral body can  ef-
fect ively reconstitute itself, bony healing w ill provide structural
support  (see  � Fig. 39.5). If the  vertebral body cannot  reconsti-
tute  itself and  ventral reconstruction  is not  perform ed, angular
deform ation  and  back  pain  w ill  often  occur  (� Fig. 39.7). One
m ust  be  cognizant, however, of the  observation  that  the  load-
sharing classification  schem e does not  uniform ly correlate w ith
dorsal ligam entous complex in tegrity and neurologic status.24

39.4.3  Deform it y Progression
“Deform ity  begets  deform ity,  and  kyphosis  begets  kyphosis.”
These  phrases  describe  the  phenom enon  of m om ent  arm –re-
lated deform ity progression  (� Fig. 39.8). Hence, excessive spine
deform ation  should  be corrected  to optim ize the establishm ent
and  m aintenance  of a  nonpathologic relationship  betw een  the
neural elem ents and the spine, including its soft  t issue confines.
This usually requires the  application  of long m om ent  arm s and
bending  m om ents, generally  via  dorsal  instrum entation  strat-
egies (� Fig. 39.9).

Translat ional deform it ies  m ust  be  uniquely considered. Sim -
ple  dist ract ion  m ay be  used  to  correct  such  deform it ies if liga-
m entous  in tegrity  is  present.  Deform ity  correct ion ,  however,
cannot  usually be  m aintained  by a  sim ple  dist ract ion  strategy.

Long  m om ent  arm s  that  apply  three-  or  four-point  bending
forces  to  the  spine  m ust  be  used  to  prevent  and/or  correct
translat ional deform ity (see � Fig. 39.9).

39.4.4  The Problem -Based Decision-
Making Process
In  sum m ary, adequate  ventral structural support  m ust  be  pro-
vided  either spontaneously by healing or by surgery. Significant
kyphosis  or  translational  deform ation  cannot  be  corrected,
m aintained,  or  prevented  by  short  constructs.  Long  m om ent
arm s are  required  for  such  problem s. Deform ity correction  can
often  assist  in  the  neural elem ent  decompression  and  stability
acquisit ion  process.  The  consideration  of  neural  elem ent  de-
compression  and the need for protect ion  of the neural elem ents
should prevail during the decision-m aking process.

Therefore, for  thoracolum bar  t raum a, the  surgeon  m ust  first
decide  w hether  or  not  neural  decom pression  is  required,  as
well as the technique to be used to achieve such decom pression.

Fig. 39.3  Deformity correction via ligamentotaxis (annulotaxis) can be
used  to achieve  neural element  decompression, as in  this case.
Distraction  plus extension  may achieve  ventral decompression  by
tensioning  the  posterior longitudinal ligament. However, this is often
not  successful. ALL, anterior longitudinal ligament; PLL, posterior
longitudinal ligament.

Fig. 39.4  A vertebral body that  has not  been  excessively injured
(limited  instability; see  Chapter 6) can bear loads acutely.

Fig. 39.5  A vertebral body that  is not  excessively comminuted, and  in
which  the  fracture  fragments are  not  significantly dispersed, can heal
and  ultimately bear axial loads (but  not  acutely).
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Second, the  surgeon  m ust  decide  w hether  or  not  ventral  de-
compression  and  ventral reconstruct ion  are  required. For  ven-
tral  neural  compression, these  two  component  problem s  m ay
be solved  by the  sam e strategy (e.g., corpectomy and  in terbody
fusion). Third, if angular  or  translat ional deform ation  is  exces-
sive, a fixator  w ith  a long m om ent  arm  is required. This usually
obligates  a  long  dorsal  approach . A ventral  plus  a  dorsal  ap-
proach , a  lateral extracavitary approach, or  of a  com bined  ven-
tral and  dorsal approach  for  decompression  and  dorsal instru-
m entation  m ay be used.

39.5  Surgical St rategies
Th e  surgical  approach es  em ployed  for  sp in al  d isorders  are
m yriad . How ever, th ey  can  be  grouped  in to  ven t ral  decom -
pression , dorsal decom pression , ven t ral fusion /in st rum en ta-
t ion , sh or t -segm en t  fixat ion , lon g-segm en t  fixat ion , deform -
it y correct ion , an d  so  on . Many variables m ust  be  con sidered
durin g  th is  d i cu lt  com pon en t  of  th e  decision -m akin g
process. Sam ple  scenarios  are  u sed  h ere  to  illust rate  im por-
tan t  poin ts.  Th e  follow in g  decision -m akin g  scenarios  are
d iscussed  h ere:  (1) th e  decision  to  per form  a  ven t ral, dorsal,
or  com bin ed  p rocedure;  (2)  th e  decision  regard ing  th e
site  of deform it y  correct ion ;  (3)  the  decision  regard ing  th e

determ in at ion  of the  m ost  appropr iate  t rajector y  for  su rgi-
cal  in ter ven t ion ;  (4)  th e  decision  regard ing  th e  exten t  of
su rgery;  an d  (5)  th e  im pact  of stereotact ic  rad iosurgery  on
th e  su rgical decision -m akin g  p rocess  in  pat ien ts  w ith  m eta-
stat ic can cer.

Fig. 39.6  (A, B) If significant  vertebral body comminution and dispersion of fracture fragments are present, healing and ultimately stability may not be
achieved. (C–E) Ventral spine  reconstruction  is thus often  required.

Fig. 39.7  (A) If vertebral body integrity is not  present  and  ventral
column reconstruction  is not  achieved  surgically, (B) kyphotic
deformity progression  may occur, as depicted.
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39.5.1  The Decision to Perform  a
Ventral, Dorsal, or Com bined Procedure
Decom pression Alone, Decom pression Plus
Fusion, or Fusion Alone
The  controversy  over  the  choice  of decompression  alone, de-
compression  plus  fusion, or  fusion  alone  is  perhaps  no  m ore
evident  than  during  the  consideration  of operative  strategies
for a lum bar spondylosis. Although  the term  lumbar  spondylosis
is  relatively  nondescript, it  generally  refers  to  one  or  m ore  of
the  follow ing:  (1) lum bar  stenosis  w ith  or  w ithout  neurogenic
claudication,  (2)  degenerat ive  spondylolisthesis,  (3)  excessive
degenerative  changes, or  (4)  disc  hern iation  w ith  or  w ithout
neurologic  sym ptom s.  In  general,  decompressive  surgery  is
used  for  neurologic  sym ptom s  such  as  radiculopathy,  m otor
deficit , and  neurogenic claudication;  fusion/stabilization  opera-
tions  are  used  for  m echanical  pain . Fusion  is  not,  in  general,
used  to  treat  neurologic  sym ptom s. Sim ilarly,  decom pression
procedures do not, in  general, e ectively treat  m echanical back
pain  sym ptom s. Neither  strategy  is  useful  for  m uscle  spasm .

Finally,  fusion/stabilization  operations  m ay  be  indicated  in
cases in  w hich  there  is a  h igh  likelihood  of instability follow ing
decompression  (e.g., lam inectomy). In  general, factors that  im -
plicate an  advanced degenerat ive process or aging (spinal resta-
bilization) are associated w ith  a significantly dim inished chance
for  subsequent  instability.25–27 A careful considerat ion  of these
factors should  lead  to a prudent decision  based  on  the patient’s
findings, h istory, and  needs. Geom etric and  anatom ical factors,
however, m ay override  these  other  factors during the  decision-
m aking process.23,28,29

Ventral versus Dorsal Decom pression
Careful considerat ion  regarding the  approach  to  spinal decom -
pression  is  im perative  (� Fig. 39.10). Spinal alignm ent  partially
dictates  the  propensity  for  fur ther  deform ation  (rem em ber
that  “deform ity  begets  deform ity”) and  the  adequacy of spinal
decompression  options (see Chapter 4). The sagittal and coronal
bow string  e ects  play  a  role  in  th is  process.  Other  factors
should  also  be  considered.  Again ,  the  determ in at ion  of
the  or ien tat ion  and  t rajectory  of the  operat ion  is  w or thy  of

Fig. 39.8  Moment  arm–related  deformity pro-
gression. As the deformity progresses, the length
of the  moment  arm  increases from  (A) to  (B),
thus increasing  the  extent  of the  deformity. The
dot  is the  point  at  which an  axial load  is
“received” at  the  level of the  fractured  segment.
The moment  arm  d is less than the  moment  arm
d’, creating an  augmented  bending  moment
during  axial loading. Therefore, the  deformity
tends to  be  exaggerated. “Deformity begets
deformity.”

Fig. 39.9  Significant  deformity, whether (A) an-
gular or (B) translational, is best  stabilized  by a
long construct. Usually, dorsal hook or screw–rod
implants are  used. (C) Ventral constructs are
becoming  increasingly popular. (D) Shorter con-
structs may be  used  ventrally.
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re-em phasis.  Ven tral  pathologies  should  be  decom pressed
from  a  ven tral approach  and  dorsal lesions  from  a  dorsal ap -
proach  (see  � Fig. 39.10).

Ventral versus Dorsal Fusion/Inst rum entat ion
Procedures
If  a  decompression  procedure  is  perform ed,  a  fusion/instru-
m entation  procedure can  usually be  added  via the  sam e opera-
tive  approach .  Occasionally,  an  additional  component  of  the
procedure  m ay be  indicated  because  of the  need  for  a  long in-
strum entation  construct  (e.g., in  the  case  of a  ventral thoracic
decompression  procedure  and  a  long  dorsal  instrum entation
procedure).

Ventral fusion  operat ions m ay be  indicated  in  cases w ith  sig-
nificant  deform ity, significant  com m inution  of bone fragm ents,
or  dispersion  of bone  fragments  (� Fig. 39.11).23 With  any  of
these  scenarios, stability  cannot  reasonably  be  expected  to  be
achieved  w ithout  surgery.  Adequate  ventral  colum n  support
does  not  exist . Therefore, it  m ust  be  provided. Deform ity  pro-
gression  and/or  ventral compression  m ay ensue  in  the  absence
of surgery. The placem ent  of a ventral in terbody strut  follow ing
corpectomy  w ith  or  w ithout  ventral  short-segm ent  fixation
would be indicated in  th is situation.

Long  instrum entation  procedures  are  usually  indicated  for
gross instability and/or  deform ity correct ion. This is so because
the long m om ent  arm  created  by a long hook–rod  or screw  fix-
ation  system  provides significant  leverage for  deform ity correc-
tion  or deform ation  resistance (see � Fig. 39.9).

Com bined Approaches (360 Degrees)
A ventral plus a  dorsal approach  (360  degrees) is appropriately
considered  w hen  extrem e  conditions exist , as in  the  follow ing:
(1) cases w ith  significant  (circum ferential) instability, (2) cases
in  w hich  both  ventral and  dorsal colum n  stabilization  and/or  a
decompression  procedure  is  to  be  perform ed, and  (3)  cases  in
w hich  structural in tegrity m ay be  expected  to deteriorate  after
a decompression  operation , thus necessitating a ventral decom -

pression  and  a  long  dorsal  stabilization  procedure. A 360-de-
gree  (ventral–dorsal)  approach  significantly  increases  risk  and
cost. Therefore, it  should  not  be  undertaken  w ithout  appropri-
ate,  well-considered  indications  (� Fig.  39.12).  A high  fusion
rate  should  be  expected. The  clin ical correlate  of th is  h igh  fu-
sion  rate, however, is  not  evident,26 and  the  relevance  of the
m echanics is situation-specific.30,31

The 540-Degree Procedure  and Beyond
A 540-degree  operation  usually consists  of a  ventral approach
followed by dorsal approach . This is followed by another ventral
approach  (or  vice  versa).  An  illustrat ive  example  of  cervical
spine dislocation  is depicted in � Fig. 39.13.

The  source  of bone  fusion  substrate  is  of concern , regardless
of the  approach  em ployed. The  harvesting of Iliac crest  graft  is
associated  w ith  an  unacceptable  complication  in  the  m inds  of
som e. Painful graft  site  complications can  be  dim inished  by re-
construction  of the iliac crest defect .32

Cervical Spine Subluxation
Bilateral  or  unilateral  locked  facets  m ay  be  approached  ven-
trally, first  for decompression  of the spinal canal by discectomy,
then  for  open  reduct ion  of the  dislocation. However, th is  m ay
fail;  hence  the  need  for  dorsal  reduct ion,  w hich  m ay  be  fol-
lowed by the need  for a ventral fusion  procedure (540 degrees).
This  m ay appear  at  first  to  be  an  aggressive  surgical approach,
but  it  errs on  the side of neurologic safety. Therefore, its poten-
tial  clin ical  value  should  not  be  underestim ated  (see
� Fig. 39.13).

Thoracic, Lumbar, or Lumbosacral Fixed
Deformity
A fixed  deform ity in  the  thoracic, lum bar, or  lum bosacral spine
m ay  obligate  a  deform ity  correct ion  procedure. If so, a  dorsal
decompression  (e.g., the takedow n of a previously placed dorsal
fusion), followed by a ventral decompression  and reduction  and
interbody fusion  procedure, followed in  turn  by a dorsal stabili-
zation  and  fusion  procedure,  m ay  be  indicated  (540-degree
operation; � Fig. 39.14).

Fig. 39.10  (A) Ventral lesions are  usually best  approached  ventrally,
whereas (B) dorsal lesions are  usually best  approached  dorsally.

Fig. 39.11  (A, B) Ventral fusion (after corpectomy) may be indicated if
significant  comminution and  the  dispersion  of fracture  fragments or
deformity (e.g., kyphosis) is present, as depicted.
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39.5.2  The Decision Regarding the Site
of Deform ity Correct ion
The  decision  regarding  the  select ion  of the  site  for  deform ity
correct ion  is not  always sim ple. Som e  deform ities are  best  cor-
rected  w ith  m inor  in tervent ions at  m ultiple levels (i.e., via facet
or  Ponte  osteotomies) in  the  region  of the  deform ity, w hereas
other  deform it ies  are  best  m anaged  by  in tervention  at  a  level
other than  that of the deform ity. Corrective procedures for focal
deform ities  m ay be  at  the  level of the  existing deform ity or  at
another level.

A case  in  w hich  cervical  facet  osteotom ies  were  perform ed
for  a  fixed  m ultilevel deform ity  is  portrayed  in  � Fig. 39.15. A
m odicum  of correct ion  was obtained  at  each  of the  C3–4, C4–5,
C5–6, and C6–7 levels (� Fig. 39.15c). The cum ulative correct ion
was substantial.

This case  is particularly illustrat ive  of a unique physical find-
ing,  the  kyphosis  trapezius  sign,33 w hich  is  characteristically
found  in  patien ts w ho have  a  fixed  cervical kyphotic deform ity
and/or  weak  prim ary  cervical  spine  extensors  (erector  spinae
m uscles;  � Fig. 39.15d). The  trapezius  m uscle  is  an  accessory
m uscle  of  cervical  spine  extension.  As  such,  it  is  reflexively
and  activated  w hen  cervical  extension  cannot  be  achieved
otherw ise—that  is, in  the  case  of a  fixed  cervical spine  deform -
ity  or  weakened  prim ary  extensor  m uscles. Such  activation  is
usually associated  w ith  myofascial t rapezius m uscle pain  that  is

m anifested  by  prom inence  and  tenderness  of  the  trapezius
m uscles (kyphosis trapezius sign). Note  that  the  deform ity cor-
rect ion  resulted  in  a  reversal  of  th is  physical  finding
(� Fig. 39.15e).

Another  case  in  w hich  surgical  deform ity  correct ion  was
undertaken  at  a  site  other  than  the  region  of the  deform ity  is
presented in � Fig. 39.16. This case illustrates the fact  that over-
all balance is the ultim ate goal, not  necessarily correction  of the
actual prim ary deform ity.

39.5.3  The Decision Regarding the
Determ inat ion of the Most  Appropriate
Trajectory for Surgical Intervent ion
The determ ination  of the  m ost  appropriate t rajectory for  surgi-
cal in tervent ion  is a  crit ical component  of the  decision-m aking
process. The  t rajectory  via  w hich  a  pathology  that  is  located
ventral to the dural sac is addressed from  a dorsal, dorsal–later-
al, or m ore ventral approach (� Fig. 39.17a–d). The approach  se-
lected  can  have  a  significant  impact  on  outcom e. For  ventral
pathology, a  m ore  dorsal  exposure  is  less  disrupt ive  of spinal
colum n  integrity,  but  it  places  the  spinal  cord  at  risk  from
overly  aggressive  retract ion  of  the  dural  sac  in traoperatively.
Conversely, a  m ore  lateral approach  m ay destabilize  the  spine,
but  it  o ers a trajectory that lim its dural sac retract ion.

The  t rajectory  for  in tradural  extram edullary  pathology  m ay
require  unique  strategic  planning  (� Fig.  39.18).  In  a  patien t

Fig. 39.12  (A) Circumferential disruption of the
spinal integrity may require  (B, C) a  360-degree
approach.

Fig. 39.13  A 540-degree  operative  strategy. (A) Bilateral locked  facet
joints may be  surgically approached  with  a ventral discectomy and
reduction. (B) If the  ventral reduction  cannot  be  achieved, a  dorsal
reduction, fusion, and  instrumentation may be  required. (C) A ventral
interbody fusion with  instrumentation  may then  be  performed, if
indicated.

Fig. 39.14  (A) A fixed thoracolumbar deformity may be  approached
with  (B) a ventral corpectomy, (C) dorsal deformity reduction and
instrumentation, and  finally (D) an interbody fusion.
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w ith  m ultiple-level involvem ent  by  m ultiple  nerve  sheath  tu-
m ors, varying surgical trajectories m ay be  required  at  di erent
levels of the spine.

39.5.4  The Decision Regarding the
Extent  of Surgery
In  general, the  greater  the  exten t  of  surgery,  the  greater  the
complication  rate. Hence, m inim al  surgical  invasion  is  usually
considered  the  optim al choice. Surgery for  spine  cancer  is per-
haps  the  arena  in  w hich  the  greatest  variety  of viable  surgical
and  nonsurgical techniques are  available. The fundam ental sur-
gical options are  depicted  in  the  Box Fundam ental surgical op -
tions (p.518).

Fundam ental surgical opt ions

●  Closed biopsy
●  Open biopsy
●  Decompression (incomplete resection, with or without surgi-

cal stabilization)
●  Gross total resection (with or without surgical stabilization)
●  En bloc resection (usually with surgical stabilization)

One  m ust  carefully select  the  m ost  appropriate  option  for  the
individual case at  hand. To select  the  “best operation,” one m ust
ask several questions.

Can  en  bloc resection  cure  the  cancer?  If so, does the  obliga-
tory  resection  of eloquent  neural t issues, the  destabilizing na-
ture  of the  surgery, and  the  risk  for  complications  and  death
justify the  chance for  cure?  And  w hat  in  fact  is the  t rue chance
for cure?  A patien t  w ith  recurrent  myxopapillary ependym om a
and  lum bar and  sacral erosion  w ith  substan tial neurologic defi-
cit  was  t reated  w ith  an  en  bloc  resection  of  the  low  lum bar
spine  and  sacrectomy  and  placem ent  of  a  sacral  prosthesis
(� Fig. 39.19). She died  of complications associated w ith  disease
progression  several years  later. The  lesson  learned  here  is  that
one  should  very  seriously  consider  such  in terventions.  One
m ust  realistically  (not  pessim istically  or  optim istically)  assess
risks, benefits, and  alternatives. The  patient, the  patient’s  fam -
ily, and  the  surgeon  should  all m aintain  a  strong sense  of real-
ism  throughout  the decision-m aking process.

Is  the  diagnosis  crit ical  to  the  determ ination  of subsequent
care?  If so, is  a  closed  (needle) biopsy indicated?  If a  closed  bi-
opsy does not  provide  a  diagnosis, is  an  open  biopsy in  order?
After  all, the  biopsy-derived  diagnosis  is  related  to  the  volum e
of t issue obtained.

Can  a  gross  total  resect ion  ach ieve  w hat  an  en  bloc  resec-
t ion  is  designed  to  ach ieve—that  is, a  cure?  In  w hich  clin ical

Fig. 39.15  A case  in  which  cervical facet  osteot-
omies were  performed for a  fixed  multilevel
deformity. This patient  had  incurred  cervical
trauma that  was treated  with  a  C5–T1 instru-
mented  fusion. The  instrumentation  was re-
moved  to treat  neck pain, to  no avail. (A) A
cervical spine  X-ray in  extension  was then
obtained. (B) His deformity was managed by first
performing  a multilevel cervical laminectomy
with  facet  osteotomies. C3–4, C4–5, C5–6, and
C6–7 discectomies and  fusions were  performed
via a  ventral approach, with  the  placement  of
trapezoidal fibular strut  grafts. The  intervening
vertebrae  were  “brought  to  the  implant” via
sequential tightening of the intervening screws at
each  segmental level. The  neck was also  posi-
tioned  in  extension  after the  discectomies were
completed  in  order to  assist  with  acquiring  the
desired  correction of the  deformity. A modicum
of correction  was at tained  at  each of the  C3–4,
C4–5, C5–6, and C6–7 levels. (C) The cumulative
correction  was substantial. (Erector spinae
muscles; D) This case  is particularly illustrative  of
a unique  physical finding, the  kyphosis trapezius
sign, which is characteristically seen in  patients
who have a fixed cervical kyphotic deformity and/
or weak primary cervical spine  extensors. The
trapezius muscle  is an  accessory muscle  of
cervical spine  extension. As such, it  is reflexively
activated  when cervical extension  cannot  be
achieved otherwise—that  is, in the case of a fixed
cervical spine  deformity or weakened  primary
extensor muscles. Such  activation  is usually
associated  with  myofascial trapezius muscle  pain
that is manifested by prominence and tenderness
of the  trapezius muscles (kyphosis trapezius
sign). (E) Note that  deformity correction resulted
in  a  reversal of this physical finding.
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situations  is  an  aggressive, com plete  gross  total tum or  resec-
t ion  rather  than  an  in ten tionally  subtotal  resect ion  ind i-
cated?  Does  the  resect ion  of tum or  obligate  a  com plex  spine
reconstruct ion?  A 43-year-old  patien t  w ith  m etastat ic breast
cancer  and  incom plete  m yelopathy illustrates  the  lat ter  poin t
(� Fig. 39.20).

39.5.5  The Im pact  of Stereotact ic Radio-
surgery on the Surgical Decision-Making
Process in Pat ients w ith Metastat ic
Cancer
Oftentim es, less is m ore. In  patients w ho have m etastatic tum or
w ith  epidural  compression  and  a  structurally  sound  anterior
and  m iddle  colum n,  stereotact ic  radiosurgery  can  e ect ively
treat  tum or, but  not  if  the  tum or  is  juxtaposed  to  the  spinal
cord. A space  m ust  be  created  betw een  the  tum or  m argin  and
the spinal cord. Surgery can  be used to separate the tum or from
the spinal cord by circum ferentially decom pressing the epidural
space  that  im m ediately  surrounds  the  dural sac. This  “separa-
tion  surgery,” com bined  w ith  stereotact ic radiosurgery, can  be
used to dim inish  the extent and risk of surgery w hile im proving
outcom es. Stereotact ic radiosurgery perm its  the  application  of
focused  tum or-ablative  beam s, as  opposed  to  convent ional ra-
diation  therapy,  w hich  applies  nonfocused  tum or-ablative
beam s. The  ability  to  focus  the  radiation  beam s  on  the  target
(tum or) w hile protect ing eloquent t issue (spinal cord) facilitates
concentration  of  the  tum or-ablative  e ects  of  radiation.  The
separation  of the spinal cord  from  the tum or is crit ical. This de-
m arcation  provides a substantial elem ent of safety. Hence, sepa-
ration  surgery in  a  sense  can  be  considered  an  adjunct  to  ster-
eotactic  radiosurgery  instead  of radiation  being considered  an

Fig. 39.16  A case  in  which  surgical deformity
correction was undertaken  at  a site  other than
the  region of the  deformity. This patient  with
neurofibromatosis had  previously undergone
upper cervical spine  fusion operations with  a
resultant  fusion from  the  occiput  to  C2. Her
fusion, however, resulted  in a significant  scoliotic
coronal plane  deformity. (A, B) This deformity is
clearly portrayed  in  a  three-dimensional com-
puted  tomographic reconstruction  with  surface
rendering. (B, C) Vascular (vertebral artery)
ectasia, as well as the  presence  of (B) a  robust
fusion  mass, dictated  that  the  deformity correc-
tion should  be  undertaken at  a  level other than
the  primary fusion site  (occiput–C2). The  patient
was placed  prone  on the  operating  table. (D)
After laminectomies from  C2 to C4 had  been
performed, C2–3, C3–4, and  C4–5 facet  osteot-
omies were  performed. (E) The  patient’s head
was moved  into the  desired  balanced  position
intraoperatively, and instrumentation (C2 laminar
screws and  C3, C4, and  C5 facet  fixation) was
placed  to  maintain  the  correction. (F) Coronal
balance  and  sagit tal balance  were  achieved. This
is illustrative of the fact  that  overall balance is the
ultimate  goal, not  necessarily correction of the
actual primary deformity.

Fig. 39.17  The  determination of the  most  appropriate  trajectory for
surgical intervention is a  critical component  of the  decision-making
process. The  selection of a  trajectory via which  a  pathology that  is
located  ventral to  the  dural sac can  be  accessed  is critical. (A) A
laminotomy approach, (B) transpedicular approach, (C) costotrans-
versectomy approach, or (D) lateral extracavitary approach  can  be
used  to  address pathology that  is positioned  lateral or ventral to the
dural sac. In  descending  order, each of these  approaches may be
effectively and  safely employed  for more  ventrally positioned  extra-
dural pathologies. Note  that  the  lateral extracavitary approach, by
definition, approaches the  spine  from  beneath  the  erector spinae
muscle.

The Decision-Making Process: A Reprise

519



Fig. 39.18  The  trajectory for intradural extrame-
dullary pathology may require  unique  strategic
planning. (A–D) This is illustrated by the case of a
patient  with multilevel involvement  by multifocal
nerve sheath tumors in the low cervical spine and
cervicothoracic junction. (C) Note the  substantial
compression and  ventral distortion of the  spinal
cord at  multiple  levels, particularly at  the
cervicothoracic junction. (E–G) At  each level, a
different  surgical trajectory was required, from
both the right  and left  sides, to achieve complete
surgical resection. The  immediate  post-resection
photograph  and  postoperative  photograph are
portrayed  in  (H) and  (I). The  patient  had
significant  myelopathy before  surgery, which
normalized  following  surgery.

Fig. 39.19  (A) A patient  who had recurrent myxopapillary ependymoma, lumbar and sacral vertebral body and dorsal element bony erosion, and (B, C)
high-grade myelopathy was treated with en bloc resection of the low lumbar spine, accompanying sacrectomy, and placement  of a sacral prosthesis.
She  died  of complications associated  with  disease  progression several years later.
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adjunct  to  surgery. Surgery  (separation  surgery)  prepares  the
tum or  bed  for  the  safe  application  of ablative  radiation. To  put
th is  in  perspective,  the  Box  Fundam ental  surgical  options
(p.518) has been  revised  to create a new  Box indicating the po-
sit ion  of separation  surgery  in  the  overall  surgical schem e  for
m alignant spine cancer.

Fundam ental surgical opt ions  including
separat ion  surgery

●  Closed biopsy
●  Open biopsy
○  Separation surgery

●  Decompression (incomplete resection, with or without surgi-
cal stabilization)

●  Gross total resection (with or without  surgical stabilization)
●  En bloc resection (usually with surgical stabilization)

The ut ility of separation  surgery in  com binat ion w ith  stereotac-
tic  radiosurgery  is  depicted  in  � Fig. 39.21. The  surgery  facili-
tated a separation  of the tum or from  the spinal cord in  a pat ien t
w ith  an  in trinsically structurally stable spine. Spinal cord  radia-
tion dosing pat terns are significantly a ected by separation  sur-
gery, w hich facilitates a m uch safer dosing profile.

39.6  The Marketplace
The m arketplace dictates both  the type and volum e of the deliv-
ered  product . Although  th is m ay be  distasteful to m any, an  ap-
propriate business decision  usually correlates w ith  the  “correct”
clin ical decision. A general rule of thum b is worthy of em phasis:
“What  is  eth ical  and  fundam entally  good  from  a  business
perspective  is  ideally optim al from  a  clin ical perspective.” This

includes not  only short-term  but  also long-term  outcom es. The
m ost  e ect ive and  e cien t  strategies for patient  care should  be
m arketable. However, th is places a  significant  responsibility on
the  shoulders of the spine  caregiver. In  th is regard, good  “prac-
tice hygiene” plays a m ajor  role. It  consists of the follow ing: (1)
m aking appropriate  clinical decisions (i.e., the decision  to oper-
ate),  (2)  perform ing  the  best  operat ive  procedure,  (3)  docu-
m enting  the  service  provided, (4)  billing  and  coding  for  w hat
was  docum ented,  and  (5)  assessing  reim bursem ent  to  docu-
m ent that  the service provided was indeed reim bursed. What is
right?  What  is w rong? There is no absolute or universal answer.
Judgm ent, in  its h ighest form , is ultim ately necessary and in  fact
m andatory. A perpetual consideration  of value  (quality in  rela-
tion  to cost) is em phasized.

39.7  The Bot tom  Line
The bottom  line  regarding the developm ent  of a global strategy
to m inim ize the occurrence of complications can  be dist illed  in-
to  several  additional  recom m endations.  (1)  Innovate. Innova-
tion  is good.34 (2) Understand  the  art  of scientific investigation
(i.e., statistical concepts, evidence-based  m ethodologies, and  so
on).35 (3) Approach  hum an  error  system atically.36 (4) Perpetu-
ally consider cost and cost-e ectiveness.37,38

Augustus White, in  h is presidential guest  lecture  delivered  at
the  36th  annual  m eeting  of  the  Scoliosis  Research  Society
(2001), o ered eight  m axim s to guide surgical decision  m aking.
Each is worthy to be recounted here.39

1. Do the least  am ount of surgery that  w ill solve the pat ient’s
problem (s). Each  additional risk to the pat ient  m ust be justi-
fied  by evidence of increm ental benefit  for  the pat ient. (This
has been  corroborated by others as well.)40

2. When possible, m easure in traoperative forces, distances, and
results.

Fig. 39.20  A 43-year-old woman with metastatic breast  cancer and ventral and incomplete myelopathy illustrates the point  that  resection of a ventral
tumor usually requires a  complex spine  reconstruction procedure. (A) Her pathology was characterized  by both ventral compression and  kyphotic
deformation. (B, C) Decompression of the tumor via a bilateral dorsolateral approach necessitated a 360-degree reconstruction with ventral interbody
cage  and  long  dorsal screw–rod  fixation.
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3. Beware of the  “hum an” inclination  to choose an  operation
because it  is “fashionable.”

4. Beware of the  “m acho” tendency to choose an  operat ion  be-
cause it  is di cult .

5. With  the use of excessive force in  surgery, the surgeon is at
risk for having a complication.

6. The best surgeons carefully plan  their operat ions and fre-
quently review  the anatomy.

7. Stick w ith  your preoperative plans and contingencies.
8. Assiduously rededicate yourself to the pract ice of careful

aseptic technique.

Although  one  m ight  take  odds  w ith  one  or  two  of the  afore-
m entioned  m axim s, the overall m essage is clear. During the de-
cision-m aking  process,  always  be  thoughtful,  be  m ethodical,
and  be  honest. Finally, I would  add  another. “Always  crit ically
assess the  indications for  surgery. They m ay not  be  as clear-cut
as  you  th ink.” This  is  evident  in  m any  dom ains, including  the
surgical m anagem ent of cervical myelopathy.41
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Study Quest ions
Chapter 1 (Biom echanically Relevant  Anatomy and Material Propert ies
of the Spine and Associated Elem ents)
1.  Describe  the  relationship  betw een  ventral and  dorsal low  lum bar  vertebral body height , as the spine  is descended. Discuss the

clin ical sign ificance of these m orphological changes.
2.  Describe  the  relationship  betw een  facet  joint  orientation  and  spinal segm ental m ovem ent. Discuss the  clin ical significance  of

these m orphological changes.
3.  Describe and discuss the significance of the som atotopic orien tation  of spinal long t racts and of the cauda equina.
4.  Describe and discuss the significance of pedicle dim ension  and angle changes as the thoracic and lum bar spine are descended.
5.  Describe the characteristic m ovem ent or distort ion  of the nucleus pulposus and annulus fibrosus during the application  of both

a non-eccentric and an  eccent rically placed axial load. Discuss the significance of these deform ations.
6.  Describe and discuss the failure strengths of the com m on spinal ligam ents in  the thoracic and lum bar spine and the significance

of their associated lever arm  lengths.
7.  Describe the cause-and-e ect  relat ionship betw een the posterior longitudinal ligam ent anatomy and lum bar disc hern iation .
8.  Describe  and  discuss the  neutral, elast ic, and  plastic zones, as well as the  physiologic range  of m otion  as they per tain  to  both

norm al and pathological m otion.
9.  Discuss the relationship betw een ash  (calcium ) content of bone and bone strength .
10. Why are thoracolum bar region  fractures com m on?
11. Describe the form  versus funct ion  (anatomy versus m ovem ent) relationships of the joints of the craniocervical region.
12. Com pare and contrast  the anatomy and location  of the C2 pedicle and pars in terart icularis.
13. Describe the relationship betw een cervical posture and facet joint  loading follow ing the application  of an  axial load.
14. Describe how  a tension-band fixation  construct  can  augm ent  m id to low  cervical spine t ranslat ional stability. Why is th is stabil-

ity di cult  to achieve via the sam e technique at  the C1-C2 segm ental level?
15. Discuss the di erence between  the relative incidence of spine t raum a-related  severe neurologic injuries (com plete myelopathy)

in  the upper thoracic and lum bar regions.

Chapter 2 (Physical Principles and Kinem at ics)
1.  Define and discuss the discipline of kinem atics.
2.  Define the term  vector. What is its significance?
3.  Discuss the  relationship  between  a  m om ent  arm , the  applied  force, the  instan taneous axis of rotat ion  (IAR), and  bending m o-

m ent.
4.  Describe the twelve potent ial m ovem ents along or about the IAR?
5.  Define the helical axis of m otion?
6.  Define and describe the phenom enon of snaking.
7.  Define m om entum . Discuss its sign ificance
8.  Define and discuss New ton’s th ird law  of m otion.
9.  Discuss the concept of force pairs (couple) and their relationship to New ton’s th ird law  of m otion.
10. Define Hooke’s law  and discuss its association w ith  the stress-strain  curve.
11. Discuss the relationship betw een the elastic lim it, perm anent  set, plastic zone, and structural failure.
12. Define elastic m odulus. Discuss its significance.
13. What is the relationship betw een rod diam eter and its strength? What ent ity describes th is relationship?
14. Define stress, as it  per tains to spine biom echanics. What is its significance?
15. Define coupling. How  does it  di er in  the cervical and lum bar regions?

Chapter 3 (Stabilit y and Instabilit y of the Spine)
1.  Discuss the concepts of spinal stability and instability.
2.  Describe and discuss White and Panjabi’s “strength  test .” Discuss the strengths and weaknesses of th is test .
3.  Describe and discuss the three m ajor colum n concepts of spinal in tegrity. Focus on their strengths and weaknesses.
4.  Define and discuss the concept of the neutral axis. Specifically discuss its clin ical significance.
5.  Define  and  discuss the  significance  of the  circum stance-specific instability categorization  schem e  depicted  in  th is  chapter. Do

the spectrum s of glacial instability and dysfunct ional segm ental m otion  overlap? How  does the consideration  of th is categoriza-
tion  schem e a ect  clin ical decision  m aking?
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6.  Describe  an  overtly unstable fracture  in  w hich  the schem e depicted  in  Table  3-1  m ay be  used  to quantitate the  extent  of insta-
bility. Do the sam e for a spinal injury in  w hich  lim ited instability has been  incurred. How  can  an  in tegum ent exam ination  be of
assistance in  th is regard?

7.  Describe  the  characteristic pain  pattern  associated  w ith  dysfunct ional segm ental m otion. What  is the  term inology used  to de-
scribe th is pain  ‘syndrom e’? Is it  always necessary to “see” m ovem ent on  dynam ic radiographs (flexion-extension  x-rays) to
establish  the presence of dysfunct ional segm ental m otion?

8.  Describe how  balanced m uscle act ivity provides stability to the spine.
9.  Discuss Cobb’s angle and its relat ionship to segm ental spinal deform ation.
10. Why is a di eren t  schem e for quant itat ing upper cervical instability (as cont rasted w ith  sub-axial instabilit y) necessary?
11. Depict  the shift  of the IAR that occurs follow ing the loss of vent ral axial load-bearing ability.

Chapter 4 (Bone Qualit y)
1.  What is the approxim ate relat ive fixation  strength  of osteopenic versus norm al bone?
2.  Describe  the  in tradiscal pressure  changes  associated  w ith  the  degenerat ive  process. Specifically  describe  the  relationship  be-

tween nucleus pulposus pressures and annulus fibrosus pressures as the degenerative process evolves over t im e.
3.  Describe  the  m echanisms by w hich  the  spine  restabilizes  during the  final phase  of the  degenerative  process, as  described  by

Kirkaldi Willis.
4.  What  causes the  appearance  of vertically oriented  pillars of bone in  the  subaxial vertebral body?  Provide  detail regarding th is

process.
5.  By w hat two m echanism s do we becom e shorter w ith  age?
6.  Describe and discuss the 4 factors that a ect  im plant fixation  in  osteoporot ic bone. Provide detail.
7.  Describe and  discuss the fundam ental di erences betw een  cancellous and  cort ical bone screws, particularly regarding their  in-

teraction  and in terfacing w ith  bone. Which  of these correlates w ith  a m achine bold  and w ith  a wood screw ?
8.  Discuss the importance of considering the surface area m atch  or m is-m atch  betw een an  in terbody strut  and  its m ortise  and  the

m ach or m is-m atch  beteen  the strut and the wall of the corpectomy trough.
9.  Define controlled subsidence.

Chapter 5 (Degenerat ive and Inflam m atory Diseases of the Spine)
1.  List  som e of the m ore com m on degenerative and inflam m atory diseases of the spine. Di erent iate betw een them .
2.  List  the four characteristics of the degenerative process.
3.  The disk in terspace accounts for  w hat percentage of the height of the norm al spine?
4.  What is the em bryological origin  of the nucleus pulposus?
5.  Describe the relationship betw een in t radiscal and extradiscal hydrostatic and oncotic pressures.
6.  Describe  the  relationship  betw een  annulus  fibrosus  bulging  and  nucleus  pulposus  m igration  follow ing  the  application  of an

eccentrically applied load to the disk in terspace.
7.  Define spondylosis. Describe the ways and m eans by w hich  the spondylot ic process evolves.
8.  What  alterat ions  occur  w ith  regard  to  the  vascular  supply  and  the  w ater  con ten t  of the  d isk  in terspace  during  the  aging

process?
9.  Describe  the  process  of osteophyte  form ation . Where, in  relation  to  norm al or  pathological spinal curvatures, do  osteophyte

form ations occur?
10. What three forces appear to be necessary for acute disk herniation? Why is th is so?
11. Describe the pathological processes associated w ith  Scheuerm ann ’s disease.
12. Describe the pathological processes associated w ith  rheum atoid arthrit is.
13. Describe the pathological processes associated w ith  ankylosing spondylit is.
14. Com pare and contrast ossificat ion  of the posterior longitudinal ligam ent (OPLL) and ankylosing hyperostosis.
15. How  does lum bar lordosis predispose to sagittal plane translational deform ation?
16. Discuss the m ultiple factors that a ect  spine stability in  the aging degenerated spine. Discuss the im pact  of surgery on  stability.
17. Describe the four fundam ental categories of pain  of structural spinal origin .
18. Define the syndrom e of m echanical (spine) pain .
19. Di eren t iate between myofascial and m echanical pain .
20. What characteristics of inflam m atory pain  di eren tiate it  from  m echanical pain . What is the significance and importance of th is

di eren tiation?
21. List  and discuss the characteristics of chronic pain .
22. Describe  the  process of cervical spine  kyphotic deform ation  associated  w ith  the  spondylotic process. How  does th is  a ect  the

surgical decision-m aking process?
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23. List  two factors that  predispose the patient  to iatrogenic surgical neurological injury on  the concave side of a lum bar curve fol-
low ing a fusion  and instrum entation  (w ith  deform ity reduct ion) procedure.

24. Using illustrat ions provided  in  th is chapter, describe  the  im portance  of understanding the  balancing of loads (forces) and  m o-
m ents, as it  pertains to the loading of the spine.

25. Describe how  spinal loading can  be im pacted by the location  of the application  of the load. Use illustrat ions from  this chapter to
portray such.

Chapter 6 (Traum a, Tum or and Infect ion)
1.  Nam e the two fundam ental m echanism s of injury causing loss of cervical spine in tegrity.
2.  Describe upper cervical spine anatomy in  the context of both  predispositions toward and resistance to injury.
3.  Describe the location and characteristics of the C2 pedicle and pars in terart icularis. Describe C2 pedicle screw and C2 pars screw

start ing points and trajectories. Focus on  anatom ical variables that a ect  safety of such screw anchor sites.
4.  Describe and discuss the injury force vector and its relationship to upper cervical spine injuries.
5.  What  com m on  associated  m inor  injury is often  related  to upper  cervical spine  injuries?  Hin t:  The location  of th is injury helps

establish  the m echanism  of the spine injury.
6.  Describe the m echanism  of injury, predisposing factors involved, and  characteristic fault  lines associated  w ith  sagittal plane  C2

body fractures (type 2 C2 body fracture).
7.  Why is an  Anderson  and D’Alonzo type III fracture not an  odontoid fracture?
8.  Describe the variety of m echanism s of injury associated w ith  coronal plane C2 body fractures (type 1).
9.  Describe and discuss the m echanism s of injury of the three types of occipital condyle fractures.
10. Describe  the  relat ionship  betw een  m om ent  arm , applied  force, and  focal stress applied  to a  component  of a  structure  (such  as

the ver tebral body). What term  describes th is relationship?
11. Describe the di erence betw een the fracture m echanism s of Denis and Benzel.
12. What is the bending m om ent associated w ith  the injury force vector causing a subaxial spine  ‘pure’ burst  fracture?
13. Describe the Chance fracture and  its associated  m echanism  of injury. What  upper cervical spine fracture m ay occasionally have

a sim ilar m echanism  of injury as that of a Chance fracture?
14. Why does a lordot ic posture predispose to dorsal elem ent fractures? Why are dorsal elem ent fractures less com m on in  the lum -

bar region  than  in  the cervical region? What m echanism  of injury is m ost com m only associated w ith  facet fractures in  the lum -
bar region? Why?

15. Define perched and locket facet. What is the m echanism  of injury of a unilateral locked facet? Bilateral locked facets?
16. What is the im aging analog of a ligam entous strain?
17. Describe the three zones of the sacrum  associated w ith  fracture and the characteristics of each.

Chapter 7 (Spine Deform at ions)
1.  Discuss the concept of rotat ional deform ation  (both  the tradit ional and the all-encom passing defin itions).
2.  List  the six fundam ental spinal m ovem ents (deform ations). What  coordinate system  is tradit ionally used  to define these m ove-

m ents (deform ations)?
3.  What com m only used term  describes a rotatory load?
4.  How  can  the coupling phenom enon both  exaggerate or help  m inim ize spinal deform ation, depending on  the circum stances?
5.  Is rotatory deform ation  to failure com m only an  isolated ent ity? Explain .
6.  How  can  a  “fixed” rotatory deform ation  about  the coronal or  sagittal axis of the spine (axially orien ted  axes) predispose to fur-

ther injury?
7.  Describe w hy a ‘pure’ burst  fracture is a translat ional rather than  a rotatory deform ation.
8.  In  w hat regions of the spine does an axially applied load com m only result  in  a translational deform ation? Why?
9.  An  isolated  translational deform ation  along the  long axis  of the  spine  results  from  a  distraction  or  compression  force  applied

along w hat axis? How  is th is di eren t from  translat ional deform ation  along the coronal and sagittal axes of the spine?
10. Describe the importance and sequelae of coincidental and non-coincidental force application  to the spine.
11. The Chance fracture and the type 1 C2 body fracture are caused by w hat com bination  of forces?
12. Discuss the relationships and problem s associated w ith  the determ ination  of fusion  length  for the m anagem ent of sagittal plane

deform ities.
13. What constitu tes a stable spinal deform ation?
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Chapter 8 (Neural Elem ent  Injury)
1.  What are the three m echanism s of neural injury at  the cellular level?
2.  Can  distort ion  or m etabolic derangem ents lead to cellular disruption?
3.  Describe  how  the  surgical decom pression  of a  m ass lesion  can  have  a  positive  e ect  on  all th ree  of the  m echanism s of neural

injury at the cellular level.
4.  What is the di erence betw een secondary injury and ongoing prim ary injury?
5.  What are the four fundam ental m echanism s of injury related to persistent  neural elem ent distort ion? Define and describe each.
6.  List  and describe the di erences betw een brain  and spinal cord central nervous system  (CNS) tissue injury.
7.  What biochem ical and physiological factors play a role in  neural elem ent compression  injuries?
8.  List  the two harm ful e ects related to the sim ple distraction  of neural elem ents.
9.  Describe the sagittal bow string e ect . Discuss the sagittal bow string e ect  in  relation  to spinal cord injury.
10. Describe the technique of ligam entotaxis.
11. Why does ligam entotaxis often  fail? How  m ight it  be harm ful?
12. Describe how  the reliance on  axially oriented im ages can  m islead the clinician.
13. What is the ultim ate goal of surgery for spinal decom pression  and stabilization?
14. Describe the coronal bow string e ect. How  m ight it  be relieved?
15. What structures are m ost often  responsible for the coronal bow string e ect  in  the cervical spine?
16. List  two m echanism s of iatrogenic non-traum atic neural elem ent  injury. Discuss the  anatomy and  biom echanics  of these  two

m echanism s.
17. Why is the phenom enon of complete myelopathy controversial? How  m ight th is controversy be m inim ized?
18. Describe the anatom ical relationships related to the an terior spinal cord injury syndrom e.
19. Why m ight an  ischem ic injury to the spinal cord m anifest  itself as an  anterior spinal cord injury syndrom e?
20. Describe the anatom ical relationships related to the Brow n-Sequard syndrom e.
21. How  can  im aging studies be m isleading regarding anatom ical-clin ical correlat ions in  pat ients w ith  the Brow n-Sequard  syndro-

m e? How  can  th is be overcom e?
22. Describe the anatom ical relationships related to the central spinal cord injury syndrom e.
23. Describe  the  m echanism  of injury for  the  central spinal cord  injury syndrom e. Why is the  central aspect  of the  spinal cord  in-

jured?

Chapter 9 (The Correlat ion of the  Anatom ic and Clinical Dom ains)
1.  What  are  the  three  fundam ental spine  surgery indication  categories?  Why m ight  the  categorization  of surgical procedures  in

this m anner be of clin ical relevance?
2.  If no concordance (no correlation) exists betw een  the  anatomy and  clin ical findings, does an  indication  for  surgery exist?  If so,

w hy? If not, w hy not?
3.  If a sign ificant  apathological finding (such as a large disc herniation) w ithout neurological or clin ical findings, does an  indication

for surgery exist? If so, w hy? If not, w hy not?
4.  Discuss the  not ion  of considering both  the  short  and  long term  sequellae  of surgery AND the  natural h istory of the  untreated

disease process as they per tain  to the surgical decision  m aking process.
5.  Why is the  correlat ion  of anatomy w ith  clin ical findings radically di erent  regarding the  considerat ion  of acute versus chronic

instability? Expound.
6.  Describe and discuss the clin ical t riad  associated w ith  m echanical back pain .
7.  Mechanical back pain  should correlate w ith  w hat biom echanical finding in  the laboratory? Discuss th is correlation.
8.  Discuss the  not ion  that  surgery for  back pain  is associated  w ith  a  less than  optim al success rate. Expound  on  the  potential rea-

sons for such.
9.  Discuss the  di erences, from  a  therapeutic perspective, betw een  a  cervical and  lum bar  total disc arthroplasty (TDA). Also dis-

cuss the di erences in  therapeutic goals. Consider the concept of spacer versus prim ary strategy for m anagem ent of m echanical
pain .

10. What  are  the  anatom ical/clin ical correlations  for  the  use  of a  TDA as  a  spacer  follow ing a  discectomy for  disc herniation  and
cervical radiculopathy.

11. Discuss the rationale for determ ining the optim al treatm ent  strategy if surgery for m echanical back pain  is to be perform ed and
if one assum es that both  a stabilization  procedure (instrum ented fusion) and artificial disc surgery are equally e cacious. Does
patient  age play a role in  th is decision  m aking process? If so, expound.
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Chapter 10 (Surgical Approaches to the Subaxial Spine)
1.  Describe the vital anatom ical structures of the neck and  their locations relative to the trajectory of ventral surgery of the cervi-

cal spine.
2.  Should the sym pathetic chain  be retracted m edially or laterally during ventrolateral surgical exposure of the vertebral artery?
3.  List  the im pedim ents to the access of the thoracic spine encountered  through  the ventrolateral t ransthoracic approach. Specifi-

cally address the im pedim ents unique to right  and left  sided exposures.
4.  List  the asym m etrical nature  of ventral and  lateral approaches to the thoracic and  lum bar  spine, and  how  these m ight  result  in

untoward e ects.
5.  List  som e of the im portant  anatom ical structures encountered  during the ventrolateral extraperitoneal exposure of the lum bar

spine.
6.  What  m uscle group  m ust  be  retracted  to gain  access to the  neuroforam ina via the ventrolateral extraperitoneal approach, rela-

tive to the lum bar spine?
7.  What two surgical approaches to the low  lum bar spine allow  for a sym m etrical surgical soft  t issue dissection?
8.  List  and discuss the advantages and disadvantages of the lateral extracavitary approach  to the thoracic and lum bar spine.
9.  How  m ight  the  lateral transcavitary approach  to the  thoracic spine  obviate  som e of the  disadvantages of the  lateral extracavi-

tary approach?
10. How  m ight  a dorsal exposure of the spine alone contribute to a flexion  deform ity?  In  w hich  regions and  in  w hat circum stances

is th is m ost  likely to occur? Why?
11. Describe the exposures of the spinal canal achievable via the variety of ventral, lateral, and dorsal approaches to the spine.

Chapter 11 (Destabilizat ion of E ect s of Spine Surgery)
1.  List  the ways that  the surgeon m ay compensate for pathological or iatrogenic spinal instability.
2.  Outline  and  di erentiate  the  advantages  and  disadvantages  of m agnetic resonance  im aging  (MRI)  and  dynam ic radiographic

im aging for the assessm ent of spinal stability.
3.  Describe how  and w hy the anterior longitudinal ligam ent lim its the e cacy of the technique of ligam entotaxis.
4.  How  does the  anatomy of the  posterior  longitudinal ligam ent  and  its disruption  by traum a and/or  surgery lim it  the  e cacy of

the technique of ligam entotaxis?
5.  How  does ligam entous in tegrity act as an  aid to the acquisit ion  of stability via the inser t ion  of an  in terbody bone graft?
6.  Using the 27 cube ver tebral body m odel, describe how  the location  of vertebral body bone rem oval a ects the extent of destabi-

lization via ventral spinal decom pression.
7.  Describe  w hy the  natural tendency of m ost  surgeons  is  to  decom press  the  contralateral m ore  adequately than  the  ipsilateral

side of the spinal canal from  w hich he or she is standing during a ventral cervical decom pression procedure.
8.  Describe the Erlenm eyer flask decompression  and its advantages.
9.  Using the lateral extracavitary approach  to ventral surgical spinal canal decompression  as an  example, discuss how  the lim ita-

tions of bony resection  can  assist  in  the m inim ization  of surgical destabilization.
10. List  som e of the potential causes of post-lam inectomy neurological deterioration.
11. What  are the three causes of iatrogenic surgical spinal destabilizat ion  associated w ith  lam inectomy? Discuss how  spinal config-

uration  (kyphosis versus lordosis) a ects th is process.
12. Describe strategies that can  lim it  iatrogenic surgical destabilizat ion .
13. Discuss how  low  lum bar facet joint orientation  and surgical disrupt ion  of the facet joint  a ect  spinal stability.

Chapter 12 (Spine Fusion)
1.  Which  is ultim ately m ore secure, a bony fusion  or the instrum entation–bone in terface? Describe the proverbial race that ensues

after the placem ent of a spinal im plant and a bony fusion. Which  w ins?
2.  Why do ventral in terbody bone grafts provide superior ultim ate strength  characteristics (as compared to dorsal bone grafts)?
3.  List  and discuss som e of the appropriate and inappropriate indicat ions for the use of a dorsal bone graft .
4.  Discuss  the  importance  of the  consideration  of the  order  of perform ance  of the  decom pression  of the  neural  elem ents, the

placem ent of an  in terbody fusion , and the placem ent of a spinal im plant. Also discuss how  the surgeon ’s desire for spinal com -
pression versus dist ract ion  m ay alter th is sequence.

5.  Define neutral axis. Where is it  usually located?
6.  Discuss the considerations involved w ith  the location  of placem ent of the in terbody bone graft  in  relation  to the neutral axis.
7.  Why should  the  surgeon, in  general, str ive  to  m atch  the  in tegrity of an  in terbody bone  graft  w ith  that  of the  vertebral body?

How  can  the ver tebral endplate be used to an  advantage if the bone graft  is of greater in tegrity than  the accepting vertebral
body?
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8.  Discuss how  the  acceptance  of an  axial load  m ay have di eren t  e ects on  the  disc in terspace, depending upon  the  disc space’s
orientation.

9.  In  the case of an  in terbody fusion, does spinal dist ract ion  detract  from  the fusion  process or enhance it?
10. Describe the  unidirect ional nature  of the  in terbody bone graft . How  m ight  ligam entous in tegrity enhance the e cacy of an  in-

terbody bone graft?
11. What  are  the  considerations regarding the location  of placem ent  of a  dorsal bone  graft , particularly w ith  respect  to the  IAR or

neutral axis?
12. How  can  the use of a deep  m ort ise contribute to the enhancem ent of t ranslat ion-resisting forces?  What category of force appli-

cation  is applied in  th is circum stance?
13. Discuss the  concepts of load  bearing and  load  sharing as  they relate  to  short  segm ent  fixation  (w ith  or  w ithout  an  in terbody

strut) construct  success and failure.

Chapter 13 (Im plant  Propert ies)
1.  What is an  elem ent? What  is an  alloy?
2.  Why is the grading of m etals im portan t?  Discuss som e of the issues involved w ith  the grading of t itan ium .
3.  What is 316L stain less steel?
4.  How  does the surface of a spinal implant  a ect  its corrosion?
5.  Why is spinal stability seldom  a ected by im plant corrosion?
6.  Of the  com m only used  im plant  m etals and  alloys, w hich  is m ost  resistant  to corrosion?  Why is th is so?  How, and  in  w hat  way,

does iron  contam ination  a ect  the corrosion  process?
7.  What is anodizing? How  does it  a ect corrosion  resistance?
8.  What  is crevice corrosion?  What  is fret t ing corrosion  (corrosion  wear attack)?  Which  alloy is particularly prone to fret t ing cor-

rosion?
9.  What is galvanized corrosion? Is it  clin ically significant?
10. Define osteointegration.
11. What is shot  peening? What m aterial property does shot  peening m ost significantly a ect?
12. What happens to yield  strength  (hardness) and duct ility (m alleability) w hen a m etal is perm anently deform ed?
13. Define stress r iser and notching.
14. Why does polym ethylm ethacrylate (PMMA), w hen  used  for spine applications, com monly not  conform  well to bony structures?

Why is th is not  necessarily apparent  at  the t im e of surgery?
15. What m aterial property is part icularly characteristic of PMMA?

Chapter 14 (Com ponent -Com ponent  Interfaces)
1.  List  the six types of component–com ponent locking m echanism s. What is the fundam ental in terface characteristics that enables

the optim ization  of e cacy of these locking m echanism s?
2.  How  can  e cacy of the locking m echanism  be tested in  the biom echanics laboratory?
3.  Describe the three-point  shear clamp and its variations.
4.  Di eren t iate between lock screw and circum ferential grip  connectors.
5.  Di eren t iate between constrained bolt-plate and sem iconstrained screw-plate connectors.
6.  Describe som e of the potent ial pitfalls associated w ith  constrained bolt-plate connections.
7.  Describe  how  the  sem iconstrained  component–rod  connection , such  as  that  em ployed  via  the  hook–rod  in terface  of the  Har-

rington  distract ion  rod, funct ions.
8.  Describe  the  t ire–road  in terface  theory of component–com ponent  implant  connectors. Discuss  how  the  various  component–

component  in terfaces are designed to increase friction  betw een components.
9.  Describe  the  m echanism s  by w hich  the  cross-fixation  of both  longitudinal m em bers  of a  construct  increases  e cacy. Briefly

discuss the di erences betw een som e of the m ost com m only used cross-m em bers.
10. What is the new ton equivalen t  to a pound?
11. Discuss  the  st rength  characterist ic  com parisons  betw een  som e  of  the  m ore  com m only  available  construct–construct

connectors.
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Chapter 15 (Im plant -Bone Interfaces)
1.  List  the five general categories of im plant–bone in terface.
2.  Where  are  abut ting  im plant–bone  in terfaces  m ost  com monly used?  What  are  som e  of the  considerations  involved  w ith  th is

type of implant–bone in terface select ion?
3.  Describe and discuss the attributes of the two types of penetrating implant–bone in terfaces.
4.  Describe  and  discuss  the  att ributes  of the  components  of the  screw. What  component  of the  screw  if m ost  a ected  by  the

strength  defined by the section  m odulus? Illustrate the significance of the sect ion  m odulus.
5.  List , define, and discuss the attr ibutes of the three types of screws.
6.  What longitudinal port ion  of the screw  is m ost  im portant  w ith  respect  to pullout  resistance?
7.  What  two screw  thread  design  attr ibutes m ost  sign ificantly a ect  pullout  resistance?  What  fundam ental rule  defines th is rela-

tionship?
8.  Discuss and illustrate the e ect of t riangulat ion on  construct  pullout  resistance?
9.  What are the conditions necessary for a screw  to funct ion  as a lag?
10. What  m ode of im plant–bone in terface failure is m ost  e ectively resisted  by gripping im plant–bone in terfaces?  What  advantage

do hooks have over w ire in  th is regard?
11. Discuss som e of the problem s regarding hook–bone in terface in tegrity (or lack thereof) associated w ith  pedicle hook inser t ion.
12. Describe how  the hook-screw  single level claw  m inim izes the deficiencies of each  individual component.
13. What are two com m on m isconceptions regarding the e cacy of acrylic–bone in terfaces? Discuss these m isconceptions.
14. How  does  osteoin tegration  m inim ize  focal stress  concentration  (stress  risers)?  How  does  the  coarse  surface  characteristic of

m aterials that osteoin tegrate poten tially negate som e of the advantage of osteointegration?

Chapter 16 (Qualitat ive At t ribures of Spinal Im plants: A Historical
Perspect ive)
1.  What are the fundam ental qualitative attr ibutes of spinal implants? Describe each  attr ibute.
2.  Discuss the am biguity associated w ith  neutral axial force application  to the spine.
3.  What law  addresses the fact  that  “bone deform s and reform s under stresses”?
4.  What  a ect  does repetit ive cyclical loading and increased  force application  have w hen  a sem ii-rigid  im plant  that  allow s  “som e”

m ovem ent have at the bone–implant  in terface? How  can  th is be prevented?
5.  List  and  discuss  the  clin ically  used  desired  axial forces  applied  by the  spine  surgeon  via  spinal im plants. How  m any possible

(theoretical) desired axial forces applications exist? What two are m issing? Why?
6.  Discuss New ton’s th ird law  as it  applies to spinal im plants.
7.  Why is rigid  fixation, in  the  str ictest  sense, not  usually achieved?  How  does th is confuse  the  di eren tiation  betw een  rigid  and

dynam ic spinal im plants?
8.  Discuss the concepts of stress shielding and stress reduct ion  osteoporosis?
9.  How can a spacer be used to exaggerate three-point  bending force applications? What com m ercially-available technique accom -

plishes th is?
10. Why is the proxim al ratchet  on  the rod  of a Harr ington  distract ion  rod  m ost  prone to failure (stress riser)?  What ratio describes

th is phenom enon  (see Chapter 12)?
11. What are som e disadvantages of dorsal spinal dist ract ion?
12. What is a m ain  concern  of dorsal distraction  of the lum bar spine?
13. How  does axial ligam entous resistance achieve a  “claw ” w ith  the application  of distraction, as applied by the Harrington dist rac-

tion  rod?
14. Why m ight dorsal spinal distraction  as a technique for the reduct ion  of ventral post-traum atic m ass lesions com m only fail?
15. Why is  universal spinal instrum entation  (USI) considered  the  “new  gold  standard” of spinal instrum entation  for  thoracic and

lum bar applications (as compared to the Harrington  distraction  rod)?
16. Describe how  the Luque w ire-rod instrum entation  construct  m ay settle as t im e passes. How  m ight  th is sett ling be m inim ized?
17. What significant  advantage does the Luque w ire-rod technique provide that earlier constructs do not?
18. Di erent iate  betw een  the  screw  pullout  resistance  of rigid  (constrained) and  dynam ic (sem iconstrained) screw-plate  fixation

devices. Where is the rigid screw-plate construct  m ost  likely to fail?
19. Why are constructs that sim ultaneously use sublam inar w ires and hooks potent ially dangerous?
20. What type of spinal deform ation  are posterior tension-band fixation  constructs relat ively poor at  resisting?
21. Discuss  the  advantage  of the  sim ultaneously use  of both  ventral and  dorsal tension-band  fixation  constructs. In  w hat  clin ical

situations m ight th is strategy be useful?
22. Discuss the advantages of load sharing as applied via ventral compression  fixation.
23. Under w hat circum stances would a compression  force, applied on  the convex side of a scoliotic curve, worsen  the curve?
24. How  m ight the three-point  bending fixation  technique be used to correct  sagittal plane t ranslat ional deform ities?
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25. What two conditions m ust exist  before dynam ic dorsal compression  forces can  safely be em ployed?
26. List  several of the  com m only used  dynam ic (sem iconstrained) screw-plate  fixation  spinal im plants. Include  both  ventral and

dorsal implants.
27. What is the m ajor advantage of dynam ic spinal fixation? What complication  can  occur w ith  dorsal dynam ic compression?

Chapter 17 (Quant itat ive At t ributes of Spinal Im plants)
1.  Discuss bending m om ent application  in  relat ion  to m om ent arm  length .
2.  Why should  implants that  are  placed  in  a  neutral m ode  at  the  t im e  of surgery usually be  considered  as applying axial distrac-

tion  to the spine?
3.  Discuss the concept of tension-band distraction.
4.  Discuss how  a spring board is, in  reality, a three-point  bending construct .
5.  What is the equat ion  that  m athem atically describes the bending m om ent applied by a three-poin t bending construct?
6.  Why is it  potent ially unw ise to apply a dorsal distract ion /three-point  bending com binat ion  to a lordot ic spine?
7.  Describe term inal th ree-point  bending fixation .
8.  What is the equat ion  that  m athem atically describes the bending m om ent applied by a tension-band fixation  construct?
9.  Discuss load bearing and load sharing in  relation to rigid distraction  and compression fixation, particularly in  relation  to surgical

load-bearing and the weight of the torso situated above the im plant.
10. Discuss the clin ical and  m athem at ical di erences betw een  three-point  bending and  tension-band fixation. Discuss these di er-

ences in  relation  to the selection  of the m ost appropriate construct  length .
11. How  m ight  a  longer  than  necessary three-point  bending construct  apply untoward  forces to the  spine?  What  are  these  forces

term ed?
12. Discuss the concept of a cantilever beam .
13. List  and describe the three types of cantilever beam  fixat ion. Discuss the strengths and weaknesses of each.
14. Describe and discuss three m ethods that  m ay be em ployed  to m inim ize the lateral parallelogram -like t ranslational deform ation

associated w ith  pedicle fixation.
15. How  m igh t  a  term inal  th ree-poin t  bending  construct  be  used  to  m in im ize  the  chance  of  sagit tal  p lane  t ranslat ional

deform ation?
16. How  m ight  non-fixed  m om ent  arm  cantilever  beam  constructs  be  em ployed  to  an  advantage  regarding  the  rigidity  of  the

construct?

Chapter 18 (Const ruct  Design)
1.  Define construct design.
2.  What decisions m ust  be m ade prior  to spinal implantation?
3.  What are the six m echanism s of load-bearing?
4.  What does the blueprint  schem e for spinal instrum entation provide? Why is a posterior-anterior  view  used?
5.  Describe the convent ion  used to depict  the level of pathology, type of implant component, m ode of application  at each  segm en-

tal level, and the m echanical attr ibutes of the spinal im plant  to be em ployed.
6.  How  are hooks, w ires, and screws depicted on  the blueprint? How  is their location  depicted?
7.  How  are the force m odes depicted on  a blueprin t?
8.  Discuss the total force m odes in  Figure 16-5.
9.  In  the osteoporot ic patient, w hat  type of fixation  should be used? Why?
10. Discuss the use of short construct  versus long construct  fixation  in  the osteoporotic patient.
11. What is “instrum entation-fusion  m ism atch”? What  is the long rod-short  fusion  strategy?
12. What is the purpose of cross-fixation? Where along the im plant should cross-fixators be placed?
13. What  is  the  rationale  for  the  inclusion  of an  “extra” rostral spinal segm ent  by a  long three-poin t  bending or  universal spinal

instrum entation  construct?
14. Discuss the concepts of instrum entation-fusion  m ism atch, long rod-short  fusion, and short segm ent fixation .
15. List  and describe som e of the factors that are im portant  in  the design  of a spinal instrum entation  construct.

Chapter 19 (Const ruct  Failure  and Failure  Prevent ion)
1.  Discuss the notion  that  im plants fracture and surgeons fail.
2.  List  and discuss the three m echanism s by w hich spine constructs can  fail.
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3.  Where  do  im plants fail?l In  other  words, at  w hat  position  along the  im plant, is  the  m ost  likely location  for  im plant  failure  by
fracture, etc?

4.  What two factors dictate the stress applied to an  im plant?  Discuss their sign ificance? What is their relationship?
5.  Describe the relationship betw een strength  and bending m om ent as they pertain  to implant  failure.
6.  Discuss the strength  and stress characteristics of fixed and tapered inner diam eter screws – noting that im plants always fracture

at  the point  of m axim um  stress application.
7.  At  w hat point  along a non-fixed m om ent arm  cantilever beam  screw  is the likely site of fracture, if such should occur? Why?
8.  Why is screw  fracture an  infrequent observation w ith  axially dynam ic implants?
9.  List  and discuss strategies that  m ay be used to increase screw-bone in terface in tegrity.
10. Describe the utilit y of using m ultiple  screws. In term ediate screws provide w hat  type (m ode) of fixation?  Discuss the principles

involve and the advantages of adding in term ediate screws.
11. Why is a long bridging cervical spine im plant  prone to failure?
12. What strategies can  be used to augm ent bone-bone in terface in tegrity?
13. Discuss  the  e ect  of  tapping,  not  tapping,  preparatory  drilling,  and  not  drilling  in  both  cancellous  and  cort ical  bone.

Which  com binat ion provides screw-bone in terface in tegrity augm entation? Which  com bination  degrades screw-bone in terface
in tegrity?

Chapter 20 (Cranio-cervical and Upper Cervical Const ructs)
1.  List  the factors associated w ith  injury to bony and soft  tissue structures of the cranio-cervical region  follow ing traum a?
2.  What are the two reasons that solid  arthrodesis is relatively di cult  to achieve in  the cranio-cervical region?
3.  Sum m arize the extent of flexion, extension  and rotat ion at  the occiput  to C1 and C1-2 joint.
4.  What is the m ajor factor inhibit ing dorsal fusion  in  the occipito-cervical region?
5.  Describe the funct ions of cort ical and m edullary bone w ith  regard to arthrodesis.
6.  What component of cort ico-cancellous bone does a rigid spinal fixator, in  a sense, replace?
7.  List  two of the  constructs that  can  be  used  to augm ent  the bone healing enhancing a ect  (compression) in  the  cranial cervical

and upper cervical region .
8.  Discuss the order of perform ance of the components of a C1-C2 transar t icular screw  fixation w ith  dorsal C1-C2 w ire fixation  for

C1-C2 instability.
9.  What is the m ost com m only em ployed ventral cran io-cervical or upper cervical instrum entation  technique? Discuss the reasons

for th is, including the advantages and disadvantages of all ventral strategies.
10. Discuss the lag e ect  and the strategies that can  be em ployed to achieve th is e ect .
11. What characteristics of a type II odontoid fracture render it  a poor candidate for odontoid  screw  fixat ion? Discuss these factors.
12. Discuss the pros and cons, as well as the controversy, regarding the use one versus two screws for odontoid screw  fixation .
13. Discuss the problem s associated w ith  cranio-cervical and upper cervical bony strut  fusion  strategies.
14. Discuss the advantages and disadvantages of upper cervical and cran io-cervical ventral plate and t ransar ticular screw  fixation.
15. Discuss the advantages and  disadvantages of the variety of dorsal upper cervical and  cranio-cervical fixations strategies. In  th is

discussion, include the di erence betw een m edial and lateral occipital screws, clamp fixation, w ire fixation, hook fixat ion, and
occipital but ton  fixation .

16. Discuss the factors a ect ing the decision  regarding the length  of an  occipital cervical fixation  construct .

Chapter 21 (Vent ral Subaxial Spine Const ructs)
1.  Discuss and describe som e of the im plants that  provided ut ility in  days gone by, but  then  were supplanted by new  technologies.
2.  Discuss the concept of implants funct ioning di erently under di eren t  loading conditions. Give examples.
3.  Describe how  a dist ract ion  im plant  m ay be sim ilar to, but opposite in  orientation , to a tension-band fixation  im plant.
4.  Why is a ventral spinal implant  m ore e ect ive  in  resisting extension  then  flexion?  Discuss the  ‘pole  vaulting’ phenom enon  as-

sociated w ith  the use of a long ventral in terbody strut . What are the strategies that  m ight be used to prevent  such  a complica-
tion?

5.  Discuss the factors involved  w ith  im plant-derived  forced  applications and  how  they m ay, or  m ay not, cause the application  of a
bending m om ent.

6.  What is needed to enhance distraction  fixation  as an  e ect ive strategy?
7.  What are the two types of ventral dist ract ion  im plants? How  are they sim ilar and how  do they di er?
8.  Describe the di erences and sim ilarit ies betw een fixed and non-fixed m om ent arm  cantilever beam  ventral spine constructs.
9.  Describe the phenom enon of “subsidence” and how  it  adversely e ects ventral cervical fixation  constructs.
10. Describe how  the inadvertent  application  of a ventral cantilever fixation  device in  a three-point  bending m ode can  be problem -

atic. Discuss how  th is e ect  can  be m inim ized.
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11. How  can  the application  or resistance of three-point  bending loads be harm ful on  the one hand and beneficial on  the other?
12. Describe the advantages of compressing (pre-loading) the bone graft  at  the t im e of surgery via the implant .
13. Describe term inal bending m om ents. Discuss how  the application  of term inal bending m om ents can  be prevented.
14. Discuss the concept of compression  on the convex side of a curve as a strategy to correct  a scoliotic deform ity.
15. Discuss how  the  application  of a  fixed  m om ent  on  cantilever  in  a  ventral, lateral, or  dorsal position  m ay have  the  sam e  e ect

regarding axial load bearing ability. What factor m ay alter their e cacy (depending on  site of application)?
16. What  happens to the  IAR follow ing the  placem ent  of a can tilever  beam  im plant  in  the  cervical spine?  How  does th is a ect  the

loading or unloading of an  in terbody strut during flexion and extension?
17. Discuss in trinsic bending m om ent application  and the factors that  m ay lead to its success or failure.
18. Discuss  the  dilem m a  associated  w ith  ventral fixed  m om ent  arm  cantilever  beam  fixation  devices  regarding the  ‘com petit ion’

betw een the in terbody strut  and the cantilever device for vertebral body load bearing.
19. Discuss the  factors that  should  lead  the  surgeon  to consider  a  fixed  m om ent  arm  cantilever  beam , a  non-fixed  m om ent  canti-

lever beam , or a hybrid im plant for  vent ral spine application.

Chapter 22 (Dorsal Subaxial Spine Const ructs)
1.  Describe  the  evolution  of m odern  day dorsal hook and  screw-  rod  fixation  techniques in  the  thoracic and  lum bar  spine from  a

historical perspective.
2.  Why is the Knodt rod ill-conceived for single level dist ract ion  fixation?
3.  Discuss the fish  jaw  analogy w ith  tension-band fixation.
4.  Describe how  dorsal tension-band fixat ion  techniques in  the cervical region  take advantage of facet joint orientation.
5.  Discuss the prevent ion of the occurrence of term inal bending m om ents by em ploying in term ediate poin ts of fixation.
6.  Why does dorsal distract ion  nearly always apply a three-point  bending force  complex to the spine?  Under  w hat  circum stances

does th is not occur?
7.  Explain  in  biom echanical term s w hy long three-point  bending fixators dim inish  the load  applied  to term inal im plant–bone in-

terfaces (compared to shorter three-point  bending fixators).
8.  Why was the Harrington  distraction  rod  supplanted by m ore complex universal system s? In  other  words, discuss the disadvan-

tages of the Harrington distraction  rod.
9.  Why does a dorsally applied  non-fixed  m om ent  arm  cantilever  require  vent ral weight  bearing structural support?  Does m ulti-

ple level fixation  compensate for th is?
10. List  at  least  four  strategies  by w hich  the  parallelogram -like  translational deform ation  can  be  m inim ized  or  elim inated  w hen

using fixed m om ent arm  cantilever beam  pedicle fixation  constructs.
11. Discuss the im portance of sagittal balance.

Chapter 23 (Interbody Const ructs)
1.  What is the bending m om ent applied by m ost  in terbody fixation  devices?
2.  Discuss the ram ificat ions of placing a vent ral in terbody bone graft  w ith  the crestal port ion  im planted  ventrally versus dorsally.

How  does the application  of a ventral cantilever a ect  th is decision  m aking process?
3.  Discuss the vir tues and  related  aspects of the  iliac crest  graft  and  fibula allograft  from  a structural and  biom echanical perspec-

tive regarding in terbody cervical spine fixation.
4.  Discuss the im portance of “sizing” a bone graft  to m atch the trough in  w hich it  sits.
5.  Discuss the im portance of the endplate (or lack thereof) regarding in terbody strut  fixat ion.
6.  Discuss  in terbody acrylic strut  applications. Also  discuss  in terface  gaps  betw een  the  acrylic and  the  vertebral body and  how

they m ay be m inim ized. What are the risks involved w ith  these strategies?
7.  What are the factors that Cloward em phasized regarding the successful attainm ent of an  in terbody fusion?
8.  Discuss the divergence betw een  Cloward’s original tenants and  the  m echanics associated  w ith  threaded  in terbody fusion  cages

(TIFCs).
9.  What  phenom enon  results from  the  inadequate  consideration  of Cloward’s original tenants?  How  do TIFCs fail in  th is  regard?

Describe how  flat-faced cages m ay provide both  significant  surface area of contact  for structural support, as well as the appro-
priate surface area for bone fusion  acquisit ion .

10. List  and discuss the attr ibures of anterior lum bar in terbody fusions (ALIFs) .
11. Describe the di erence of m om ent arm  application  betw een in terbody and in ter-t ransverse fusion  strategies. Is th is significant?
12. Describe the di erences betw een flat-faced and round-faced cages. Describe the attr ibutes of each.
13. How  does a flat-faced cage provide an  advantage regarding angular deform ation  resistance?
14. How  m igh t  the  d isrupt ion  of the  an terior  or  posterior  longitudin al  ligam en t  a ect  spinal  stabilit y  follow ing  lum bar  cage

inser t ion?
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15. How  do the endplate relationships and orientations a ect  stability follow ing cage insert ion?
16. Discuss both  the endplate versus the shape of an  in terbody strut and how  “gaps” m ay be inadvertently created.
17. Discuss the significant  angular and  shear stresses that  are applied  to the low  lum bar and  lum bosacral regions. Also discuss how

these m ay adversely e ect  the fusion  process.
18. Discuss the  threaded  in terbody fusion  cage  (TIFC) strategy of disc in terspace  distract ion  and  the  “tensioning” of the  ligam ents

that is obligatorily required. Also discuss how  th is m ay lead to failure.
19. Does settling occur after the placem ent of TIFCs? What is the potential consequence of th is?
20. Discuss the im portance of sagittal balance in  the m anagem ent of lum bar spine pathology.
21. Discuss the concept of stresses at  the term ini of a fusion  and the potent ial for acceleration  of end-fusion  degenerative changes.
22. Discuss the di erences of bone contact  provided by the variety of lum bar in terbody fusion  strategies.
23. Describe a strategy for TIFC rem oval based on  e cacy and safety.
24. What are the problem s facing art ificial disc replacem ent? In  your opinion , are they surm ountable?

Chapter 24 (Lum bo-Sacral-Pelvic Const ructs)
1.  Through w hat region  of the lum bosacral spine should a plum  line dropped from  C7 pass?
2.  How  can  a lum bar lam inectomy or a lum bar fusion w ithout  instrum entation  result  in  the loss of lum bar lordosis?
3.  How  can  distract ion  cause flexion?
4.  Describe  the  compensatory curvatures  of the  cervical-thoracic and  thoracic regions  that  can  occur  in  a  patient  w ith  a  loss  of

lum bar lordosis.
5.  What disadvantage regarding lum bar fusion  does the use of the knee-chest  position  pose?
6.  Discuss the relationship betw een an  “out of balance” spine and accelerated degenerative changes.
7.  Describe the location  and discuss the significance of the lum bosacral pivot  point.
8.  Discuss the im portance of the triangulation  e ect.
9.  Com pare and contrast  the trans-lum bar and trans-sacral fixation  techniques.
10. Describe and discuss the variety of strategies for sacrectomy and sacrum  integrity reconstitut ion, as well as their draw backs.

Chapter 25 (Regional Nuances)
1.  Discuss the anatom ical lim itat ions of low  ven tral cervico-thoracic surgical exposure. Discuss the  surgical approaches to th is

region .
2.  What are the anatom ical structures that lim it  lateral exposure of the cervical spine?
3.  In  w hat  ways are the cranial, cervical, and lum bo-sacral regions biom echanically sim ilar?
4.  What im aging finding m ay help determ ine the appropriateness of a vent ral approach  for a cervico-thoracic junct ion  lesion?
5.  What characteristics of the upper thoracic vertebral body render it  subopt im al for  ventral lateral screw  placem ent?
6.  What are the di culties associated w ith  dorsal cervico-thoracic screw  fixation?
7.  Discuss the vascular and bony confines of the lower lum bar region  from  a ventral exposure perspective.
8.  Discuss the significance of the transit ional regions of the spine from  an  instrum entation  and instability perspective.
9.  Define the apical segm ent. Discuss its significance.
10. Define a stable ver tebra. Discuss its sign ificance.
11. In  w hat regions should a long construct  not  be term inated? Why?

Chapter 26 (Deform it y Prevent ion and Correct ion: Com ponent
St rategies)
1.  What are two fundam ental ways in  w hich a spine deform ity can  be corrected?
2.  Bending m om ent and force application via in  vivo alteration  of im plant configuration  can  be achieved by three m echanism s. List

them .
3.  Describe  the  bending m om ents  achieved  along the  long axis  of a  th ree-point  bending  im plant. Do  the  sam e  for  a  four-poin t

bending implant .
4.  Define the term inal three-point  bending technique.
5.  Describe the crossed-rod technique and discuss its advantages regarding deform ity correction .
6.  Describe the axes about  w hich  the spine can  be rotated to correct  deform ity w ith  the crossed-screw  fixation  technique.
7.  What is the m ajor problem  associated w ith  in  vivo implant contouring?
8.  Describe the derotation  m aneuver and discuss its unique advantages regarding deform ity correct ion.
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9.  What three deform ations are sim ultaneously corrected w ith  the derotation  m aneuver?
10. Describe the importance of cross-fixation  for both  long and short  segm ent fixat ion  constructs.
11. How  m any cross-fixators are optim al for m ost  constructs? Where should they be placed?
12. Discuss the im portance of screw  toe-in  (tr iangulat ion).

Chapter 27 (Deform it y Prevent ion and Correct ion: Com plex Clinical
St rategies)
1.  Describe and discuss the significance of Dubousset’s ‘cone of balance’.
2.  List  the three fundam ental categories of spine deform it ies.
3.  Discuss the concept and physical entity of “degenerative rotatory kyphoscoliosis.” How  is th is nam e derived? Is it  appropriate?
4.  Define o -axis deform ation. What is the significance of th is?
5.  What phenom enon causes o -axis deform ation? Discuss th is relationship. Use a  ‘bucket handle’ as a descriptive aic.
6.  How  does one determ ine the sagittal ver tical axis (SVA)? What is its significance?
7.  Define the center sacral line. How  can  it  be used to assess balance? In w hat plane does it  assess balance?
8.  Discuss the concept of the  ‘pelvic ver tebra’.
9.  Define pelvic incidence, pelvic t ilt  and sacral slope. Discuss the in terplay betw een these three spinal pelvic param eters.
10. Which  of the  spinal pelvic param eters  is  unique  to  the  individual and  does not  change  w ith  position  or  alterations  of spatial

orientation? Which  of the param eters is a ected by position? Discuss the significance of these factors.
11. Discuss the significance of the fact  that both  pelvic t ilt  and sacral slope are compensatory param eters.
12. Describe and discuss the m athem atical relationship  betw een pelvic incidence,, pelvic t ilt  and sacral slope.
13. Discuss the im portance of the apical and neutral ver tebrae regarding spine deform ity and deform ity correct ion .
14. Discuss the  im portance  of the junct ional regions regarding the  surgical decision-m aking process, specifically regarding instru-

m entation  and fusion.
15. Briefly discuss the King classification  of spine deform it ies.
16. Describe the attr ibutes of the Lenke classificat ion  schem e.
17. What is the di erence betw een a prim ary and secondary spinal curvature?
18. Discuss the  m echan ism  by w h ich  a  kyphosis  associated  w ith  cervical spondylotic  myelopathy  is  self-propagat ing once  it  is

in it iated .
19. What are the disadvantages associated w ith ventral approaches to cervical spondylotic myelopathy?
20. Discuss  strategies  by w hich  im proved  fixation  m ight  be  attained  follow ing complex  (long)  ventral cervical spine  decompres-

sions in  kyphotic patients.
21. Discuss strategies for in traoperative cervical spine subluxation  reduct ion.
22. How  is the coronal plane balance assessed? Describe the use of the center sacral line in  the assessm ent of coronal plane balance.

How  are stable vertebrae defined using th is “line.”
23. What are the factors that  predict deform ity progression  in  degenerative rotatory kyphoscoliosis?
24. Discuss the use of fram es and patient  positioning during dorsal lum bar fusion  procedures.
25. Discuss the strategies that can  be ut ilized to attain  lum bosacral and lum bopelvic fixation.
26. Discuss the use  of osteotomy and  the various types of osteotomy for  the correction  of kyphotic deform ities and  the  attainm ent

of sagit tal balance.
27. Discuss the  problem s associated  w ith  the  attainm ent  of sagittal balance  and  the  attainm ent  of a  norm al  “field  of view ” in  the

ankylosing spondylit is pat ient  w ith  a complex cervicothoracic and lum bar kyphotic deform ity. How  m ight a surgeon design  a
strategy to solve both  problem s?

Chapter 28 (Com plex Inst rum entat ion Const ructs and Force
Applicat ions)
1.  Describe the complex nature, from  a biom echanical and m otion  perspective, of the cranio-cervical region.
2.  Describe the advantages and the disadvantages of m idline occipital screw  fixation.
3.  Describe the occipital button  technique, as well as its advantages and disadvantages.
4.  Describe the  Gallie, Brooks, and  com bination  techniques. Discuss their  respect ive advantages and  disadvantages from  a biom e-

chanical perspective.
5.  Define the three-point  bending screw  technique. Give examples.
6.  Discuss the strength  of a screw and the extent  to w hich cannulating a screw  weakens th is strength .
7.  Discuss  how  repetit ive  loading can  weaken  the  screw –bone  in terface  in  cantilever  beam  constructs. Does length  of construct

a ect  th is process?
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8.  In term ediate poin ts of fixation  increase resistance to predom inantly w hat type of loading? Discuss th is strategy.
9.  In  w hat region  of the sacrum  is the bone of h ighest quality regarding screw  fixation? How  can  th is be used clin ically?
10. What is the lum bo-sacral pivot  point? Discuss its clin ical relevance.
11. Define in terference screw  fixation. Discuss how  a threaded in terbody fusion  cage m ight be considered an in terference screw.

Chapter 29 (Subsidence and Dynam ic Spine Stabilizat ion)
1.  What are the factors that accelerate subsidence?
2.  What are the two deform ations that contribute to subsidence of the spine?
3.  The process of subsidence observed postoperat ively is related to w hat three factors?
4.  Describe  how  a  fem oral neck fracture  can  be  e ect ively treated  w ith  a  dynam ic hip  arthroplasty. Define, describe, and  discuss

the axis along w hich  the fem oral neck subsides.
5.  What is Wol ’s law ? Discuss its significance.
6.  Discuss  the  butt ress  plate  and  how  it  perm its  subsidence. What  is  not  controlled  by a  but tress plate?  Could  th is  be  harm ful?

Explain .
7.  Define dynam ism . Define controlled dynam ism .
8.  Why is an  absorbable implant  not as e ect ive as a dynam ic fixator?
9.  List  and  discuss  the  types of dynam ic im plants. What  are  the  three  m ajor  categories of complications related  to  the  failure  to

adequately consider subsidence during the spine stabilization  decision  m aking process?
10. Discuss  the  quality of the  contact  surfaces  of the  endplate  region  of the  vertebral body and  how  this  changes  from  region  to

region w ith  the respect  to the endplate.
11. Discuss the im portance of carpentry and surface area of contact  regarding in terbody fusion .
12. Are dynam ic im plants applicable in  the thoracic and lum bar spine? If so, w hy so? If not , w hy not?

Chapter 30 (Vertebral Augm entat ion: Kyphoplast y and Vertebroplast y)
1.  Discuss the recent controversies over the clin ical utilit y of ver tebral augm entation procedures.
2.  Describe the di erences betw een kyphoplasty and vertebroplasty.
3.  Why are  adjacent  level fractures  relatively com m on  follow ing the  perform ance  of a  vertebral augm entation  procedure?  What

about  non-adjacent fractures?
4.  Discuss vertebral augm entation  injectate propert ies. What  would constitute the ideal constellation  of properties?

Chapter 31 (Adjacent  Segm ent  Degenerat ion and Disease)
1.  Define adjacent  segm ent degeneration  and disease.
2.  What  is the  approxim ate  annual incidence  of adjacent  segm ent  disease, as docum ented  in  the  historical literature, for  each  of

the follow ing; cervical lam inoforam inotomy, anterior cervical discectomy w ith  fusion, and an terior cervical discectomy w ithout
fusion? Discuss the significance of these observations.

3.  Explain , as best  you  can , the  observation  by Hilibrand  et  al (reference  47, chapter  31) regarding the  low  incidence  of adjacent
segm ent disease in  m ulti-level fusions, compared to single level fusions.

4.  Would you consider a  ‘skip  fusion  construct’ for two non-contiguous cervical disc hern iations? If so, w hy? If not , w hy not?
5.  Com m ent on  the total disc arthroplasty literature regarding adjacent segm ent disease.  Discuss the ongoing controversies.
6.  How  m ight sagittal balance and posture a ect  the incidence of adjacent segm ent disease? Could natural h istory be a factor?

Chapter 32 (Mot ion Preservat ion Technologies)
1.  List  and discuss the variety of m otion preservation  strategies.
2.  List  and  discuss the  attr ibutes of total disc arthroplasty technologies. Com m ent  on  the  extent  to w hich  first  generat ion  ar thro-

plasties e ectively achieve the goals of these att ributes.
3.  Discuss  m otion  and  m echanics of total disc arthroplast ies along and  about  each  of the  three  axes of the  Cartesian  coordinate

system . Pay part icular attention  to sti ness and m otion  allowed along each of these axes.
4.  What  is the biom echanical correlate  of the  chronically unstable  m otion  segm ent  that  m ay be  associated  w ith  m echanical back

pain? Discuss the significance of th is from  a clin ical perspective.
5.  Does total disc arthroplasty, compared to fusion , reduce the incidence of adjacent segm ent disease? Be careful here.
6.  Describe the ideal candidate for a total disc arthroplasty.
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Chapter 33 (Minim ally Invasive Spine Surgery)
1.  List  the  4  radiographic characterists of a  degenerated  disc. Describe how  they m ight  contribute  to spinal stability. Is th is w hat

constitutes the re-stabilizat ion  phase of degeneration?
2.  Why is the  m edial port ion  of the lum bar  facet  joint  crit ical to spinal stability (t ranslat ion  prevent ion) in  the  patient  w ith  a de-

generated m otion  segm ent?
3.  Describe the fundam ental di erences betw een diar throdial and am phiarthrodial joints. Give examples.
4.  Discuss both  the advantages and the disadvantages of MISS regarding its e ect on  spine stability.
5.  Com pare  and  contrast  the  two  facet  screw  fixation  technologies. Discuss facet  screw  fixation  applications in  the  cervical and

thoracic spine.
6.  Discuss the theoretical advantages and  disadvantages of the transsacral lum bar  in terbody screw  fixation  technique. Discuss the

anatom ical and m echanical attr ibutes of the local bone and the im plant  that a ect  e cicacy.
7.  Discuss the theoretical advantages and disadvanteges of lum bar in terspinous spacers.
8.  Discuss the factors that  the surgeon should consider w hen em ploying MISS clin ically.

Chapter 34 (Const ruct  Failure  and Failure  Prevent ion: The Decision
Making Process)
1.  Discuss the preoperative decision  m aking process and  the problem s associated w ith  th is process. Consider  the decision  to oper-

ate in  the first  place. Philosophize regarding these very importan t decisions.
2.  Discuss the  in traoperative  decision  m aking process and  the  problem s associated  w ith  th is process. Philosophize  regarding the

m aking of such decisions.
3.  Com m ent  on  the  not ion  that  we  often  do  not  consider  the  inevitable  occurrence  of subsidence  w hile  planning surgical spine

procedures.
4.  How  m ight  we prevent excess subsidence? Is subsidence to be avoided at all costs? Is it  always bad? Expound.
5.  Where do im plants fracture? Where are they m ost  vulnerable? Is th is always located at  the sam e poin t on  the im plant?
6.  Discuss the concept of load-bearing and load-sharing and how  these concepts relate to construct  failure and failure prevent ion.
7.  Discuss the concept of o -loading an  im plant. Is th is related to load-sharing or load-bearing?
8.  How  can  im plant–bone in terface failure be m inim ized?
9.  Discuss the notion  that  one should  apply as m any im plant  application  m odes (ie, distract ion, tension  band fixation, th ree-point

bending, and cantilever beam ) as possible. Discuss the em ploym ent of in term ediate points of fixation.
10. Discuss  the  concepts  of  ‘over-engineering’ and  ‘under-engineering’ of  spinal  implants.  Why  is  th is  im portan t  to  the  spine

surgeon?
11. What can  be done in  the postoperative period to m inim ize the chance of im plant related complications?

Chapter 35 (Bedrest  and Tract ion)
1.  Discuss the ranges of positioning of the quadriplegic patien t  (ie, from  supine to sit t ing) and its e ect on  vital capacity.
2.  Discuss the variety of pressure poin ts and  how  position ing and  the changing of position ing of the patient  can  m inim ize in tegu-

m ent pressure.
3.  Discuss the im portance of sym m etrically turning a patient.
4.  Discuss the risks of the prone position .
5.  Discuss the pros and cons of alternating pressure rotating beds.
6.  Discuss the e ect of a bead bed on  spinal stability. Do the sam e for a circle-elect ric bed.
7.  Discuss  the  vir tues  of the  lateral decubitus  position  and  how  it  m ight  be  m ost  e ect ively em ployed  to  m inim ize  in tegum ent

pressure.
8.  Discuss cervical traction  and its use for the application  of distraction  and bending m om ents to the spine.
9.  What problem s can  arise from  a bending m om ent application via cervical traction?
10. Discuss the poten t ial adverse sequelae of cervical tract ion.
11. Discuss the problem s associated w ith  traction  for thoracic and lum bar pathologies, particularly relating to e cacy.

Chapter 36 (Spinal Bracing)
1.  Discuss  the  relat ionship  betw een  length  and  w idth  of a  spinal brace  and  how  this  a ects  e cacy. Discuss  the  m echanism  of

action  and problem s associated w ith  the Jewett  brace.
2.  Discuss the im portance of rigidly a xing the ventral and dorsal halves of a brace.

Study Quest ions

537



3.  Describe capital and true neck extension. Di erent iate betw een the two.
4.  Describe the phenom enon of parallelogram -like deform ation  and how  it  m ay be prevented or m inim ized.
5.  Describe the categories of cervical spine braces and the advantages and disadvantages of each .
6.  Define the phenom enon  of snaking.  Discuss strategies for the m inim ization  of snaking.
7.  How  can  one quant itate snaking?
8.  Discuss the application  of a Halo brace to the reduction  and m ain tenance of alignm ent of a hangm an ’s fracture.
9.  Describe  the  di erences from  a  biom echanical perspective  betw een  a  Minerva  jacket  and  a  Halo  brace. Discuss  the  potential

adverse forces and m otions applied to the spine by a Halo brace.
10. In  w hat region  of the cervical spine is the Halo brace m ost e ect ive at  reducing the segm ental m otion?

Chapter 37 (Exercise, Condit ioning, and Other Non-Operat ive
St rategies)
1.  Explain  how  the strengthening of the rectus abdom inus and paraspinal m uscles stabilize the spine.
2.  Explain  the relationship  betw een  the axial loading of the in terver tebral discs and  the vertebral body regarding the resistance to

deform ation.
3.  By w hat  m echanism  can  the  in tervertebral join ts that  were  in it ially not  pain  generators be  recruited  as secondary pain  gener-

ators in  pat ien ts w ith  m echanical low  back pain?
4.  Describe the various categories of pain  of spinal origin . Discuss the im portance of di eren tiating betw een  them .
5.  Why is the identification  of inflam m atory back pain  of particular  im portance?
6.  Describe the sim ilarit ies between m echanical low  back pain  and m echanical h ip pain .
7.  Define flat  back and the flat back syndrom e. Di eren tiate betw een  the two.
8.  What spinal deform ations can  occur as secondary responses to a flat  back?
9.  By w hat m echanism s does vertebroplasty dim inish  m echanical back pain?
10. How  does obesity adversely a ect  the biom echanics of the lum bar spine?
11. Discuss the vir tues, or lack thereof, of bedrest  and bracing as strategies for the m anagem ent of back pain .
12. Discuss the role of pat ient education  in  the m anagem ent of back pain .
13. Describe the GASS exercise program  and the m echanism  of action  of each  component of the program .

Chapter 38 (Biom echanical Test ing)
1.  Discuss the  variety of strategies  that  could  be  used  in  the  biom echanics  laboratory and  how  the  inform ation  obtained  can  be

applied clinically.
2.  What  variables a ect  the choices of specim en types for biom echanical testing?
3.  Discuss the lim itations of laboratory testing. List  the factors that contribute to these lim itations.
4.  Discuss the variables that a ect  specim en preparation.
5.  Discuss the  choice  of specim ens for  biom echanical testing—particularly the  advantages and  disadvantages of each . Discuss the

problem s associated w ith  specim en preparation  and m ounting.
6.  What advantage does potting a specim en w hile frozen provide?
7.  Discuss the problem s associated w ith  a long specim en in  the biom echanical laboratory, as well as its e ect  on  error.
8.  Discuss the application  of forces and m om ents during im plant  testing.
9.  Describe a pure bending m om ent. Can  th is be absolutely achieved in  the biom echanics laboratory?
10. Describe the four basic types of biom echanical tests. Discuss the circum stances under w hich each m ay be used.
11. How  are in term ediate m uscle forces accounted for during biom echanical testing? Is th is accurate?
12. What is strength  testing also know n as?
13. How  is sti ness inform ation  obtained from  a load deform ation  curve?
14. What does fatigue testing assess? List  and define the three types of fatigue experim ents.
15. Define stability testing. What does it  assess?
16. Define m athem atical testing. Discuss the lim itations of m athem atical testing.
17. Define “creep.” Discuss how  it  can  adversely a ect  or perver t  laboratory results.
18. Discuss the cube square law s. How  do they per tain  biom echanical testing?
19. Discuss the im portance of spine posture regarding biom echanical testing.
20. Discuss the  available  data  regarding the  freezing and  thaw ing of a  biological specim en  prior  to  biom echanical testing. Discuss

the variety of biom echanical testing m achines em ployed today. Does loading rate a ect  laboratory results?
21. Discuss the e ect of assumptions and their associated errors. How  do m ultiple assum ptions compound error?
22. Describe w hat  you perceive to be the ideal biom echanical test  or study.
23. Discuss strategies that  can  be  used  to  m ost  accurately m im ic in  vivo  m echan ic, including but  not  lim ited  to  in  vivov biom e-

chan ical test ing.
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Chapter 39 (The Decision Making Process: A Reprise)
1.  Describe the m ultiple causes of back pain  and how  they can  be di eren tiated. Why is th is im portant?
2.  List  the four criteria that  m ust  be m et prior  to lum bar fusion  in  the author’s opinion. Discuss each  of these in  detail.
3.  Define problem -based decision-m aking. Describe how  problem -based decision-m aking can  be em ployed clin ically. Use thoraco-

lum bar traum a as an  example.
4.  Describe your personal ph ilosophy regarding the selection  of pat ients for spine surgery, in  general. Use specific examples
5.  Describe your personal ph ilosophy regarding the selection  of operat ive approaches, in  general. Use specific examples.
6.  Discuss “practice hygiene” and how  it  m ight be used to optim ize quality of care.
7.  Discuss the trajectory for decom pression  and  how  this consideration  should  a ect  the operative approach  select ion  component

of the decision  m aking process.
8.  Discuss how  stereotact ic radiosurgery m ay alter surgical t reatm ent  paradigm s for patien ts w ith  spinal m etastases.
9.  Discuss the 8 m axim s of Augustus White presented in  the Bottom  Line segm ent of th is chapter.

Study Quest ions

539



Glossary
This glossary is a  guide both  to the  definition  of biom echanical
and  biom echanically related  term s and  to  the  locations of spe-
cific topics w ithin  the text. The num bers in  parentheses follow -
ing the  definitions refer  to the chapter(s) in  w hich  each  term  is
in troduced and/or used at length .

Adjacen t  segm en t  degen erat ion  /  d isease:  Motion  segm ent
degeneration  at  a  level that  is adjacent  to the  index segm ent . If
assymptom atic  such  is  term ed  ‘degeneration’. If  sym ptom atic
such  is term ed  ‘disease’. (31)

Am ph iar th rod ial  join t :  A  join t  w ithout  a  synovial  m em -
brane. (5)

An odic breakdow n  poten t ial: An  indirect  m easure of corrosion
resistance, to w hich it  is approxim ately proport ional. (13)

An odizin g:  An  electrolytic process that  increases the  th ickness
of a  naturally occurring oxide  surface  layer. This  is  used  to  in-
crease stability and corrosion  resistance. (13)

An n ealin g: A m etallurgical t reatm ent  process designed  to alter
m icrost ructure. The  m aterial is  heated  and  cooled  by a  prede-
term ined specific cycle. This creates a softer, weaker m etal. (13)

Apical  ver tebra:  The  vertebra  of a  natural or  pathological cur-
vature  that  is  located  at  the  apex of the  curve. It  is  associated
w ith  the greatest  angle of any vertebra in  the curve betw een  its
end planes and that of its neighboring ver tebrae. (26, 27)

Applied  m om en t  arm  can t ilever  beam  fixat ion :  A cantilever
beam  construct  that  applies a  bending m om ent:  either  flexion
or extension. (17)

Axial ligm en tou s resistan ce: Resistance to deform ation  related
to in tr insic elasticity of ligam ents. (16)

Ben din g  m om en t  (M) (also  know n  as  torque):  The  product  of
an  applied  force  and  the  length  of  the  m om ent  arm  through
w hich it  acts. (2,17)

Bou n dary  e ect :  The  enhanced  but tressing  of  an  axial  load
provided  by support ing the  load  at  the  edge  (boundary) of an
inhom ogeneous ver tebral body that  is m ore dense at  its periph-
ery. (27)

Bu lk  m odu lu s:  The  elastic  deform ation  of  a  solid  w hen
squeezed (stress/strain). (2)

Can t ilever: A large project ing bracket or beam  supported at one
end only. (17)

Can t ilever  beam  fixat ion : The  application  of cantilever  biom e-
chanical principles to a spinal im plant. (17, 21, 22, 24, 28)

Can t ilevered  screw  tech n iqu e: A m ethod of bone-to-bone fixa-
tion  via  a  screw. A com binat ion  of complex  force  applications
are em ployed and w ithstood by the construct. (28)

Capital  n eck  flexion  an d  exten sion :  Flexion  and  extension  of
the neck, centered in  the upper cervical spine region. (36)

Cen ter  of rotat ion  (COR): The geom etrically determ ined  axis of
rotat ion .  Sim ilar  to  the  instantaneous  axis  of  rotation  (quod
vide). (2,3)

Cen tral sacral lin e: The vertical line in  a frontal radiograph  that
passes through  the  center  of the  sacrum  (identified  by suitable
landm arks preferably on the first  sacral segm ent). (27)

Cerclage  w ir in g: A m ethod  of fixation  w herein  a  w ire  or  cable
is  passed  circum ferentially  around  project ing  spinal  elem ents
(e.g., spinous process). This is a  m ethod  of applying forces via  a
tension-band fixation  m echanism . (28)

Coin ciden t :  Occupying  the  sam e  position  and/or  act ing  along
the sam e axis or line. (7)

Cold  w orkin g:  A m etallurgical treatm ent  process  w herein  the
m aterial is deform ed  at  room  tem perature. This creates a  hard-
er, stronger m aterial. (13)

Com pen satory  cu rve:  A m inor  curve  above  or  below  a  m ajor
curve that  m ay or m ay not  be structural. (27)

Com plete  m yelopathy:  The  complete  loss  of funct ion  below  a
spinal  level  of  injury. When  th is  occurs, no  m otor  or  sensory
function  is present. (8)

Com pression  w ir in g: A m ethod  of securing an  only bone  graft
w herein  a w ire or cable is used  to a x the bone graft  to the ac-
ceptance site. (28)

Con e  of balan ce: The  cone  if balance  (cone  of econom ical func-
tion; described by Doubousset) defines the lim it  of tilt  or  ‘tipping
point’ parameters. It  describes  a  range  of deformations  or  pos-
tures  that  can  be  tolerated  without  ‘tipping’ or  without  an  ex-
ceptional am ount  of energy expended to prevent  ‘tipping’. (28)

Con t rolled  dyn am ism :  The  allowance,  but  control  of  spine
deform ation  via  a spinal im plant. Control can  be  defined  as an-
gular  perform ance  prevent ing  the  lim itations  of subsidence  of
both . (29)

“Coron al bow strin g” e ect : The tethering of the spinal cord ax-
ially ver a m ass, in  the coronal plane. (8)

Cou ple: A pair  of forces applied  to a  structure  that  are  of equal
m agnitude  and  opposite  direct ion, having  lines  of act ion  that
are parallel but  not coincident. (2)

Cou plin g: The  phenom enon  w herein  a  m ovem ent  of the  spine
obligates a separate m ovem ent about another axis. (2)

Crevice  corrosion :  Corrosion  that  occurs  w ith in  crevices  and
sm all cavities on  a m etal’s surface. (13)
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Crossed  rod  deform ity correct ion : A technique for reduction  of
kyphotic  deform ation  that  em ploys  the  sim ultaneous  applica-
tion  of kyphosis-reduct ion  forces to the spine via m om ent  arm s
(longitudinal m em bers)  a xed  at  opposite  ends  and  opposite
side of the spine. Gradual reduct ion  is thus achieved. (26)

Crossed  screw  fixat ion :  A short  segm ent  fixation  technique
that  is  applicable  from  the  m idthoracic  to  the  low  lum bar  re-
gion.  It  is  em ployed  via  the  lateral  extracavitary  surgical  ap -
proach  to the  spine. It  uses two large transverse vertebral body
screws  and  two  sm aller  un ilateral  ipsilateral  pedicle  screws.
The  screws  are  rigidly  attached  to  rods,  and  the  rods  rigidly
crossfixed. (26)

Crossfixat ion :  The  fixation  of bilaterally  placed  posterior  fixa-
tion  devices to each  other  in  a rigid  or  sem i-rigid  m anner, so as
to  add  to  a  quadrilateral-fram e  att ribute  to  the  construct . (14,
18, 26)

Cu tou t :  A type  of  im plant-bone  failure  w herein  the  im plant
sweeps through  the bone during failure. (26)

Degen erat ive  disk  disease:  A biom echanical  and  pathological
condition  of an  in terver tebral segm ent  caused  by degeneration ,
inflam m ation, or in fect ion. (5)

Derotat ion :  An  in traoperative  m aneuver  w herein  a  scoliot ic
curvature is converted to a kyphotic curvature via sim ultaneous
and  gradual 90° rotation  of all longitudinal m em bers  (rods) of
an  im plant  that has been  applied to a scoliot ic spine. (26)

Diar th rodial join t : A joint  lined w ith  synovium . (4)

Dist ract ion  fixat ion : Application  of an  im plant-derived  distrac-
tion  force to the spine. (17,21, 25)

Dyn am ic spin al im plan t :  A spinal implant  that  perm its  spinal
m otion  or deform ation. (29)

Dyn am ism : Perm issive spine deform ation. (29)

Dysfu n ct ion al segm en tal m ot ion : Instability related  to disk in-
terspace  or  vertebral body  degenerative  changes, to  tum or, or
to  infect ion, resulting in  the  potential for  pain  of spinal origin .
Also call mechanical instability. (3, 28)

“E ect ive”  cervical  k yphosis:  A configuration  of  the  cervical
spine in  w hich  any part  of the dorsal aspect  of any of the C3-C7
vertebral bodies  crosses  a  line  draw n  in  the  m idsagittal  plane
from  the  dorsocaudal aspect  of the  vertebral body of C2  to  the
dorsocaudal aspect of the vertebral body of C7. (4)

“E ect ive”  cervical  lordosis:  A configuration  of  the  cervical
spine  in  w hich  no part  of the  dorsal aspect  of any of the  C3-C7
vertebral bodies  crosses  a  line  draw n  in  the  m idsagittal  plane
from  the  dorsocaudal aspect  of the  vertebral body of C2  to  the
dorsocaudal aspect of the vertebral body of C7. (4)

Elast ic  lim it :  During  the  deform ation  of  a  solid,  the  point
at  w hich  the  deform ing  force  departs  from  its  in it ial  linear

relationship  w ith  the  extent  of deform ation . This  is  the  upper
aspect of the neural zone (quod vide). (2)

Elast ic  m odu lu s:  The  physical property  of a  m aterial that  de-
scribes  the  stress  (quod  vide)  per  unit  of strain  (quod  vide)  in
the  elastic region  (i.e., stress/strain). Three  types exist:  Young’s
m odulus, shear m odulus, and bulk m odulus. (2, 13)

Elast ic  zon e:  That  portion  of the  physiologic  range  of m otion
that  begins w ith  the  onset  of resistance  incurred  from  adjacent
joints  and  term inates  at  the  end  of  the  physiologic  range  of
m otion . (1)

Fat igu e:  The  process  of  progressive,  perm anent  structural
change  occurring in  a  m aterial subjected  to repetit ive  alternat-
ing stresses. (1)

Fixed  m om en t  arm  can t ilever  beam  fixat ion : A cantilever con-
struct  that em ploys a rigid attachm ent of the screw  to the longi-
tudinal m em ber. (17)

Flat  back  syn drom e:  A painfu l  clinical  syndrom e  related  to
straighten ing or reversal of the natural lum bar lordosis. (26, 27)

Fou r-poin t  ben ding  fixat ion :  A m odification  of  three-point
bending  fixation  (quod  vide)  w herein  two  in term ediate  forces
are applied (i.e., w herein  two fulcrum s exist). (17, 28)

Fret t in g corrosion  (corrosion w ear at tack): A form  of corrosion
that  can  occur  w hen  the protect ive passive film  (e.g., oxide sur-
face layer) is m echanically disrupted. (13)

Frict ion -glide  t igh tn ess:  The  t ighten ing  of  a  com ponen t-
com ponen t  in terface  to  such  an  exten t  that  the  in terface  can
st ill  be  m anipulated  (e.g.,  d ist racted  or  rotated)  bu t  is  not
freely m obile. (26)

Fu lcru m : The in term ediate poin t of force application  of a th ree-
point or four-point  bending construct  (quod vide). (17)

Galvan ic  corrosion :  An  accelerated  form  of corrosion  that  can
arise  in  a  m ixed-m etal system  on  account  of the  di erence  in
elect rochem ical potential betw een the two m etals. (13)

Glacial in stabilit y:  A type  of spinal instability that  is  not  overt
and does not dem onstrate a significant chance of rapid develop-
m ent  or  progression  of kyphotic, scoliotic, or  t ranslat ional de-
form it ies;  but ,  like  a  glacier,  progresses  gradually  w ith  t im e,
w hile  substantial  external  forces  do  not  cause  m ovem ent  or
progression  of deform ity. (3)

Helical axis  of m ot ion  (HAM): That  component  of m otion  that
is  t ranslat ional  w hen  rotation  is  superim posed  upon  t ransla-
tion ;  e.g., the  tran lational  component  of a  screw ’s  m ovem ent
during t ighten ing. (2)

Im plan t  con tou rin g:  The  contouring of the  longitudinal m em -
bers  of a  spinal  implant , usually  rods, in  order  to  alter  spinal
segm ental relat ionships. (26, 27, 28)
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In stabilit y:  The  inability  to  lim it  excessive  or  abnorm al spinal
displacem ent. (3)

In stan tan eou s  axis  of  rotat ion  (IAR):  The  axis  about  w hich  a
vertebral segm ent  rotates. (1 ,2, 3, 7, 17)

In terferen ce screw  fixat ion : A m ethod of securing an in terbody
bone  graft  w herein  screws  are  inserted  in to  the  graft-accept-
ance site in terface. (28)

In st ru m en tat ion -fu sion  m ism atch :  The  d iscrepancy  betw een
the  num ber  of  sp inal  levels  incorporated  w ith in  an  instru-
m entat ion  construct  and  the  num ber  of  sp inal  levels  fused
(i.e.,  the  fusion  of  fewer  sp inal  segm ents  than  are  inst ru-
m ented). (18)

In t r in sic  im plan t  ben din g  m om en t :  The  bending  m om ent
achieved by the application  of forces in  opposite direct ions (dis-
traction  and compression) to each  half of a spinal im plant, or by
the  application  of torques in  the  sam e  direct ion  to the  longitu-
dinal m em bers of the two halves of an  im plant. (21, 22, 26, 27)

Kn u rling:  Machining or  other  treatm ent  of a  surface  to  render
it  coarse  or  rough. Used  on  both  surfaces  of an  in terface  in  an
im plant, th is creates a  h igh-friction  component-component  in-
terface. (13)

Lead:  The  distance  that  a  screw  advances  axially  in  one  turn .
This is roughly equal to the pitch  (quod vide) of the thread. (15)

Ligam en totaxis:  The  em ploym ent  of  spinal  distraction  to  re-
duce displaced  bone and/or disk fragm ents via the stretch ing of
ligam ents. (8, 11, 17)

Lim ited  in stabilit y: The loss of ventral or dorsal spine in tegrity,
w ith  the preservation  of the other. (3)

Load-bearin g:  Weight-  or  force-bearing by an  implant . An  im -
plant  usually bears a load  during the assumption  of the upright
posture or, ion  a sense, w hen placed in  a dist ract ion  m ode (sur-
gical load-bearing). (17, 28)

Load  bearin g-to-load  sh ar in g: A m ethod  of serial complex spi-
nal loading via  im plant-derived  force  application . First  distrac-
tion  is em ployed, then  an  in terbody fusion  is placed, and  finally
a  compression  force  is  applied  by the  im plant. Thus sharing of
the load  betw een  the spinal implant  and  the  in trinsic spinal el-
em ents is achieved. (28)

Load-sh aring:  The  distr ibution  of  an  applied  load  betw een
m ultiple  components of an  im plant  system  and/or betw een  the
im plant itself and in trinsic spinal elem ents. (16, 17, 28)

Lon gitu din al m em ber: That aspect of a spinal im plant  that con-
nects  im plant-bone  in terface  components  to  each  other  along
one side of the spine; e.g., rod or plate. (16)

Lu m bosacral p ivot  poin t : The point  of in tersect ion  of the  m id-
dle osteoligam entous colum n (region  of the posterior longitudi-
nal ligam ent) (27, 28)

Major  cu r ve: The curve w ith  the largest  Cobb m easurem ent  on
upright long casset te coronal x-ray of the spine. (27)

Mechan ical in stabilit y: The instability associated w ith  dysfunc-
tional segm ental m otion. (3)

Min or  cu r ve:  Any  curve  that  does  not  have  the  largest  Cobb
m easurem ent  on  upright  long  cassette  coronal  x-ray  of  the
spine. (27)

Mom en t  arm : The perpendicular distance betw een  a force vec-
tor  and  the  instantaneous  axis  of rotation  (IAR)  (quod  vide)  of
the body on w hich it  acts. (2)

Mom en t  of in er t ia  (I): An  indicator  of an  object’s sti ness. It  is
a m easure of an  object’s distribution  about  its centroid  (e.g., the
center  of a  rod). For  a  rod  of un iform  density, it  is proportional
to the fourth  power of the diam eter of the rod. (2)

Mom en tum : The product  of m ass and velocity. (2)

Mot ion  segm en t : Two adjacent  ver tebral bodies and  the  in ter-
vening ligam entous soft  t issue. (2)

Mu lt isegm en tal fixat ion :  Fixation  by spinal im plants that  em -
ploy im plant-bone in terfaces at  in term ediate points, in  addition
to the term inal points of fixation . (16, 28, 19)

Neural elem en t : Nerves, cauda equina, and spinal cord. (16)

Neu t ral axis: The longitudinal region  of the spine w ithin  w hich
no points sign ificantly extend or compress during flexion  or ex-
tension  of the  spine;  i.e., that  region  of the  spine w here flexion
or  extension  does  not  result  in  significant  displacem ent  of
poin ts located w ithin  its lim it. (7, 12, 17)

Neural  ver tebra:  The  vertebra  located  betw een  curves  of  a
natural or  pathologion  curvature. The  endplanes of the  neutral
vertebra  are  parallel  (or  nearly  neutral  vertebra  and  neutral
zone) to the neighboring vertebra. (26, 27)

Neural  zon e:  A portion  of the  range  of m otion  of a  ver tebral
segm ent  that  begins w ith  the  neutral positions and  term inates
w ith  the  onset  of som e  resistance  contributed  by the  adjacent
join ts. (1, 2)

Non coin ciden t :  Not  occupying  the  sam e  position;  not  acting
along the sam e axis or line. (7)

Non fixed  m om en t  arm  can t ilever  beam  fixat ion : A cantilever
beam  construct  that  em ploys  a  dynam ic  or  sem i-contrained
connection  of the screw  w ith  the longitudinal m em ber. (17)

Notch ing: An  injury to the surface of an  im plant  that  adversely
a ects its structural in tegrity. (13)

O axis: Away from  or  ‘o ’ the sagittal plane. (27)

Osteoin tegrat ion :  The  direct  bonding  of bone  to  an  im plant.
(13, 15)
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Over t  in stabilit y: The inability of the spine to support  the torso
during norm al activity. (3)

Paradoxical  spin al  m ot ion :  Unexpected  and  potentially  unto-
ward  segm ental  spinal  m ovem ent  (e.g.,  snaking)  that  occurs
during the application  of flexion, extension, or  rotation  stresses
to the involved spinal segm ent and adjacent segm ents. (2)

Parallelogram  dist ract ion :  A phenom enon  w herein  a  t ransla-
tional  deform ity  is  reduced  by  the  application  of  dist ract ion
forces  to  the  spine. This  is  accom plished  via  the  distract ion  of
diagonal (w ith  respect  to the  long axis of the  spine), but  paral-
lel, fibroligam entous structures (e.g., the  anterior  and  posterior
longitudinal ligam ents) so that  their  diagonal relationship  w ith
the long axis of the spine is elim inated. (12)

Parallelogram -like  bracin g  e ect :  A unique  characteristic  of
the  braced  cervical spine. In  th is  case  the  brace  funct ions  as  a
fulcrum  around  w hich  parallelogram -like  m ovem ents  can  oc-
cur. The  fourpoints  of  the  parallelogram  are  usually  the  sub-
m ental region, the  occiput, and  the  anterior  and  posterior  neck
base or shoulder region. (36)

Pelvic  In ciden ce:  The  angle  betw een  a  line  join ing the  m iddle
of the  sacral  endplate  to  the  m iddle  axis  of the  center  of the
fem oral heads (fem oral head  axis) and  a line draw n  perpendic-
ular  to the sacral endplate. (27)

Pelvic Tilt : The angle betw een  the ver tical reference line draw n
from  the  center  of the fem oral heads (fem oral head  axis) and  a
line  draw n  from  the  fem oral  head  (fem oral  head  axis)  to  the
m idpoin t of the sacral endplate. (27)

Perm an en t  set :  During the  deform ation  of a  solid, the  exceed-
ing of the  elastic lim it  results in  the solid’s inability to retain  its
pre-deform ation  configuration .  The  new  configuration  is  the
perm anent set. (2)

Physiologic  ran ge:  The  displacem ent  observed  between  ex-
trem es  of  m ovem ent.  It  comprises  the  neutral  zone  and  the
elastic zone. (1)

Pitch : The distance from  any point on  a screw  thread to the cor-
responding  point  on  the  next  thread. This  is  roughly  equal to
the lead (quod vide). (15)

Poin t  of  failu re:  In  the  deform ation  of  a  solid,  the  poin t  at
w hich  failure occurs. (2)

Pu llou t : A m echanism  of implant-bone failure w herein  the  im -
plant  backs out of the bone during failure. (15, 28)

Reversed  th ree-poin t  (or  fou r-poin t )  ben din g  fixat ion :  A
three- or four-poin t  bending construct  using a dorsally oriented
force  applied  at  the  fulcrum (s). In  m ost  three-  and  four-point
bending constructs the fulcrum  applies force from  a ventral ori-
en tation . (28)

Sacral  Slope:  The  angle  betw een  a  line  draw n  along the  sacral
endplate and the horizontal. (27)

“Sagit t al  bow st ring”  e ect :  The  tethering  of  the  spinal  cord
along its long axis over a m ass, in  the sagittal plane. (8)

Sagit tal  spin al  balan ce:  Alignm ent  of the  m idpoint  of the  C7
body to  the  posterior  superior  corner  of the  sacrum  on  an  up-
right long casset te lateral radiograph  of the spine. (27)

Sagit tal  ver t ical  axis  (SVA):  An  axis  derived  by  dropping  a
plum b  line  from  the  C7  vertebra  on  a  standing lateral thoracic
and  lum bar  radiograph  in  the  non-pathological state. It  should
pass through or close to the dorsal L5-S1 disc in terspace. (27)

Screw  core: The shaft  of a screw, w hich  im parts the m ajority of
screw  fracture resistance; the m inor diam eter of a screw. (15)

Screw  head: The w idened  follow ing edge of a  screw, w hich  re-
sists the t ranslat ional force created by the rotation  of the thread
through the bone at the term inat ion  of screw  t ighten ing. (15)

Screw  ou tside  (m ajor) d iam eter: Diam eter of a screw  as m eas-
ured  from  thread  crest  to thread  crest; m ajor diam eter. Propor-
tional to pullout  resistance. (15)

Screw  th read:  The  spiral  ridge  about  the  core  of a  screw. Its
depth  is half the  di erence betw een  the  core  diam eter  and  the
outside diam eter of the screw. (15)

Screw  t ip : The leading edge of a screw. (15)

Sect ion  m odu lus  (Z):  An  indicator  of the  strength  of an  object
(e.g., a  screw ). For a  screw, it  is proport ional to the th ird  power
of the core diam eter of the screw. (2, 15)

Sequen t ial h ook in ser t ion  (SHI) techn iqu e: A technique of un i-
versal spinal instrum entation  inser tion  w herein  the hook-bone
in terfaces are  secured  and  the hook attached  to the  rod  in  a se-
quential m anner. (28)

Sh ear  m odu lu s:  A m easure  of the  shear  deform ation  experi-
enced  by a body subjected  to transverse forces of equal and  op-
posite  direction, applied  at  opposite  faces  of the  body (stress/
strain). (2)

Sh ort -segm en t  fixat ion :  The  use  of short  im plants  that  incor-
porate only the spinal segm ents fused. (18)

Sh ort -segm en t  parallelogram  deform ity  redu ct ion :  A rigid
cantilever  beam  pedicle  fixat ion  technique  that  can  be  em -
ployed  in  the  thoracic and  lum bar  regions for  the  reduction  of
lateral t ranslational deform it ies. It  involves (1) the placem ent of
pedicle  screws, (2) an  appropriate  dural sac decompression , (3)
the  attachm ent  of the  longitudinal m em bers  (i.e., the  rods)  to
the screws, (4) the application  of rotatory and distraction  forces
to  the  rods  to  achieve  reduct ion, (5)  the  m aintenance  of  the
achieved  spinal reduct ion  via rigid  cross-fixation, (6) the  place-
m ent  of a fusion  (in terbody and/or lateral), and  finally (7) com -
pression  of the screws s that  load-sharing betw een  the  im plant
and  the  in tr insic spinal elem ents is ach ieved  and  the  in terbody
bone graft  is secured in  its acceptance bed (if placed). (28)
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Shot  peen in g:  An  im plant  surface  treatm ent  w hereby  sm all
hard  pellets are  shot  against  the  surface  of a  m etal. This results
in  compression  deform ation  of the surface of the m etal. (13)

Sn akin g: A serpentine m ovem ent of the spine w herein  a sim ple
overall  m ovem ent  (such  as  flexion  or  extension)  is  accom pa-
nied  by  an  unexpected  com bination  of flexion  and  extension
m ovem ents  at  each  in tervertebral level. The  sum  of the  m ove-
m ents of individual spinal m otion  segm ents is greater  than  the
overall spinal m ovem ent observed. (2, 37)

Spin al segm en t : Vertebra. (2)

Spon dylosis:  Vertebral  osteophytosis  secondary  to  degenera-
tive disk disease. (5)

St rain :  The  change  in  unit  length  or  angle  in  a  m aterial  sub-
jected to a load. (2)

St ress: The force per unit  area applied  to a structure. The great-
er the stress, the greater the chance of im plant failure. (2, 19)

St ress  redu ct ion  osteoporosis:  The  result  of  stress  shielding
(quod vide) secondary to the  t ransfer  of stress away from  bone
by a rigid  im plant . (15, 16)

St ress  r iser:  A weakened  portion  of  a  structure  that  results
from  the  focal application  of stress, resulting in  distort ion  (i.e.,
bending or contouring). (13)

St ress sh ieldin g: A situation  created  by rigid  im plants w herein
the  spine  is  protected  from  the  transfer  of norm al stresses  of
weight-bearing. This  m ay  result  in  weakening  of the  bone  via
stress reduction  osteoporosis. (13, 15, 16)

Subsiden ce:  The  settling  of  the  spine.  Subsidence  can  occur
along the  axis of the  spine, along a  gravitational plum b line, or
be of an  angular (e.g., kyphosis) nature. (29, 34)

Surgical load-bearing: The bearing of a load  at  the tim e of sur-
gery  by  the  im plant. If  the  im plant  is  placed  in  a  distraction
m ode,  the  surgical  load  borne  is  positive.  If  the  implant  is
placed  in  a  compression  m ode, the  surgical load  borne  is nega-
tive. If an  implant  is placed  in  a  neutral m ode, no load  is borne
at  the t im e of surgery (i.e., surgical load-bearing = 0). (17)

Ten sion -ban d  com pression  fixat ion :  Application  of  im plant-
derived  compression  force at  a perpendicular  distance from  the
instantaneous axis of rotat ion  (IAR) (quod vide) (17, 22)

Ten sion -ban d  d ist ract ion  fixat ion :  Application  of implant-de-
rived distraction  force at  a point dorsal to the instan taneous ax-
is of roastion  (IAR) (quod vide) (17)

Term in al  ben din g  m om en ts:  Bending  m om ents  (usually  not
desirable)  applied  at  the  term ini of a  long  spinal implant  that
are  segm ental  in  nature,  and  separate  from  the  desired  im -
plant-derived force application . (17, 28)

Term in al th ree-poin t  ben din g fixat ion : A three-poin t  bending
construct  in  w hich  the  fu lcrum  is situated  near  one  end  of the
construct. (17, 28)

Th ree-poin t  ben din g  fixation :  Im plant-derived  force  applica-
tion via three forces, two of w hich are opposite in  orientation  to
the  th ird  (the  m iddle  of  the  three  forces, applied  at  the  ful-
crum ). (17, 22, 28)

Toe-in :  The  application  of screws  on  opposite  sides  of an  im -
plant  in  such  a  m anner  that  they converge  or  diverge  at  their
tips. This  provides  both  t ranslat ion  and  pullout  failure  resist-
ance. (28)

Togglin g: Wobbling at  an  im plant-bone  or  im plant-implant  in -
terface.  The  latter  situation  m ay  be  desirable;  an  im plant
that  uses  it  is  called  semiconstra ined  or  dynamic implant . (22,
28, 29)

Tran sverse  loads: Force vectors applied  to a can tilever  strut  (as
in  a  cantilevered  screw  technique)  from  the  side  (t ransverse
force application). (28)

Trian gu lat ion :  The  use  of convergent  or  divergent  screws that
are  rigidly in terconnected  to augm ent  pullout  and  translational
deform ation  resistance.

Tru e  n eck  flexion  an d  exten sion : Flexion  and  extension  of the
neck, centered in  the m id-to-low cervical region. (36)

Un iversal  spin al  in st rum en tat ion  (USI):  An  implant  that  uses
m ultisegm ental im plant-bone  in terfaces  w ith  the  potential for
m ultiple  im plant-bone  in terface  types,  applied  in  any  m ode.
(16)

Vector: For  the  purpose  of th is  text, a  force  oriented  in  a  fixed
and well-defined direction  in  three-dim ensional space. (2)

Wol ’s law : Every change in  the form  and function  of a bone, or
of funct ion  alone, is followed  by specific defin itive change in  its
in ternal arch itecture  and  equally  defin itive  secondary changes
in  its  external configuration , in  accordance  w ith  m athem atical
law s. “Structure  is noth ing else  than  the  physical expression  of
function… under  pathologic conditions the  structure  and  form
of  the  parts  change  according  to  the  abnorm al  conditions  of
force transm ission” (34)

Work  h arden in g:  A process  w herein  a  m etal  is  perm anently
deform ed, resulting in  increased  hardness  and  decreased  duc-
tilit y. (13)

Yield  st ren gth : Tolerable stress (to failure). The ultim ate tensile
yield  strength  is  the  highest  tolerable  stress. The  0.2  percent
tensile yield  strength  is that  stress that causes a linear deform a-
tion  of 0.2 percent . (13)

You n g’s m odu lus: A m easure of the elastic properties of a body
that  is stretched or compressed (stress/strain). (2)
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A
Absorbable im plants  147
Abutting im plant-bone in terfaces  159,

159, 160
Access, spinal, regional nuances

w ith  326, 326, 327
Acrylic cem ents  434
Acupuncture, for pain  486
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–  total disc arthroplasty and  445
Adolescent scoliosis  361
Adult  scoliosis  361
Aerobic exercise  487–488
Age, skeletal  361
Aging
–  dem ographics of  40
–  of bone  40, 41
–  of cervical spine  372
–  of in tervertebral disc  40, 40, 41
–  spine deform ation  and  41
–  subsidence and  41
Alar ligam ent, failure strength  of  12
Allograft bone  147
–  See a lso  Bone graft
Alloys
–  in  m etal im plants  142
–  shape-m em ory  145, 146
Am phiar throdial join ts  450
Anatom ic anom alies  15
–  iatrogenic neural elem ent  injury

from  100, 100
Anatomy  2
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m ain  106
–  e ect ive use of in trinsic  188
–  in  traum a  65, 74
Angle of trunk inclination  (ATI)  361
Ankylosing hyperostosis  55, 390
Ankylosing spondylitis  53, 54, 388
Annulus fibrosis
–  aging of  40, 40
–  composition  of  47
–  fibers in  47
–  in  anatomy  7, 7
–  in  disc in terspace  47
Anterior longitudinal ligam ent
–  in  anatomy  9
–  in ventral spine decom pression  120
–  threaded in terbody fusion  cages

and  304
Anterior spinal cord syndrom e  100,

101
AO classification  76, 76, 77–78
Apical disc  361
Apical vertebrae  333, 334–335, 361
Apical vertebral deviation  361
Applied  m om ent arm  can tilever beam

fixation  199, 287, 287
Applied  m om ent arm  can tilever beam

force application  340, 344
Applied-force vectors  66, 67, 75

Approach select ion  117, 117, 118, 327
Arthritis, rheum atoid  52, 54
ATI, see  Angle of trunk inclination  (ATI)
Atlan to-occipital dislocation  67, 73, 73
Atlanto-occipital m otion  231
Atlantoaxial ar ticulation  65
Atlas, see  C1
Avulsion  fracture of dens  67, 73, 73
Axes of rotation  18, 20
Axial ligam entous resistance  176, 177
Axial segm ental force applicators  213,

214
Axial spine pain  58
–  inflam m atory  59
–  m echanical  58
Axial spondyloarthropathies  53
Axis, see  C2

B
Bead beds  465, 466
Bed rest  512
–  See a lso  Traction
–  biom echanics of  464
–  clin ical e ects of  464–465
–  for pain  485
–  in tegum ent shear and  465
–  patient  positioning in  464, 465
–  position ing strategies  466, 466, 467
–  pressure sores and  464, 465
–  prone posit ioning in  466, 466
–  specialty beds and fram es for  465,

465
–  t idal volum e and  464
–  ventilator weaning and  464, 464
Bending m om ents  18, 20, 23, 60, 60,

195, 205, 207
Biocompliant  injectates, in  vertebral

augm entation  434, 435
Biom echanical m odel  502
–  bone quality in  504
–  creep and  504
–  posture in  503
–  specim en  select ion for  503
–  spine length  in  503
–  vertebrae size for  503
Biom echanical test ing  496
–  determ ination  of experim ental strat-

egy in  496, 497
–  experim ental design  in  505
–  fatigue testing  499, 502
–  forces and m om ents in  497, 499–

500, 506, 506
–  in vivo  506
–  in term ediate m uscle force applica-

tion  in  498, 500, 506
–  m achine  504, 505
–  m athem atical testing  501, 504
–  m ethodologies  496
–  m ode  506
–  m oisture and  504
–  pitfalls  502
–  specim en choice in  496
–  specim en length  in  497, 499
–  specim en m ounting in  498, 504
–  specim en preparation  in  496
–  stability test ing  501, 503
–  strength  testing  499, 501
–  temperature and  504

–  test  types in  498
Bisphosphates  136
–  See a lso  Osteoporosis
BMPs, see  Bone m orphogenic proteins

(BMPs)
Bone, see  Osteoporosis
–  aging of  40, 41
–  as spinal instrum ent  132, 132, 133
–  dynam ic spine fixation  and  45
–  in  anatom y  10
–  in terbody techniques and  44, 45
–  quality  40
Bone extenders  132
Bone graft
–  allografts  147
–  in  complex constructs and force ap-

plications  409, 411
–  in  spine fusion  128, 128, 129
–  m aterials  131
–  subsidence-related  considerations

w ith  426, 427, 427, 428
–  threaded in terbody fusion  cages

and  307, 307
Bone healing, fusion  and  135
Bone m orphogenic proteins

(BMPs)  132
Bone substitutes  131
Bone-bone in terface failure  224, 225
Bone-im plant  in terface, see  Im plant-

bone in terfaces
Bony disruption, in ventral spine de-

compression  121, 122–124
Bracing  512
–  cervical spine  471
–  cervical-shoulder  475
–  cervical-thoracic  474, 475
–  cervicothoracic  478, 478
–  conform ation  in  471
–  cranial-thoracic  475, 477–478
–  craniocervical and upper cervi-

cal  247
–  for pain  485
–  goals of  471
–  lim ited  cervical  473, 475
–  lum bar  479
–  lum bosacral  479
–  parallelogram -like e ect  in  475
–  poor fit t ing in  473
–  snaking w ith  473
–  techniques  471
–  thoracic  478
–  three-point bending forces in  472
Brow n-Séquard syndrom e  101, 101
Bulk m odulus  24
Burst fracture
–  C2, vertical sagittally orien ted, -

pedicle  67, 70, 70
–  m echanism  of  77, 80
–  m odes of failure in  75
–  of C1  65, 69

C
C1
–  dorsal dislocation  of  67, 68
–  fracture
––  arch  57, 70
––  burst  65, 69
––  horizontal  69, 69

–  in  anatomy  11, 12
–  in  traum a anatomy  65, 65
–  rotatory subluxation  injuries of  74,

74, 75
C1 lateral m ass fixation, in  craniocervi-

cal and upper cervical con-
structs  241, 241

C1-C2 transar t icular screw  fixation , in
craniocervical and upper cervical
constructs  242, 242

C2
–  fracture
––  dens  67, 71, 72
–––  avulsion  67, 73, 73
––  horizontal rostral body  67, 70–71,

71
––  type 1 body
–––  variants  67, 68
–––  w ith  C2-C3 extension-subluxa-

tion  67, 67
–––  w ith  C2-C3 extension-subluxation

and ven tral teardrop  66–67, 67
––  vertical coronally oriented dorsal

C2 body
–––  teardrop, w ith  C2-C3 flexion-sub-

luxation  66–67, 70
–––  w ith  flexion-distraction  72, 72
––  vertical sagittally oriented, burst-

pedicle  67, 70, 70
–  in  anatomy  11, 12, 12
–  in  traum a anatomy  65, 65–66
–  rotatory subluxation  injuries of  74,

74, 75
–  traum atic spondylolisthesis of  67,

68
C2 and subaxial lateral m ass screw  fix-

ation  244, 244, 245
C2 pedicle and pars in terart icularis

screw  fixation  241
C2 translam inar screw  fixation , in  cra-

niocervical and upper screw  fixa-
tion  234, 244

Café-au-lait  spots  361
Calciton in-salm on  136
Calcium  phosphate cements, in  verte-

bral augm entation  434
Calcium  pyrophosphate dehydrate dep -

osit ion  disease (CPDD), of ligam en-
tum  flavum  55

Calcium  sulfate cem ents, in vertebral
augm entation  434

Cancellous bone  10
Cancellous screws  163
Cantilever beam  fixation
–  applied m om ent arm  197, 199, 287,

287
–  dorsal  284, 285
––  applied m om ent arm  cantilever

beam  fixation in  287, 287
––  cautionary notes w ith  290
––  clin ical examples  289, 289, 290
––  complications w ith  287, 288–289
––  fixed m om ent arm  cantilever

beam  fixation in  285
––  m ultisegm ental  287, 287
––  nonfixed m om ent arm  cantilever

beam  fixation in  286, 286
–  fixed m om ent arm  195, 196, 284,

285
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–  nonfixed m om ent arm  195, 196–
197, 286, 286

–  ven tral  262
––  biom echanics of  263–264
––  clin ical applications of  264
––  clin ical examples of  265
––  complications w ith  265
––  in  cervical spine  264, 265
––  in  lum bar spine  264
––  in  thoracic spine  264
––  m ultisegm ental  265
––  techniques  264
Capsular ligam ents  10
Cem ents
–  acrylic  434
–  calcium  phosphate  434
–  calcium  sulfate  434
–  composite  434
Central sacral line (CSL)  358, 359, 361
Central spinal cord  injury syn-

drom e  101, 102
Ceram ic im plants  147
Cervical kyphosis
–  and subsidence  371, 372–376
–  e ect ive  55, 56
Cervical lordosis, e ective  55, 56
Cervical scoliosis  361
Cervical spine, see  Spinal levels
–  aging of  372
–  approach select ion  for  327, 328, 328
–  bracing  471
–  complex constructs and force appli-

cations in  401, 403–404
–  deform ities  371
––  in  coronal plane  371, 371, 372
––  sagit tal  371, 372–376
–  degenerative processes in  55
–  dorsal tension-band fixation  in  274,

275
–  facet  join ts in  3
–  in terbody constructs for  294, 295–

297
–  lateral approach  to  112, 112
–  loss of structural in tegrity of  74
–  low er  13
–  m iddle  13
–  pedicle angle at  7
–  pedicle w idth  at  6
–  segm ental m otions at  5
–  spinal canal at  3, 6
–  spinal configuration  in  55
–  spinal ligam ent failure strength  at  8
–  subluxation  516, 517
–  tension-band fixation in  260
–  transverse process at  8
–  upper
––  anatom y  11
––  bracing in  247
––  C1 lateral m ass fixation  in  241,

241
––  C1-C2 transar ticular screw  fixa-

t ion  in  242, 242
––  C2 and subaxial lateral m ass screw

fixation  in  244, 244, 245
––  C2 pedicle and pars in terart icula-

ris screw  fixation  in  241
––  C2 translam inar screw  fixation

in  234, 244
––  clam p fixation  in  239, 240
––  complex constructs for  399, 401–

402
––  complications w ith  constructs

for  232

––  deform ations of  370, 370, 371
––  dorsal constructs for  239
––  hook fixation  in  238, 240
––  instability  37, 37
––  length  of fixation in  246, 247–248
––  loss of structural in tegrity in  65
––  occipital bone screw  fixation

in  240, 241
––  occipital button fixation in  245,

246
––  occipital condyle screw  fixation

in  241
––  occiput fusion  400
––  odontoid  screw  fixation  in  235,

235, 236
––  ordering of steps in  constructs

for  232
––  screw  fixation  in  240
––  surgical strategies w ith  232, 233–

234
––  ventral constructs for  234, 235–

237
––  ventral plate fixation  in  237, 239
––  ventral strut  fusion  strategies

w ith  236, 237
––  ventral transar ticular screw  fixa-

t ion  in  237, 239
––  w ire and cable fixation  in  237–

238, 239
–  ventral approach to  112, 112
–  ventral cantilever beam  fixation

in  264, 265
–  ventral distraction  fixation in  253,

256–257
Cervical translat ion  and coronal plane

deform ities  375, 377–382
Cervical-thoracic scoliosis  361
Cervicothoracic bracing  478, 478
Cervicothoracic junction  13
–  deform ities  376, 382
Cervicothoracic region  365
–  approach  select ion  for  328, 329–330
Chance fracture  78, 79, 82
Chest  cage asym m etry, nonscoli-

otic  361
Chronic pain  484, 509
Circle elect ric beds  466
Circumferential grip  connectors  150,

151
Clam p fixation, in  craniocervical and

upper cervical constructs  239, 240
Cobb angle  36, 37
Com bination  deform ations  91
Com pensation, defined  361
Com pensatory curve  361
Com plete m yelopathy  100
Com plex constructs and force applica-

tions  396
–  bone graft  security in  360, 411
–  complications w ith  411
–  cran iocervical  396, 396, 397–400
–  in  cervical spine  401, 403–404
–  in  h igh cervical region  399, 401–402
–  in  lum bar spine  405–406, 406
–  in  lum bosacral region  406, 406,

407–410
–  in  thoracic spine  405–406, 406
–  subaxial  401
–  three-point  bending screw  techni-

ques in  399, 402–403
Com plex deform ities  385, 388
Com plications
–  in  deform ity correction  391

–  in  dorsal cantilever beam  fixa-
tion  287, 288–289

–  in  dorsal distract ion  fixation  270,
271

–  in  dorsal tension-band fixation  276,
276

–  in  dorsal three-point bending fixa-
tion  281, 283

–  in  tension-band fixation  261
–  in  total disc arth roplasty  444
–  in ventral can tilever beam  fixa-

tion  265
–  in ven tral distract ion  fixation  257,

257, 258–259
–  subsidence-related  421, 424–426
–  w ith  com plex constructs and force

applications  411
Com ponent-component  in terfaces  149
–  assessm ent of  149, 150
–  circum ferential grip connectors  150,

151
–  comparison  of  155, 155, 156
–  constrained bolt-plate connec-

tors  150, 152
–  constrained screw -plate connec-

tors  151, 152
–  conversion factors in  155
–  cross-fixation  in  154, 155
–  dynam ic  157–158, 158
–  failure of  227
–  im plant  surface characterist ics

and  154
–  lock screw connectors  150, 151
–  locking m echanism s in  149, 149,

150
–  sem iconstrained component-rod

connectors  153, 153
–  sem iconstrained screw-plate con-

nectors  152, 152
–  three-point shear clamp  150, 151
Com posite cem ents, in vertebral aug-

m entation  434
Com posite im plants  147
Com pression  e ect  168, 169
Com pression  fracture
–  classification  of  76
–  lateral w edge  78, 81
–  m odes of failure in  75
–  ventral w edge  75, 79–80
Com pression  screws  168, 169
Com pression  surgery, see  Neural ele-

m ent compression surgery
Conform ing bone-implant  in terfa-

ces  170
Congenital scoliosis  361
Congenital spinal fusion  15
Constrained bolt-plate connectors  150,

152
Constrained screw-plate connec-

tors  151, 152
Construct design , see  Fixation ,  Im -

plants
–  arm am entarium  of surgeon  and  216
–  axial load-bearing capacity and  210,

213, 214
–  axial segm ental force applicators

and  214
–  bending m om ents and  205, 207
–  cross-fixation  and  208, 211–212
–  dural sac decompression and  216
–  fundam ental concepts in  201
–  fusion  level in  203, 203, 204
–  im plant components and  204, 205

–  im plan t  length  and  206
–  instrum entation-fusion  m ism atch

and  207, 208
–  line-draw ing fram ework in  202, 202
–  load bearing m echanism  and  201
–  load sharing and  215
–  location  of unstable segm ent

and  205
–  m echanical attr ibutes in  204
–  m ode of application  at each segm en-

tal level in  204
–  m ode of application  of im plant

in  201
–  m ultilevel fixation and  215, 215
–  nom enclature of  201
–  orientation  of instability and  212
–  osteoporosis and  204
–  pathology level in  203, 203, 204
–  regional nuances w ith  326
–  short- versus long-segm ent fixation

in  212, 213
–  w ith  long-im plant configura-

tion  208, 209–210
Construct  failure, see  Im plant  failure,

Im plan t  fracture
–  decision-m aking process w ith  455,

508
–  im plant  fracture and  462
–  im plant-bone in terface and  461, 461
–  overview of  455, 455
–  patien t select ion  and  457
–  postoperative m anagem ent-re-

lated  462, 462
–  preoperative decision  m aking-re-

lated  456, 456
–  prevention  of  456
–  subsidence and  423, 424, 459, 460
–  technique-related  459
–  Wol ’s law  and  459
Construct(s)
–  complex  396
––  bone graft  security in  360, 411
––  complications w ith  411
––  craniocervical  396, 396, 397–400
––  in  cervical spine  401, 403–404
––  in  h igh cervical region  399, 401–

402
––  in  lum bar spine  405–406, 406
––  in  lum bosacral region  406, 406,

408–410
––  in  thoracic spine  405–406, 406
––  subaxial  401
––  three-point bending screw  techni-

ques in  399, 402–403
–  craniocervical
––  bracing in  247
––  C1 lateral m ass fixation  in  241,

241
––  C1-C2 transar ticular screw  fixa-

tion  in  242, 242
––  C2 and subaxial lateral m ass screw

fixation in  244, 244, 245
––  C2 pedicle and pars in terart icula-

ris screw  fixation  in  241
––  C2 translam inar screw  fixation

in  234, 244
––  clam p fixation  in  239, 240
––  complex  396, 396, 397–400
––  complications w ith  232
––  dorsal  239
––  hook fixation  in  238, 240
––  injury m echanism  and  230, 230
––  length  of fixation  in  246, 247–248
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––  occipital bone screw  fixation
in  241

––  occipital button  fixation in  245,
246

––  occipital condyle screw  fixation
in  241

––  odontoid  screw  fixation in  235,
235, 236

––  ordering of steps in  constructs
for  232

––  screw  fixation  in  240
––  surgical strategies w ith  232, 233–

234
––  ven tral  234, 235–237
––  ven tral plate fixation in  237, 239
––  ven tral strut  fusion  strategies

w ith  236, 237
––  ven tral transar t icular screw  fixa-

tion  in  237, 239
––  w ire and cable fixation in  237–

238, 239
–  dorsal subaxial  269
––  dorsal cantilever beam  fixation

in  284
––  dorsal distract ion fixation in  270
––  dorsal three-point bending fixa-

tion  in  277
––  history of  269, 269
–  in terbody  294
––  bone quality and  44, 45
––  for cervical spine  294, 295–297
––  for lum bar spine  298
–––  dorsal  298, 300
–––  flat-faced fusion  cages in  301–304
–––  fusion  cages in  301
–––  in terbody fusion  strategies in  298
–––  threaded in terbody fusion  cages

in  302
–––  ventral  299
––  for thoracic spine  297, 297, 298–

299
–  lum bosacral-pelvic
––  deform ity prevention  and correc-

tion  strategies w ith  315, 315, 316
––  dorsal lum bosacral fixation

in  321, 321
––  dorsal translum bosacral fixation

in  319–320, 321
––  flat-back syndrom e and  314, 315
––  iatrogenic adverse structural out-

com es and  315, 317
––  ilial fixation  in  319, 320
––  long-term  lum bosacral stability

w ith  321, 322–323
––  lum bosacral stability augm enta-

t ion w ith  317–318, 318, 319
––  neurologic function  restoration

and/or preservation w ith  315,
317

––  sagittal balance w ith  313, 313,
314

––  transsacral fixation in  319–320
––  ventral translum bosacral fixation

in  320, 321
–  ventral subaxial
––  h istory of  251, 252
––  im plant  types in  251
––  m ultisegm ental fixation  in  257
––  tension-band fixation  in  259
––  ventral cantilever beam  fixation

in  262
––  ventral distraction  fixation  in  252
Continuous-m otion beds  465

Conversion factors, in  component-com -
ponent  in terfaces  155, 155

Coordinate system  18, 18
Core-strengthening exercise  489
Coronal deform ities  378, 383–384
–  cervical spine  371, 371, 372
Corrosion, of m etal im plants  143, 144
Cortical bone  10
Costovertebral join t  3
Couples  21, 22, 22
Coupling  26, 26
CPDD, see  Calcium  pyrophosphate de-

hydrate deposition  disease (CPDD)
Cranial-thoracic bracing  475, 477–478
Craniocervical constructs
–  bracing in  247
–  C1 lateral m ass fixation in  241, 241
–  C1-C2 transar t icular screw  fixation

in  242, 242
–  C2 and subaxial lateral m ass screw

fixation  in  244, 245
–  C2 pedicle and pars in terart icularis

screw  fixation  in  241
–  C2 translam inar screw  fixation

in  234, 244
–  clam p fixation in  239, 240
–  complex  396, 396, 397–400
–  complications w ith  232
–  dorsal  239
–  hook fixation  in  238, 240
–  injury m echanism  and  230, 230
–  length  of fixation in  246, 247–248
–  occipital bone screw  fixation in  240,

241
–  occipital button fixation in  245, 246
–  occipital condyle screw  fixation

in  241
–  odontoid  screw  fixation  in  235, 235,

236
–  ordering of steps in  constructs

for  232
–  screw  fixation in  240
–  surgical strategies w ith  232, 233–

234
–  ventral  234, 235–237
–  ventral plate fixation in  237, 239
–  ventral strut  fusion  strategies

w ith  236, 237
–  ventral t ransar ticular screw  fixation

in  237, 239
–  w ire and cable fixation in  237–238,

239
Craniocervical junction  11, 12, 12–13
–  deform ations in  370, 370, 371
Craniocervical m ovem ents  231
Creep  504
Cross-fixation  154, 155
–  construct  design  and  208, 211–212
–  for correction  m aintenance  348,

350–351
Crossed-rod deform ity correction  340,

343–344
Crossed-screw  fixation  345, 346–347
CSL, see  Central sacral line (CSL)
Curvature m easurem ent  361
Curve(s)
–  compensatory  361
–  double  370
–  load-deform ation  23
–  m ajor  361
–  nonstructural  361
–  progression potential  369
–  sagit tal m odifiers for  370

–  structural  361
–  treatm ent options according to type

of  369
–  types  368–369

D
Decompensation, defined  361
Decompression, see  Neural elem ent

compression  surgery
–  dorsal spinal  123, 124–126
–  in  m otion  preservation  441
–  ven tral spine  121, 122–124
Deform ations  87
–  See a lso  Scoliosis
–  applied  m om ent arm  can tilever

beam  force application  for  340, 344
–  bringing spine to im plant  in  338,

340
–  cervical spine  371
––  in  coronal plane  371, 371, 372
––  sagittal  371, 372–376
–  cervical translat ion  and coronal

plane  375, 377–382
–  cervicothoracic junction  376, 382
–  classification  of  367, 368, 368, 369–

370, 411
–  com bination  91
–  com m only em ployed strategies

for  338, 338
–  complications w ith  391
–  component strategies for  338
–  coronal plane  378, 383–384
–  craniocervical junction  370, 370,

371
–  crossed-rod correction  of  340, 343–

344
–  crossed-screw  fixation  for  345, 346–

347
–  fixed  516, 517
–  fundam entals of  354, 354, 355–357
–  King classification  schem e for  367
–  lateral translational  197
–  Lenke classification schem e  368
–  lum bar spine  382, 386
–  lum bosacral region  384, 387–388
–  m aintenance of correction  of  348
–  principles of correction  of  356, 357–

360, 361, 364
–  progression  of  89, 91, 92–93, 513
–  region-specific strategies for  370
–  rotation  87, 88
––  about coronal and sagit tal ax-

es  88, 88, 89–90
––  about long axis  87, 88
–  sagittal  380, 384–385
–  short-segm ent parallelogram  reduc-

t ion  of  342, 345
–  site of correction  of, decision  m aking

on  517, 518
–  special techniques w ith  386, 388–

391
–  spinal balance and  93, 93
–  stable  93
–  subsidence and  417, 418
–  thoracic  376, 382–383
–  three-point  bending force applica-

tion  in  338, 341–343
–  translational  89, 197–198
–  treatm ent of  93
–  upper cervical  370, 370, 371
Degenerative disc disease
–  annulus fibrosus in  47

–  disc deform ation  in  50, 50
–  im aging of  46
–  pathogenesis of  46
–  pathophysiology of  48
–  torsional instability in  52
Degenerative rotatory kyphoscolio-

sis  354, 355
Dem ographics, of aging  40
Denis concept  29
Dens fracture  67, 71, 72
–  avulsion  67, 73, 73
Derotation, spine  346, 348–349
Destruct ive spondyloarthropathy  55
Device-related flexion-extension force

application  183
Device-related lateral bending force ap-

plication  183, 184
Device-related translational force appli-

cation  183
Disc in terspace  46
–  See a lso  In tervertebral disc
–  disruption  120, 121
–  distract ion w ith  threaded in terbody

fusion  cages  305, 305, 306
Disc lateral deviation  361
Dislocation
–  atlanto-occipital  67, 73, 73
–  facet  82, 83
–  of C1 on C2, dorsal  67, 68
DM curve  369
Dorsal approaches  116, 116
Dorsal can tilever beam  fixation  284,

285
–  applied m om ent arm  cantilever

beam  fixation in  287, 287
–  cautionary notes w ith  290
–  clin ical exam ples  289, 289, 290
–  complications w ith  287, 288–289
–  fixed m om ent arm  can tilever beam

fixation  in  285
–  m ult isegm ental  287
–  nonfixed m om ent arm  cantilever

beam  fixation in  286, 286
Dorsal distract ion  fixation
–  clin ical applications of  270, 270
–  complications w ith  270, 271
–  techniques  270
Dorsal dynam ic compression fixa-

tion  184, 185
Dorsal elem ent fractures  79, 82–83
Dorsal lum bar in terbody fusion strat-

egies  298, 300
Dorsal lum bosacral fixation  321, 321
Dorsal osteotomy  390
Dorsal rigid com pression fixation  179,

180–181
Dorsal rigid distraction  fixation  175,

176–177
Dorsal rigid neutral fixation  178, 179–

180
Dorsal spinal decompression, destabi-

lizing e ects of  123, 124–126
Dorsal spinal fusion  131
Dorsal subaxial spine constructs  269
–  dorsal cantilever beam  fixation

in  284
–  dorsal distract ion fixation in  270
–  dorsal three-point bending fixation

in  277
–  history of  269, 269
Dorsal tension-band fixation  272
–  clin ical applications of  274
–  clin ical examples  277, 277, 278
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–  complications w ith  276, 276
–  in  cervical spine  274, 275
–  in  lum bar spine  274
–  in  thoracic spine  274
–  m ultisegm ental  275, 276
–  techniques  273
Dorsal three-point  bending fixa-

t ion  277, 279
–  clin ical applications of  279, 281–282
–  clin ical exam ples  284, 285
–  complications w ith  281, 283
–  dorsal facet fixation in  277, 280
–  m ult isegm ental  281, 283
Dorsal translum bar fixation  319
Dorsal transsacral fixation  320
Double curve  370
Double structural scoliosis  361
Double thoracic scoliosis  361
Dura m ater  3
Dural sac decom pression, construct de-

sign and  216
Dw yer device  251, 252
Dynam ic axial force applications  184,

185–186
Dynam ic com ponent-com ponent con-

nectors  157–158, 158
Dynam ic com pression  plates  158, 158
Dynam ic device-related translat ional

force application  186
Dynam ic dorsal fixation  183, 184
Dynam ic spine stabilization
–  dynam ism  in  419, 422–424
–  historical perspective on  418, 418,

419–422
–  in  m otion preservation  441
–  stress sh ielding in  426, 426
–  subsidence and  417, 418
–  subsidence-related  com plications

w ith  421, 424–426
–  Wol ’s law  and  418
Dysfunct ional segm ental m otion  34,

35

E
Education, patien t , for pain  485, 485
Egg shell osteotomy  390
Elast ic lim it  23
Elast ic m odulus  24
Elast ic zone  10, 23
Electr ical stim ulation  135
Electrotherm y  486
Elem ents, in  m etal im plants  142
End vertebrae  361
End-fusion  degenerative changes  135,

137, 226
–  w ith  threaded in terbody fusion

cages  306
Erector spinae  10
Estrogen, for osteoporosis  136
Exercise(s)
–  aerobic  487–488
–  biom echanics of  481, 481, 482–483
–  core-strengthening  488, 489
–  for pain  487
–  for well-being augm entation  487,

487–488
–  patien t education  for  489
–  program m atic approach  for  488
–  strengthening  488, 488
–  stretching  487, 487–488
Extent of surgery, decision m aking

for  518, 520–521

Extrapleural thoracotomy ap-
proach  113, 113

F
Facet dislocation  82, 83
Facet  join t  screw  fixation, m inim ally-

invasive  453
Facet  join ts  3, 5
Failure, see  Im plan t  failure
Fatigue testing  499, 502
Fatigue, in  m etal im plants  143
Fixation, see  Construct  design,  Im -

plants
–  C1 lateral m ass, in  craniocervical and

upper cervical constructs  241, 241
–  C1-C2 transar ticular screw, in  cra-

niocervical and upper cervical con-
structs  242, 242

–  C2 and subaxial lateral m ass screw,
in  craniocervical and upper cervical
constructs  244, 244, 245

–  C2 pedicle and pars in terart icularis
screw, in  craniocervical and upper
cervical constructs  241

–  C2 translam inar screw, in  craniocer-
vical and upper cervical con-
structs  234, 244

–  cantilever beam
––  applied m om ent arm  197, 199,

287, 287
––  dorsal  284, 285
–––  applied m om ent arm  cantilever

beam  fixation in  287, 287
–––  cautionary notes w ith  290
–––  clin ical examples  289, 289, 290
–––  complications w ith  287, 288–289
–––  fixed m om ent arm  cantilever

beam  fixation in  285
–––  m ultisegm ental  287, 287
–––  nonfixed m om ent arm  cantilever

beam  fixation in  286, 286
––  fixed m om ent arm  195, 196, 284,

285
––  nonfixed m om ent arm  195, 196–

197, 286, 286
––  ventral
–––  biom echanics of  262, 263–264
–––  clin ical applications of  264
–––  clin ical examples of  265
–––  complications w ith  265
–––  in  cervical spine  264, 265
–––  in  lum bar spine  264
–––  in  thoracic spine  264
–––  m ultisegm ental  265
–––  techniques  264
–  clamp, in  craniocervical and upper

cervical constructs  239, 240
–  crossed-screw  345, 346–347
–  dorsal distract ion
––  clin ical applications of  270
––  complications w ith  270, 271
––  techniques  270
–  dorsal dynam ic com pression  184,

185
–  dorsal lum bosacral  321, 321
–  dorsal rigid compression  179, 180–

181
–  dorsal rigid distract ion  175, 176–

177
–  dorsal rigid neutral  178, 179–180
–  dorsal translum bosacral  319–320
–  dynam ic dorsal  183

–  facet  join t, m inim ally-invasive  453
–  hook, in  craniocervical and upper

cervical constructs  238, 240
–  ilial  319, 320
–  m ult ilevel  215, 215
–  m ult isegm ental  177
––  dorsal cantilever beam  287, 287
––  dorsal tension-band  275, 276
––  dorsal three-point bending  281,

283
––  in ventral subaxial spine con-

structs  257
––  tension-band  261, 262–263
––  ventral cantilever beam  265
––  ventral distraction  257
–  occipital bone screw
––  in  craniocervical and upper cervi-

cal constructs  240, 241
––  laterally placed  397
––  m idline  396
––  w ith  plate  398
–  occipital button  245, 246
–  occipital condyle screw, in  cran iocer-

vical and upper cervical con-
structs  241

–  occipitocervical  396
–  rigid  175
–  short- versus long segm ent  212, 213
–  sim ple distract ion  191, 191
–  tension-band  192, 193, 193, 194–

196, 259
––  biom echanics of  259, 261
––  clin ical applications of  260, 262–

263
––  clin ical examples of  261
––  complications of  261
––  dorsal  272
–––  clin ical applications of  274
–––  clin ical examples  277, 277, 278
–––  complications w ith  276, 276
–––  in  cervical spine  274, 275
–––  in  lum bar spine  274
–––  in  thoracic spine  274
–––  m ultisegm ental  275, 276
–––  techniques  273
––  in  cervical spine  260
––  in  lum bar sine  260
––  in  thoracic spine  260
––  m ultisegm ental  261, 262–263
––  techniques  259
––  ventral
–––  biom echanics of  259, 261
–––  clin ical applications of  260, 262–

263
–––  clin ical exam ples of  261
–––  complications of  261
–––  in  cervical spine  260
–––  in  lum bar sine  260
–––  in  thoracic spine  260
–––  m ult isegm ental  261, 262–263
–––  techniques  259
–  th ree-poin t bending  191, 191, 192,

193, 194–196, 198
––  dorsal  277, 279
–––  clin ical applications of  279, 281–

282
–––  clin ical examples  284, 285
–––  complications w ith  281, 283
–––  dorsal facet  fixation  in  277, 280
–––  m ultisegm ental  281, 283
–  transsacral  319–320
–  transsacral lum bar in terbody, m in i-

m ally-invasive  453

–  ventral cantilever beam
––  biom echanics of  262, 263–264
––  clin ical applications of  264
––  clin ical exam ples of  265
––  complications w ith  265
––  in  cervical spine  264, 265
––  in  lum bar spine  264
––  in  thoracic spine  264
––  m ultisegm ental  265
––  techniques  264
–  ventral distraction
––  biom echanics of  252, 254
––  clin ical applications of  253
––  clin ical examples of  259, 260
––  complications of  257
––  complications w ith  257, 257,

258–259
––  in  cervical spine  253, 256–257
––  in  lum bar spine  256
––  in  thoracic spine  256
––  in ventral subaxial spine con-

structs  252
––  m ultisegm ental  257
––  techniques  253, 255–256
–  ventral dynam ic compression  184
–  ventral dynam ic neutral  185, 186
–  ventral rigid compression  183, 183
–  ventral rigid distract ion  180
–  ventral rigid neutral  180, 182
–  ventral translum bosacral  320, 321
–  w ire and cable, in  craniocervical and

upper cervical constructs  237–238,
239

Fixed m om ent arm  can tilever beam  fix-
ation  195, 196, 284, 285

Fixed pelvic obliquity  361
Flat-back syndrom e  314, 315
Flat-faced cage in terfaces  159, 160
Flat-faced fusion  cages  301, 301, 302–

304
Flexion-distraction fractures  78, 79, 82
Force pairs  21, 21–22, 23
Four-point  bending force applica-

tion  338
Four-point  bending force application

in  341–343
Fracture, see  Traum a
–  adjacent-level  432
–  applied-force vectors and  75
–  burst
––  C2, vertical sagittally oriented, -

pedicle  67, 70, 70
––  m echanism  of  77, 80
––  m odes of failure in  75
––  of C1  65, 69
–  C1
––  arch  57, 70
––  burst  65, 69
––  horizontal  69, 69
–  C2
––  horizontal rostral body  67, 70–71,

71
––  type 1 body
–––  varian ts  67, 68
–––  w ith  C2-C3 extension-subluxa-

tion  67, 67
–––  w ith  C2-C3 extension-subluxation

and ventral teardrop  66–67, 67
––  vert ical coronally oriented dorsal

C2 body
–––  teardrop, w ith  C2-C3 flexion-sub-

luxation  66–67, 70
–––  w ith  flexion-distraction  72, 72
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––  vertical sagittally oriented C2
burst-pedicle fracture  67, 70, 70

–  Chance  78, 79, 82
–  classification  76, 76, 77–78
–  compression
––  classification of  76
––  lateral w edge  78, 81
––  m odes of failure in  75
––  ventral w edge  75, 79–80
–  dens  67, 71, 72
––  avulsion  67, 73, 73
–  dislocations  80
–  dorsal elem ent  79, 82–83
–  flexion-distract ion  78, 79, 82
–  hangm an’s  67, 68
–  im paction  76
–  im plan t
––  construct  failure and  461, 462
––  subsidence and  424, 425
–  Je erson  65, 69
–  judicial hangm an’s  66, 67
–  m otion of axis  19
–  occipital condyle  67, 70, 73
–  types and m echanism s of injury

in  75
–  “seat-belt,” m odes of failure in  75
Fram es, bed  465, 465
Friction, enhanced, in  grid-on-grid  in-

terfaces  153–154, 154
Functional pain  484
Fusion
–  540 degree approach  516, 517
–  adjuncts to  135
–  and end-fusion  degenerative

changes  135, 137
–  bone graft  in  128, 128, 129
–  bone healing and  135
–  com bined  516, 517
–  congenital  15
–  dorsal  131
–  elect rical stim ulation  and  135
–  occiput-upper cervical  400
–  of im m ature spine  131
–  osseointegration  and  135
–  osteoporosis and  135, 136
–  ventral  128, 129–131
–  ventral versus dorsal  516, 516
Fusion cages
–  flat-faced  301–304
–  in  lum bar in terbody constructs  301
–  th readed in terbody  302
––  an terior longitudinal ligam ent dis-

ruption  and  304
––  biom echanical and geom etric fac-

tors a ect ing e cacy of  304
––  clin ical results w ith  308, 308
––  disc in terspace distract ion

w ith  305, 305, 306
––  end-fusion  degenerative changes

w ith  306
––  endplate relat ionships and  304,

305
––  fusion  rates w ith  307
––  loading in  shear w ith  305
––  outcom es w ith  307
––  posterior longitudinal ligam ent

disruption  and  304, 307
––  postoperative angular deform a-

tion  w ith  306
––  rem oval of  308, 309
––  restoration  of m otion w ith  308
––  sagittal balance m aintenance

w ith  306, 307

––  vertebral body-bone graft  contact
w ith  307, 307

G
Gibbus  361
Gout  55
Graft , see  Bone graft
Grid-on-rid  in terfaces, enhanced fric-

t ion  in  153–154, 154
Gripping im plan t-bone in terfaces  169,

171
Guy w ire m echanism  481, 481–482

H
Halifax clamp  179
HAM, see  Helical axis of m otion (HAM)
Hangm an’s fracture  67, 68
–  judicial  66, 67
Harrington  compression  rod  179
Healing, bone, fusion  and  135
Helical axis of m otion  (HAM)  20, 20
Hem ivertebrae  15, 388
Hook fixation, in  craniocervical and

upper cervical constructs  238, 240
Hooke’s law  23
Horizontal C1 fracture  69, 69
Horizontal rostral C2 body fracture  67,

70–71, 71
Hyperkyphosis  361
Hyperlordosis  361
Hypokyphosis  361
Hypolordosis  361
Hysterical scoliosis  361

I
IAR, see  Instan taneous axis of rotat ion

(IAR)
Iatrogenic neural elem ent injury  99,

99, 100
Idiopathic scoliosis  361
Iliac apophysis  361
Ilial fixation  319, 320
Im aging, of im plants  147
Im m ature spine, fusion  of  131
Im pact ion fractures  76
Im plant  failure  217, 217, 218–219, 423,

424
–  See a lso  Construct  failure
Im plan t  fracture
–  construct  failure and  461, 462
–  subsidence and  424, 425
Im plant(s), see  Com ponent-component

in terfaces,  Construct design,  Fixa-
tion,  Instrum entation

–  absorbable  147
–  allograft bone  147
–  bringing spine to  338, 340
–  ceram ic  147
–  choice of  201
–  composite  147
–  device-related flexion-extension

force application w ith  183
–  device-related lateral bending force

application  w ith  183, 184
–  device-related translational force ap-

plication w ith  183
–  h istorical perspective on  174
–  im aging of  147
–  in  total disc arth roplasty  444

–  in ventral subaxial spine con-
structs  251

–  in vivo alterat ion  of configuration
of  340

–  in vivo contouring of  346, 347–348
–  m etal
––  alloys in  142
––  corrosion of  143, 144
––  cracking of  143, 144
––  elem ents in  142
––  fatigue in  143
––  osseointegration  and  143
––  propert ies of  142
––  structural characteristics of  144
––  structural failure of  144
––  structural injury to  144, 145
––  surface characterist ics of  142,

143–144
–  m ode of application  of  201
–  nonm etal  145
–  nuances w ith  197–199, 200
–  polymer  145
–  qualitat ive categorization of  174
–  quantitat ive attr ibutes of  190
–  surface characterist ics  154
–  versatile  199
Im plan t-bone in terfaces  159
–  abutting  159, 159, 160
–  conform ing  170
–  construct  failure and  461
–  failure of  219
–  gripping  169, 171
–  im proving in tegrity of existing  220,

220, 226, 226
–  norm alizing geometry in  224
–  osseointegration  and  170
–  penetrating  159
––  w ith  pullout resistance  160, 160
––  w ith  pullout-resistant  screw s  161
––  w ithout pullout  resistance  160,

160
–  provision of addit ional  221, 221,

222–225
In vivo alterat ion  of im plan t configura-

tion  340
In vivo im plant con touring  346, 347–

348
Inclinom eter  361
Inert ia, m om ent of  24
Infan tile scoliosis  361
Infect ion
–  anatomy in  65
–  construct  failure and  224
Inflam m atory pain  509
Inflect ion vertebra  361
Inject ion therapy, for pain  486
Inside-outside technique  398
Instability, see  Stability
–  acute  28, 31
–  categorization of  30, 30
–  cervical spine, upper  37, 37
–  chronic  28, 33
–  glacial  33
–  instrum entation and  37
–  lim ited  31, 31
–  m inim ally-invasive spine surgery

and  450, 451
–  overt  31
–  poin t system  for  33
–  quantitation  of  28, 28
–  spinal deform ation  in  36
–  surgery and  120
–  torsional  52

–  “colum n” concepts and  29
Instan taneous axis of rotat ion  (IAR)
–  as dynam ic  19
–  as fulcrum  19, 19
–  defined  18
–  in  anatom y  3
–  in  kinem atics  18–19
–  in  spinal colum n failure  19
–  in  total disc ar throplasty  444
–  m igration  of  19, 19
–  neuroforam inal decompression

and  19, 19
Instrum entation, see  Construct design,

Fixation,  Im plan ts
–  bone as  132, 132, 133
–  indications for  201
Integum ent shear  465
Interbody constructs  294
–  bone quality and  44, 45
–  for cervical spine  294, 295–297
–  for lum bar spine  298
––  dorsal  298, 300
––  flat-faced fusion  cages in  301,

301, 302–304
––  fusion  cages in  301
––  in terbody fusion  strategies in  298
–  for thoracic spine  297, 297, 298–299
–  threaded in terbody fusion  cages

in  302
––  anterior longitudinal ligam ent dis-

ruption  and  304
––  biom echanical and geom etric fac-

tors a ect ing e cacy of  304
––  clin ical results w ith  308, 308
––  disc in terspace distract ion

w ith  305, 305, 306
––  end-fusion  degenerative changes

w ith  306
––  endplate relationships and  304,

305
––  fusion  rates w ith  307
––  loading in  shear w ith  305
––  outcom es w ith  307
––  posterior longitudinal ligam ent

disruption  and  304, 307
––  postoperative angular deform a-

tion w ith  306
––  rem oval of  308, 309
––  restoration of m otion w ith  308
––  sagittal balance m ain tenance

w ith  306, 307
––  vertebral body-bone graft contact

w ith  307, 307
–  ventral  299
Interspace, disc, see  Disc in terspace
Interspinous ligam ent  8
Interspinous spacers
–  in  m otion  preservation  441
–  lum bar, m inim ally-invasive  453
Intervertebral disc, see  Disc in terspace
–  aging of  40
–  in  anatom y  7, 7
–  in terspace anatomy  46
–  lateral deviation  361
Intervertebral m otion segm ent biom e-

chanics  47, 49
Intradiscal electrotherm y  486
Intradiscal hydrostatic pressure  49
Intradiscal oncotic pressure  49
Intradiscal osm otic pressure  48
Intradural pathologies, approaches

to  118
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Intrinsic im plant  bending m om ent ap-
plication, in  sagittal or coronal
plane  347, 349–350

Ischem ia, spinal cord  102

J
Jacobs locking hooks  177
Je erson fracture  65, 69
Jewett  brace  471, 472
–  See a lso  Bracing
Judicial hangm an’s fracture  66, 67
Junctional regions, approach  selection

for  333, 333
Juvenile scoliosis  361

K
Kaneda device  251
Kinem atics  18
King classification schem e  367
Klippel-Feil anom aly  15
Knodt  rods  179
Kyphoplasty  431, 486, 486
–  See a lso  Vertebral augm entation
Kyphoscoliosis  361
Kyphosis
–  cervical
––  and subsidence  372–376
––  e ect ive  55, 56
–  defined  361
–  hyperkyphosis  361
–  hypokyphosis  361

L
Lag screw  169, 170
Lam ina  3
Lam inoplasty, construct  failure

and  227
Lateral approach, to cervical and upper

thoracic spine  112, 112
Lateral bending dynam ic compression

fixation  184, 186
Lateral extracavitary approach , to

thoracic and lum bar spine  115, 116
Lateral in terbody approaches, m ini-

m ally-invasive  453
Lateral in tertransverse fusion, lum bar

interbody fusion  versus  300, 300
Lateral t ranscavitary approach, to

thoracic spine  116, 116
Lateral translational deform ation  197
Lateral w edge com pression frac-

tures  81
Law s of m otion  21
Lenke classification schem e  368
Ligam entous disruption, in ven tral

spine decompression  120, 121
Ligam entous injuries  81, 83
Ligam entum  flavum
–  calcium  pyrophosphate dehydrate

deposition  disease of  55
–  compressive myelopathy of  55
–  in  anatomy  9
Line-draw ing fram ework  202
Load bearing  134, 513, 513, 514
Load sharing  134
Load-deform ation  curve  23
Loading m echanics  60, 60, 61
Lock screw connectors  150, 151

Locking m echanism s, com ponent-com -
ponent  149, 149, 150

Lordoscoliosis  361
Lordosis, defined  361
Louis concept  29
Lum bar in terspinous spacers, m ini-

m ally-invasive  453
Lum bar scoliosis  361
Lum bar spine, see  Spinal levels
–  approach select ion  for  331, 331, 332
–  bracing  479
–  complex constructs and force appli-

cations in  405–406, 406
–  deform ities  382, 386
–  in terbody constructs for  298
––  dorsal  298, 300
––  flat-faced fusion  cages in  301–304
––  fusion  cages in  301
––  in terbody fusion  strategies in  298
––  threaded in terbody fusion  cages

in  302
–––  anterior longitudinal ligam ent dis-

ruption  and  304
–––  biom echanical and geometric fac-

tors a ect ing e cacy of  304
–––  clin ical results w ith  308, 308
–––  disc in terspace distract ion

w ith  305, 305, 306
–––  end-fusion  degenerative changes

w ith  306
–––  endplate relationsh ips and  304,

305
–––  fusion  rates w ith  307
–––  loading in  shear w ith  305
–––  outcom es w ith  307
–––  posterior longitudinal ligam ent

disruption  and  307
–––  postoperative angular deform a-

tion w ith  306
–––  rem oval of  308, 309
–––  restoration  of m otion w ith  308
–––  sagittal balance m aintenance

w ith  306, 307
–––  vertebral body-bone graft  contact

w ith  307, 307
––  ventral  299
–  lateral extracavitary approach

to  115, 116
–  loss of structural in tegrity of  74
–  low  15
–  m iddle  14
–  pedicle angle at  7
–  pedicle w idth  at  6
–  pelvic brim  extraperitoneal approach

to  114, 115
–  segm ental m otions at  5
–  spinal canal at  4, 6
–  spinal configuration in  57
–  spinal ligam ent failure strength  at  8
–  subsidence in  428
–  tension-band fixation  in  260
–  transdiaphragm atic approach

to  114, 114
–  transverse process at  8
–  upper  14
–  ventral cantilever beam  fixation

in  264
–  ventral distraction  fixation  in  256
–  ventrolateral extraperitoneal ap -

proach  to upper and m id-  114, 114
Lum bar tract ion  469
Lum bosacral bracing  479
Lum bosacral fixation, dorsal  321, 321

Lum bosacral junct ion  15
Lum bosacral region
–  approach select ion  for  332, 333
–  complex constructs and force appli-

cations in  406, 407–410
–  deform ities  384, 387–388
Lum bosacral scoliosis  361
Lum bosacral stability, long-term  321,

322–323
Lum bosacral-pelvic constructs
–  deform ity prevention  and correction

strategies w ith  315–316
–  dorsal lum bosacral fixation in  321,

321
–  dorsal translum bosacral fixation

in  319–320
–  flat-back syndrom e and  314
–  iatrogenic adverse structural out-

com es and  315, 317
–  ilial fixation in  319
–  long-term  lum bosacral stability

w ith  321, 322–323
–  lum bosacral stability augm entation

w ith  317–318, 318, 319
–  neurologic function  restoration and/

or preservation w ith  317
–  sagit tal balance w ith  313, 313, 314
–  transsacral fixation  in  319–320
–  ventral t ranslum bosacral fixation

in  320, 321

M
MAF, see  Motion of axis fracture (MAF)
Magnets, for pain  486
Major curve  361
Manipulation, spinal, for pain  486
Marketplace  521
Materials
–  graft  131
–  vertebral augm entation  433, 434,

435
Mathem atical testing  501, 504
Mechanical spine pain  58, 483, 483,

509, 509
Medication
–  for osteoporosis  136
–  for pain  486
Metal im plants
–  alloys in  142
–  corrosion of  143, 144
–  cracking of  143, 144
–  elem ents in  142
–  fatigue in  143
–  osseointegration  and  143
–  propert ies of  142
–  structural characteristics of  144
–  structural failure of  144
–  structural injury to  144, 145
–  surface characterist ics of  142, 143–

144
Metastatic cancer  519, 522
Minim ally invasive spine surgery

(MISS)
–  adjacent-level disease and  452
–  facet join t  screw  fixation  453
–  fundam entals of  450, 450
–  lateral in terbody approaches in  453
–  lum bar in terspinous spacers  453
–  spine stabilization  and destabiliza-

t ion  and  450, 451
–  techniques  453

–  transsacral lum bar in terbody screw
fixation  453

Modulus of elast icity  24, 24, 146
Mom ent arm s  18, 60
Mom ent of inert ia  24
Mom entum  21
Motion  of axis fracture (MAF)  19
Motion  preservation
–  avoidance of surgery in  441
–  biom echanics of  442
–  dynam ic spine stabilization  in  441
–  in  anatom ical and clin ical do-

m ains  108, 109
–  in terspinous spacers in  441
–  neural elem ent decom pression

in  441
–  nuclear replacement devices in  441
–  strategies for  441
–  total disc arth roplasty in  441–442
Motion, spinal  15
Motivation, patient  511
Multisegm ental fixation  177
–  dorsal cantilever beam  287, 287
–  dorsal tension-band  275, 276
–  dorsal three-poin t bending  281, 283
–  in ventral subaxial spine con-

structs  257
–  tension-band  261, 262–263
–  ventral cantilever beam  265
–  ventral distraction  257
Muscles
–  in  anatomy  10
–  in  guy w ire m echanism  481, 481–

482
–  in  stability  35, 36
–  myofascial pain  in  483
–  spasm  483
Myelopathy, complete  100
Myofascial pain  59, 483, 509
Myopathic scoliosis  361

N
Nerve root distort ion  99
Neural elem ent compression  surgery
–  alone versus plus fusion  515
–  decision  m aking for  512
–  in  m otion preservation  441
–  norm al anatomy and significant  clin-

ical findings in  106, 106
–  significant  anatomy and unim pres-

sive clin ical findings in  106, 107
–  ventral versus dorsal  515
Neural elem ent injury  95
–  clin ical correlations in  102
–  extrinsic neural elem ent com pres-

sion  in  95, 96
–  from  inappropriate length  of decom -

pression  99, 99
–  from  inappropriate w idth  of decom -

pression  99
–  from  unrecognized aberrant  anato-

my  100
–  iatrogenic  99, 99, 100
–  in  anterior spinal cord syn-

drom e  100, 101
–  in  Brow n-Séquard syndrom e  101,

101
–  in  complete m yelopathy  100
–  in  penetrating spinal cord injury  102

–  in  spinal cord ischem ia  102
–  m echanism s of  95, 95
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–  nerve root distor tion  in  99
–  sim ple distract ion in  96, 96
–  spinal cord injury syndrom es

and  100
–  “coronal bowstring” e ect  in  98, 98
–  “sagittal bowstring” e ect  in  96, 96,

97–98
Neurom uscular scoliosis  361
Neuropathic scoliosis  361
Neutral axis  30
Neutral vertebrae  333, 334–335, 361
Neutral zone  10, 10, 23, 23–24
New ton’s law s of m otion  21
Nonfixed m om ent arm  can tilever beam

fixation  195, 196–197, 286, 286
Nonoperative strategies, see  Exercise(s)
–  aggressive  512
–  biom echanics of  481, 481, 482–483
–  for pain  485
–  patient education  for  489
–  spine surgery versus  508
Nonspecific chronic pain  484
Nonstructural curve  361
Nuclear replacem ent devices, in  m otion

preservation  441
Nucleus pulposus
–  aging of  40, 40
–  in  anatom y  7, 8
–  in  disc in terspace  47

O
Occipital bone  232
Occipital bone screw  fixation
–  in  craniocervical and upper cervical

constructs  240, 241
–  laterally placed  397
–  m idline  396
–  w ith  plate  398
Occipital button fixation  245, 246
Occipital condyle fracture  67, 70, 73
Occipital condyle screw  fixation, in  cra-

n iocervical and upper cervical con-
structs  241

Occipitocervical fixation  construct  396
Occiput-C1 joint  396
Occiput-upper cervical fusion  400
Odontoid  screw  fixation , in  craniocer-

vical and upper cervical con-
structs  235, 235, 236

OPLL, see  Ossification  of the posterior
longitudinal ligam ent (OPLL)

Osseointegration
–  fusion  and  135
–  im plant-bone in terfaces and  170
–  m etal im plan ts and  143
Ossification  of the posterior longitudi-

nal ligam ent (OPLL)  54
Osteoporosis  52, 53
–  anchor choice and  42
–  bone aging and  40
–  construct  design  and  204
–  fixation in  42
–  fusion  and  135, 136
–  im plant-bone surface num ber

and  42
–  m anagem ent of  135
–  m edical m anagem ent of  136
–  screw  design and  42
–  screw geometry and  42
–  stress-reduction  162
–  treatm ent of  136
–  tr iangulation  and  42

Osteotomy
–  dorsal  390
–  egg shell  390
–  pelvic  391
–  ven tral plus dorsal  391
Outcom e assessm ent tools  512

P
Pain
–  acupuncture for  486
–  as decision-m aking paradigm  508
–  axial spine  58
–  bed rest for  485
–  bracing for  485
–  chron ic  59, 509
–  defin ing disorder in  508
–  di erential diagnosis of  481
–  disease-specific  484, 484
–  exercise for  487
–  exten t of  511
–  from  dural compression  509, 509
–  from  neural compression  509, 509
–  funct ional  484
–  in flam m atory  509
–  inject ion therapy for  486
–  in tradiscal elect rothermy for  486
–  kyphoplasty for  486, 486
–  m agnets for  486
–  m anagem ent strategies  485
–  m echanical  58, 483, 483, 509, 509
–  m edication  for  486
–  m otion and  481, 483
–  myofascial  59, 483, 509
–  nonoperative strategies for  485
–  nonspecific chronic  484
–  of cataclysm ic origin  484
–  patien t education w ith  485, 485
–  patien t select ion  and  457
–  prevention  485
–  spinal m anipulation for  486
–  syndrom ic  484, 484
–  tract ion  for  485
–  vertebroplasty for  486, 486
–  w ithout anatom ical/im aging correla-

tion  457
–  yoga for  486
Paradoxical spinal m otion  20, 21
Parallel-axis theorem  for m om ents  21
Parallelogram -like bracing e ect  475
Parameters, spinal pelvic  363
Parathyroid horm one, for osteoporo-

sis  136
Paravertebral height di erence  361
Pars in terart icularis and C2 pedicle

screw  fixation  241
Patient  education
–  for exercise  489
–  for pain  485, 485
Patient  m otivation  511
Patient  position ing, in  bed rest  464,

465
Patient  select ion
–  construct  failure and  457
–  decision m aking w ith  510
–  for total disc arthroplasty  446
–  pain  and  457
Pedicle  5
–  angle  5–6, 7
–  strength  6
–  w idth  6
PEEK, see  Polyether ether ketone

(PEEK)

Pelvic axial rotation  361
Pelvic brim  extraperitoneal ap-

proach  114, 115
Pelvic incidence  364, 365–366, 367,

367
Pelvic inclination  361
Pelvic obliquity  361
Pelvic osteotomy  391
Pelvic tilt  365–366, 366, 367
Penetrating im plant-bone in terfa-

ces  159
–  w ith  pullout  resistance  160, 160
–  w ith  pullout-resistant  screw s  161
–  w ithout pullout  resistance  160, 160
Penetrating spinal cord injury  102
Perm anent set  23, 23
Philosophy, in  decision m aking  510
Physical principles  18
–  See a lso  Loading m echanics
Plastic zone  23
Plate strength  219, 219
Plum b line, radiographic  361
PMMA, see  Polym ethylm ethacrylate

(PMMA)
Point of failure  23
Point  system , for instability  33
Polyether ether ketone (PEEK)  146
Polym er im plants  145
Polym ethylm ethacrylate (PMMA)  146
Posterior longitudinal ligam ent
–  in  anatomy  9, 9
–  in ventral spine decom pression  120
–  ossification  of  54
–  threaded in terbody fusion  cages

and  304
Postoperative m anagem ent, construct

failure and  462, 462
Preoperative decision-m aking, con-

struct  failure related  to  456, 456
Pressure sores  464, 465
Problem -based decision m aking  512–

513
Progesterone, for osteoporosis  136
Pseudarthrosis
–  construct  failure and  224
–  fusion  and  131
Psoas m uscle  10
PT curve  369
Pullout-resistant  screws
–  anatomy of  161, 161, 162–163
–  bone in tegrity and  168
–  compression  168, 169
–  core in  161, 162, 162
–  geom etric lim itations w ith  167–168,

168
–  head in  161, 161
–  lag  169, 170
–  optim al orientation  of  166, 167
–  orientation  of applied loads

w ith  166, 166
–  pullout  resistance of  163, 164
–  rocking along an  arc w ith  167
–  screw  turnout  w ith  169, 170
–  thread in  162, 162, 163
–  t ip  in  162, 162, 163
–  tr iangulation  w ith  164–165, 165,

166–169

R
Radiographic plum b line  361
Radiographic surgical structural crite-

ria  368

Radiosurgery  519, 522
Raloxifene  136
Rectus abdom inis  10
Regional apical vertebral transla-

tion  361
Regional characterist ics  11
Respiration, bed rest and  464
Revision surgery, for total disc arthro-

plasty  444
Rezaian  device  251
Rheum atoid arth rit is  52, 54
Rib cage, in  stability  35, 35
Rib rotational prom inence  361
Ribs, anom alies w ith  15
Rigid  device-related flexion-extension

force application  183
Rigid  device-related lateral bending

force application  183, 184
Rigid  device-related translational force

application  183
Rigid  fixation  175
–  rigid axial force applications in  175
Risser sign  361
Rotation  deform ations  87, 88
–  about coronal and sagittal axes  88,

88, 89–90
–  about long axis  87, 88
Rotatory kyphoscoliosis  356
Rotatory subluxation injuries  74, 74,

75
Round-faced cage in terfaces  159, 160

S
Sacral inclination  361
Sacral obliquity  361
Sacral slope  366, 366, 367
Sacroiliac join t  15
Sacrum , see  Lum bosacral region
–  loss of structural in tegrity of  83, 84
Sagit tal balance
–  adjacent-segm ent deform ity

and  439
–  threaded in terbody fusion  cages in

m aintenance of  306, 307
Sagittal deform ities  380, 384–385
–  cervical spine  371, 372–376
Sagittal spinal balance  361
Scheuerm ann disease  52
Scoliosis, see  Curve(s),  Deform ations
–  adolescen t  361
–  adult  361
–  cervical  361
–  cervical-thoracic  361
–  congenital  361
–  defined  361
–  double structural  361
–  double thoracic  361
–  hysterical  361
–  idiopathic, chronology of  361
–  infantile  361
–  juvenile  361
–  kyphoscoliosis  361
–  lordoscoliosis  361
–  lum bar  361
–  lum bosacral  361
–  myopathic  361
–  neurom uscular  361
–  neuropathic  361
–  thoracic  361
–  thoracogenic  361
Screw  fixation  240
–  C1-C2 transar ticular  242, 242
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–  C2 and subaxial lateral m ass, in  cra-
niocervical and upper cervical con-
structs  244, 244, 245

–  C2 pedicle and pars in terart icula-
ris  241

–  C2 translam inar screw, in  craniocer-
vical and upper cervical con-
structs  234, 244

–  com m entary on  245
–  facet  join t, m inim ally-invasive  453
–  occipital bone  240, 241, 396–398
–  occipital condyle, in  craniocervical

and upper cervical constructs  241
–  odontoid, in  craniocervical and

upper cervical constructs  235, 235,
236

–  th ree-point  bending  399, 402–403
–  transsacral lum bar in terbody, m ini-

m ally-invasive  453
Screws, pullout-resistan t
–  anatomy of  161, 161, 162–163
–  biocort ical purchase w ith  169
–  bone in tegrity and  168
–  compression  168, 169
–  core in  161, 162, 162
–  geom etric lim itations w ith  167–168,

168
–  head in  161, 161
–  lag  169, 170
–  optim al orien tation  of  166, 167
–  orientation  of applied  loads

w ith  166, 166
–  pullout  resistance of  163, 164
–  rocking along an arc w ith  167, 167
–  screw  turnout  w ith  169, 170
–  thread in  162, 162, 163
–  tip  in  162, 162, 163
–  tr iangulation w ith  164–165, 165,

166–169
Sect ion m odulus  24
Select ion , see  Patient  select ion
Self-tapping screw s  162
Sem iconstrained component-rod con-

nectors  153, 153
Sem iconstrained screw-plate connec-

tors  152, 152
Settling, see  Subsidence
Shape-m em ory alloys  145, 146
Shear m odulus  24
Short-segm ent parallelogram  deform -

ity reduction  342, 345
Sim ple distract ion  fixation  191, 191
Skeletal age  361
Skin , see  In tegument shear,  Pressure

sores
Snaking  473
Spacers
–  in  m otion preservation  441
–  lum bar, m inim ally-invasive  453
Spinal access, regional nuances

w ith  326, 326, 327
Spinal canal  3
–  diam eter  versus spinal level  6
–  pedicle w idth versus  6
–  spinal canal versus  6
Spinal compression  fixation, see  Ten-

sion-band fixation
Spinal configuration  10
–  defin it ion  57
–  in  degenerative and inflam m atory

diseases  55
Spinal cord

–  in  anterior spinal cord syn-
drom e  100, 101

–  in  Brow n-Séquard syndrom e  101,
101

–  in  central spinal cord injury syn-
drom e  101, 102

–  ischem ia  102
–  penetrating injuries of  102
Spinal cord injury syndrom es  100
Spinal levels, see  Cervical spine,  Lum -

bar spine,  Thoracic spine
–  access at  di erent  326, 326, 327
–  extension  at  474
–  flexion  at  474
–  in  construct design  203, 203, 204
–  segm ental m otions at  5
–  vertebral body com pression  strength

versus  2, 3
–  vertebral body diam eter versus  2, 2
–  vertebral body height  versus  2, 2
Spinal ligam ents  8, 8
–  See a lso  Anterior longitudinal liga-

m ent,  Capsular ligam ents,  Ligam en-
tum  flavum ,  Posterior longitudinal
ligam ent,  Transverse ligam ent of at-
las

Spinal m anipulation, for pain  486
Spinal m otion  15
–  abnorm al  511
–  excessive  511
–  paradoxical  20, 21
Spinal pelvic param eters  363
Spinal stability, see  Stability
Spinal tracts  5
Spine derotation  346, 348–349
Spinous process  8
Spondyloarthropathy, destructive  55
Spondylolisthesis, t raum atic, of ax-

is  67, 68
Spondyloptosis, traum atic  80
Spondylosis
–  extradiscal involvem ent in  52
–  in  cervical spine  55
–  pathophysiology of  48
Stability  57
–  See a lso  Instability
–  defined  28
–  long-term  lum bosacral  321, 322–

323
–  m inim ally-invasive spine surgery

and  451
–  rib cage in  35, 35
–  surgery and  120
–  testing  501, 503
Stabilization surgery, correlation  of

anatom ical and clin ical dom ains
in  107, 108–109

Stable deform ations  93
Stable vertebra  361
Stereotactic radiosurgery  519, 522
Strength  test ing  499, 501
Stress  24, 25
Stress shielding  426, 426
Stress-reduction osteoporosis  162
Stretching exercises  488
Structural criteria  368–369
Structural curve  361
Subaxial lateral m ass and C2 screw  fix-

ation  244, 244, 245
Subsidence
–  aging and  41
–  angular deform ation  in  416, 416
–  biom echanics w ith  426

–  bone shaping and fit t ing in  426
–  clin ical considerations w ith  428
–  components of  416, 416
–  geom etry and  428, 428
–  graft  closeness of fit  and  426, 427–

428
–  graft  con tact surfaces and  427, 427,

428
–  graft  surface area of con tact and  427
–  im plant  failure and  423, 424, 459,

460
–  im plant  fracture and  424, 425
–  in  lum bar spine  428
–  in  thoracic spine  428
–  spine deform ation and  417, 418
–  surgical complications w ith  421,

424–426
–  ventral cervical fusion  and  416–417
Surgical strategies, decision  m aking

w ith  514
Surgical structural criteria  368–369
Syndrom ic pain  484

T
Tap screws  162
TDA, see  Total disc arthroplasty (TDA)
Tem perature, of specim en  504
Tension-band fixation  192, 193, 193,

194–196, 259
–  dorsal  272
––  clin ical applications of  274
––  clin ical examples  277, 277, 278
––  complications w ith  276, 276
––  in  cervical spine  274, 275
––  in  lum bar spine  274
––  in  thoracic spine  274
––  m ultisegm ental  275, 276
––  techniques  273
–  ven tral
––  biom echanics of  259, 261
––  clin ical applications of  260, 262–

263
––  clin ical examples of  261
––  complications of  261
––  in  cervical spine  260
––  in  lum bar sine  260
––  in  thoracic spine  260
––  m ultisegm ental  261, 262–263
––  techniques  259
Term inal th ree-poin t bending fixa-

tion  192, 192, 198
Testing, see  Biom echanical testing
Thoracic region, approach  selection

for  328, 329, 329, 330
Thoracic scoliosis  361
Thoracic spine  13
–  See a lso  Spinal levels
–  bracing  478
–  complex constructs and force appli-

cations in  405–406, 406
–  deform ations  376, 382–383
–  degenerative processes in  55
–  dorsal tension-band fixation  in  274
–  extrapleural thoracotomy approach

to  113, 113
–  in terbody constructs for  297, 297,

298–299
–  lateral approach  to upper  112, 112
–  lateral extracavitary approach

to  115, 116
–  lateral t ranscavitary approach

to  116, 116

–  loss of structural in tegrity of  74
–  pedicle angle at  7
–  pedicle w idth  at  6
–  segm ental m otions at  5
–  spinal canal at  6
–  spinal configuration  in  57
–  spinal ligam ent failure strength  at  8
–  subsidence in  428
–  tension-band fixation in  260
–  transdiaphragm atic approach

to  114, 114
–  ventral approach to upper  112, 112
–  ventral cantilever beam  fixation

in  264
–  ventral distraction  fixation in  256
–  ventrolateral transthoracic approach

to  113, 113
Thoracic tract ion  469, 470
Thoracogenic scoliosis  361
Thoracolum bar junction  14
–  approach  select ion  for  330, 331
Thoracolum bar region  365
Threaded in terbody fusion  cages

(TIFCs)  302
–  biom echanical and geometric factors

a ecting e cacy of  304
–  clin ical results w ith  308, 308
–  disc in terspace distract ion  w ith  305,

305
–  end-fusion  degenerative changes

w ith  306
–  endplate relat ionsh ips and  304, 305
–  fusion  rates w ith  307
–  loading in  shear w ith  305
–  outcom es w ith  307
–  posterior longitudinal ligam ent dis-

ruption  and  304, 307
–  postoperative angular deform ation

w ith  306
–  rem oval of  308, 309
–  sagittal balance m aintenance

w ith  306, 307
–  vertebral body-bone graft contact

w ith  307, 307
Three-point bending fixation  191, 191,

192, 194–196, 198
–  dorsal  277, 279
––  clin ical applications of  279, 281–

282
––  clin ical exam ples  284, 285
––  complications w ith  281, 283
––  dorsal facet fixation in  277, 280
––  m ultisegm ental  281, 283
Three-point  bending force applica-

t ion  338, 341–343
Three-point  bending screw  techni-

ques  399, 402–403
Three-point  shear clamp  150, 151
Tidal volum e, bed rest and  464
TIFCs, see  Threaded in terbody fusion

cages (TIFCs)
TL/L curve  369–370
TM curve  369
Tophaceous gout  55
Torsional instability  52
Total disc arthroplasty (TDA)
–  adjacent-segm ent degeneration

and  445
–  biom echanics of  442
–  candidacy for  446
–  complications w ith  444
–  im plant  longevity in  444
–  in  m otion  preservation  441
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–  instantaneous axis of m otion  in  444
–  replication  of anatomy in  442, 443
–  replication  of m echanics in  442, 442,

443–445
–  replication of m otion  in  442
–  research  discrepancies w ith  446
–  revision  of  444
–  sym ptom  relief w ith  445
Traction  512
–  advantages of  467, 468
–  biom echanics of  468
–  cervical  467, 468
–  disadvantages of  467, 468
–  for pain  485
–  lum bar  469, 470
–  special clin ical situations w ith  468,

468, 469
–  thoracic  469, 470
Trajectory, decision m aking for  517,

519
Transdiaphragm atic approach , to thora-

colum bar spine  114, 114
Translat ional deform ations  89, 197–

198
–  about coronal and sagittal axes  91,

91
–  about long axis of spine  89, 91
–  cervical, and coronal plane  375,

377–382
Translum bosacral fixation
–  dorsal  319–320
–  ventral  320, 321
Transperitoneal approach  115, 115
Transsacral fixation  319–320
Transsacral lum bar in terbody screw

fixation, m inim ally-invasive  453
Transverse ligam ent of atlas  65
–  rupture  72, 72
Transverse process  8
Traum a, see  Fracture
–  anatom y in  65
–  applied-force vectors and  66, 67
–  factors determ in ing injury type

in  65, 66
–  sacral structural in tegrity in  83, 84
–  spinal cord, penetrating  102
–  subaxial spinal in tegrity in  74
–  types and m echanism s of  66
–  upper cervical spine in tegrity in  65
Traum atic spondylolisthesis of axis  67,

68
Traum atic spondyloptosis  80
Triangulation
–  in  correction  m aintenance  351, 351,

352–353
–  osteoporosis and  42
Tum ors, see  Traum a
–  m etastat ic  519, 522
Turning, biom echanics of  464
–  See a lso  Bed rest
Type I C2 body fracture
–  variants  67, 68
–  w ith  C2-C3 extension-subluxa-

t ion  67, 67
–  w ith  C2-C3 extension-subluxation

and ventral teardrop  66–67, 67
–  w ith  flexion-subluxation  66–67, 70
Type III C2 body fracture  67, 70–71, 71

Type III occipital condyle fracture  67,
70, 73

U
Ultrah igh-m olecular-weight polyethy-

lene (UHMWPE)  145
Uncinate process  2, 3
Uniform  integum ent pressure

beds  465, 466
Universal spinal instrum entation

(USI)  177, 179
Upper cervical deform ations  370, 370,

371
Upper cervical spine
–  anatom y  11
–  bracing in  247
–  C1 lateral m ass fixation  in  241, 241
–  C1-C2 transar ticular screw  fixation

in  242, 242
–  C2 and subaxial lateral m ass screw

fixation  in  244, 244, 245
–  C2 pedicle and pars in terart icularis

screw  fixation  in  241
–  C2 translam inar screw  fixation

in  234, 244
–  clam p fixation  in  239, 240
–  complex constructs for  399, 401–

402
–  complications w ith  constructs

in  232
–  dorsal constructs for  239
–  hook fixation  in  238, 240
–  instability  37, 37
–  length  of fixation  in  246, 247–248
–  loss of structural in tegrity of  65
–  occipital bone screw  fixation in  240,

241
–  occipital button fixation in  245, 246
–  occipital condyle screw  fixation

in  241
–  occiput fusion  400
–  odontoid  screw  fixation in  235, 235,

236
–  ordering of steps in  constructs

for  232
–  screw  fixation  in  240
–  surgical strategies w ith  232, 233–

234
–  ven tral constructs for  234, 235–237
–  ven tral plate fixation in  237, 239
–  ven tral strut  fusion  strategies

w ith  236, 237
–  ven tral transar t icular screw  fixation

in  237, 239
–  w ire and cable fixation in  237–238,

239
USI, see  Universal spinal instrum enta-

tion  (USI)

V
Vectors  18
Ventilator w eaning, bed rest and  464,

464
Ventral approach , to cervical and upper

thoracic spine  112, 112

Ventral cantilever beam  fixation  262
–  biom echanics of  262, 263–264
–  clin ical applications of  264
–  clin ical examples of  265
–  complications w ith  265
–  in  cervical spine  264, 265
–  in  lum bar spine  264
–  in  thoracic spine  264
–  m ultisegm ental  265
–  techniques  264
Ventral distract ion  fixation
–  biom echanics of  252, 254
–  clin ical applications of  253
–  clin ical examples of  259, 260
–  complications of  257
–  complications w ith  257, 257, 258–

259
–  in  cervical spine  253, 256–257
–  in  lum bar spine  256
–  in  thoracic spine  256
–  in ventral subaxial spine con-

structs  252
–  m ultisegm ental  257
–  techniques  253, 255–256
Ventral dynam ic compression fixa-

tion  184, 186
Ventral dynam ic neutral fixation  185
Ventral lum bar in terbody fusion  strat-

egies  299
Ventral plus dorsal osteotom y  391
Ventral rigid compression  fixation  183,

183
Ventral rigid distract ion  fixation  180
Ventral rigid neutral fixation  180, 182
Ventral spinal fusion  128, 129–131
Ventral spine decom pression
–  bony disruption  in  121, 122–124
–  destabilizing e ects of  120
–  ligam entous disruption  in  120, 121
Ventral subaxial spine constructs
–  h istory of  251, 252
–  im plant  types in  251
–  m ultisegm ental fixation in  257
–  surgical exposures in  251
–  tension-band fixation  in  259
–  ventral cantilever beam  fixation

in  262
–  ventral distraction  fixation in  252
Ventral translum bosacral fixation  320,

321
Ventral w edge com pression frac-

tures  75, 79–80
Ventrolateral extraperitoneal approach,

to upper and m idlum bar spine  114
Ventrolateral transthoracic ap-

proach  113, 113
Vertebrae, see  Vertebral body
–  apical  333, 334–335, 361
–  end  361
–  inflect ion  361
–  neutral  333, 334–335, 361
–  stable  361
Vertebral augm entation
–  acrylic cem ents in  434
–  adjacent-level fractures w ith  432
–  biocompliant  injectates in  434, 435
–  biom echanics in  431, 431, 432–433
–  calcium  phosphate cem ents in  434

–  calcium  sulfate cem ents in  434
–  composite cem ents in  434
–  m aterials in  433, 434, 435
–  object ive assessm ent in  431, 431,

432–433
Vertebral axial rotation  361
Vertebral body  2
–  See a lso  Vertebrae
–  bone in  10
–  compression  strength  versus spinal

level  2, 3
–  diam eter  versus spinal level  2, 2
–  height  versus spinal level  2, 2
–  shape  3, 4
Vertebral tilt  361
Vertebroplasty  431, 486, 486
–  See a lso  Vertebral augm entation
Vertical cervical cantilever  199
Vertical coronally oriented dorsal C2

body fracture
–  w ith  C2-C3 extension  subluxa-

t ion  67, 67
––  and ventral teardrop  66–67, 67
–  w ith  flexion-distraction  72, 72
Vertical coronally oriented dorsal C2

body teardrop fracture w ith  C2-C3
flexion-subluxation  66–67, 70

Vertical sagit tally orien ted C2 burst-
pedicle fracture  67, 70, 70

Vitallium  142

W
Wedge compression fracture
–  lateral  78, 81
–  ven tral  75, 79–80
Wire and cable fixation, in  craniocervi-

cal and upper cervical con-
structs  237–238, 239

Wol ’s law  418, 459

Y
Yoga, for pain  486
Young’s m odulus  24, 24, 146

Z
Zone of non-engagem ent, see  Neutral

zone
Zone of uncertain ty  55

“
“Boundary e ect”  294
“Colum n” concepts, of spinal in teg-

rity  29
“Cone of balance”  354
“Cone of econom ical funct ion”  354
“Coronal bowstring” e ect  98, 98
“Gray zone”  55, 56
“Sagit tal bow string” e ect  96, 96, 97–

98
“Seat-belt” fracture, m odes of failure

in  75




