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Foreword

Managing neuromuscular spinal deformities is an awesome
responsibility. These patients present with the most chal-
lenging pathologies of the deformed spine. For too long
we’ve had to depend on the limited resource recommenda-
tions of thosewho’ve treated these children as our source of
surgical strategies. Limited individual surgeon experience
driven resources include a lot of less than satisfactory
results with the patients paying a tremendous price to
educate the surgical teams. Finally with this book we have
under one cover a tome on management of neuromuscular
spinal deformities not only in children but also in adults. It’s
a multi-authored book that draws on the strength of two
concepts not previously espoused together: disease-specific
intervention strategies andmultidisciplinary teaming. These
experienced authors have enjoyed a tremendous time-line
rapport communicating directly with each other over the
years regarding the entire range of spinal deformities and
havenowdecided topublish this book. It has beendeveloped
as a result of their research on prospective and retrospective
clinical trials and publications, providing evidence-based
measures of success.

The Harms Study Group has been quite active mostly in
research of the adolescent spine, concentrating on correct-
ing and stabilizing idiopathic deformities. The team
approach to managing the perioperative complexities of
neuromuscular spinal deformities had not been thoroughly
validated. This group’s investigation in managing neuro-
muscular spinal deformities has coincided with increased
molecular genetic delineation of specific neurodevelop-
mental disorders. This collateral research specifically into
atrophies and dystrophies in patients with neuropathic
disorders has improved life expectancy and quality of life
enough to justify the risk of spine surgery. The teams
alluded to in this text are virtual and include Neuroscience
(neurorehabilitation and spinal cord monitoring), Spine
(orthopaedic surgeon or neurosurgeon as the prime mover
in this endeavor), Surgery (Urology, VATS access, Plastics),
Anesthesia, Critical Care, Rehabilitation (Orthotic, Physical/
Occupational Therapy), GI, Radiology, Infectious Disease,
and Family Support (skilled nursing, research coordinators
and case managers). These virtual teams developed seam-
lessly from the Harms Study Group “Prospective Database
Registry Study of Scoliosis in Children with Cerebral Palsy”
and patient education handbook “Navigating Your Journey:
Guide for You and Your Family.” The virtual team is omni-
present, and various elementsweave in and out of the fabric
when necessary to manage these patients.

Also found in this book are various strategies to assess
patient health factors, modification of mobility aids, and
nonoperative management. Attention is given to disease-
specific presurgical planning, consenting (including indica-
tions-contraindications), hematologic, and gastroenteric/
nutritional assessments. They carefully identify specific
pulmonary issues, urinary imaging, and consenting issues
regarding when to consider avoiding surgery. Every section
contains detailed approaches and discussions of risks, ben-
efits, expectations with family regarding the post-surgical
course, and critical care of static and progressive congenital
and syndromic disorders including spinal deformity asso-
ciated with neurodegenerative disease in adults.

The book further identifies practical tips of OR table
positioning, specific benefits of traction, preoperative and
intraoperative issues, anterior releases (anterior thoraco-
lumbar, TLIF, video-assisted thoracoscopy and VCR), as well
as anatomic specific implants for EOS conditions (VEPTR,
growth modulating, lumbopelvic stabilizing, etc.), identi-
fying advantages and disadvantages of each.

Having this comprehensive information in one source is
powerful. Some surgical techniques rarely seen in Pediatric
Spine texts such as TLIF are beneficial in avoiding the
morbidity of anterior releases. Also discussed is Health
Related Quality of Life, a very necessary component of this
team endeavor as we enter an uncertain and potentially
challenging time in healthcare compensation.

Finally, the scientific curiosity of the Harms Study Group
has resulted in publication of an abundance of peer
reviewed, innovative articles on spinal biomechanics, tech-
niques, and instrumentation resulting in best practices. Its
members continue to advance in leadership positions ofour
academic and scientific societies. This sentinel book docu-
ments the need to align with all disciplines involved in
managing correction of these oftentimes severe and com-
plex neuromuscular conditions in order to achieve best
outcomes. I’ve been fortunate to participate in and observe
the development of this group of master surgeons and feel
especially proud of their work. This book will become a
reference in the library of spine surgeons who have the
awesome responsibility of managing patents with neuro-
muscular spinal deformities.

Alvin H. Crawford, MD, FACS, Hon Caus. GR.
Past President, Scoliosis Research Society
Founding Director, Crawford Spine Center
Professor Emeritus, Pediatrics and Spine

University of Cincinnati College of Medicine
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Preface

Neuromuscular scoliosis is a very common condition, but it
presents the pediatric spine surgeon with many treatment
challenges. The patient population is diverse, and the defor-
mities can be complex.Most surgeons have developed their
surgical treatment plans and intraoperative techniques
through experience.Whilemanydifferent treatmentswork
in a given surgeon’s hands, there is currently no one
resource to which a younger, inexperienced surgeon or an
experienced surgeon presented with a challenging defor-
mity can go to gain knowledge from the vast experience of
experts in the field.

The purpose of this book is to present some of the
experiences of master surgeons, including key aspects of
their surgical technique,ways toavoidproblems, andadvice
on dealing with complications. In addition, the authors will
provideevidence-basedknowledgefromboth the literature
and from the studies performed by the Harms Study Group.
The authors assume that the reader has a basic knowledge
of neuromuscular disease and some experience treating
paralytic spine deformities using basic instrumentation.

Section I: Surgical and Medical Considerations deals with
nonoperative management and indications for surgery.
Preoperative planning and intraoperative issues including
anesthesia and neuromonitoring are addressed in this sec-
tion. Themanagementof subluxedordislocatedhips,which
may bevery familiar to the pediatric orthopaedist but not to
a spine-fellowship trained surgeon, are discussed. The pres-
ence of subluxed or dislocated hips in the patient with
neuromuscular scoliosis presents particular challenges. The
majority of neuromuscular disorders that include subluxed
or dislocated hips usually fall into one of three diagnoses,
which include 1) spinal cord injury; 2) myelomeningocele;
and 3) cerebral palsy. However, the highest prevalence of
dislocation is probably caused by sepsis, and it is essential
that any relatively acute, radiographically identified dislo-
cated hip have an aspiration and adequate work-up to rule
out sepsis. Generally, for the noninfected case, the spine
deformity is treated first followed by the hip because of the
high incidence of deep vein thrombosis if the hip surgery
were to be performed first. Perioperative medical manage-
ment, both for prevention of deep vein thrombosis and
heterotopic ossification about the hip following surgery,
presents additional challenges for the spine surgeon. The
final chapter in this section concerns predicting complica-
tions and trying to assess the risk vs. benefit in recommend-
ing surgery to the parents of a child with severe deformity.

Section II: Disease Specifichighlights the key components
of the surgeons’ techniques in treating neuromuscular sco-
liosis arising from different diagnoses. One can no longer
use the same surgical strategy and execution of surgery for
all patientswith scoliosis of neuromuscular origins. The age

at intervention maybe very different, requiring a growing
spine (for example, Chapter 11: Spinal Muscular Atrophy).
Sagittal profile can be very different in these patients and
must be considered. Spinal deformity secondary to cerebral
palsy presents unique issues especially with regards to a
hyperlordotic (Chapter 7) or hyperkyphotic spine (Chapter
14).The authors of these two chapters will present some of
their correction techniques and discuss how they capitalize
on someof the technical advances such as reductionpedicle
screws for hyperlordosis. One recommendation for a tho-
racic kyphosiswould be to start placing the rods proximally
first instead of in the pelvis.

In Chapter 8 (“Surgical Treatment of Spinal Deformity in
Myelomeningocele”), Dr. Gabos will discuss three major
things that have changed his practice and resulted in sig-
nificant improvements for patients with myelodysplasia
and spine deformity: 1) He includes posterior lumbar inter-
body fusions (PLIFs) where there are no lamina; 2) he uses
S2 screws (S2AI screw fixation) to provide a low profile but
solid fixation to the pelvis; and 3) he enlists the help of
plastic surgeons to complete the closure to help reduce the
high infection rate.

In Chapter 9 (“The Patient with Spinal Cord Injury:
Surgical Considerations”), Drs. Pahys, Samdani and Betz
will describe treatment of patients with spinal cord injury
and matters to consider during preoperative planning. For
example, many of these patients use compensatory spinal
motion to assist with raising their hand to their mouth/face
for feeding/grooming. Placing them in a standard, pre-
fixed sagittal profile (unit rod) may eradicate this com-
pensatory motion and render these patients completely
dependent, whereas they were independent with feed-
ing/grooming prior to the spinal fusion. These patients
may need a different sagittal profile emulating their
normal sitting posture in a wheelchair which requires
a reduced lumbar lordosis and enhanced thoracolumbar
kyphosis. The authors will also describe how to assess
the sagittal profile preoperatively and execute it
intraoperatively.

As noted in Section III: Surgical Techniques, a key com-
ponent of correction of neuromuscular scoliosis is that the
instrumentation in themajority of cases extends down into
the sacrum and the ileum. In Chapter 16 (“Sacropelvic
Fixation Techniques”), Dr. Shah will present multiple
options for fixation including the new sacral ala iliac screw
approach to reduce profile issues. Some surgeons are now
using halofemoral traction as described in Chapter 18 to
correct some of the pelvic obliquity before a surgical inci-
sion is made. The surgeon should keep inmind that the use
of halofemoral traction may be counterproductive in cases
of hyperlordosis because the hips must be kept flexed to

x



correct thehyperlordosis, and pullingwith femoral traction
is also counterproductive.

Finally, Section IV: Postoperative Management and Com-
plications covers postoperative management and the com-
plications that can occur in patients with neuromuscular
scoliosis. The most common and more devastating for the
patient is wound infection, and Drs. Milby and Cahill
discuss suggestions for prevention and treatment based
on evidence from the literature. This section also includes
some prospectively collected health-related quality of life

outcomes in children with cerebral palsy and scoliosis
surgery (Chapter 26) generated over the last 5 years by
the Harms Study Group.

The authors are very appreciative of the opportunity to
collectively incorporate our experience into this book. We
also thank Carolyn Hendrix and Sarah Landis for their
editorial assistance with this project.

Amer F. Samdani, MD
Randal R. Betz, MD

Preface

xi



Acknowledgments

A project of this magnitude cannot be completed without
the tireless work of numerous people, including our
esteemed editors, section editors, and chapter authors. In
addition, the editors would like to thank Sarah Landis
and Nikole Connors at Thieme Medical Publishers for their
unwavering support and belief in us as we worked on this
project. We also wish to thank Michelle Marks, Executive/

Research Director of the Setting Scoliosis Straight Founda-
tion, and her staff for managing all of the research data and
projects associatedwith theHarms StudyGroup. Finally,we
would like to thank Carolyn Hendrix, Academic Assistant
at Shriners Hospitals-Philadelphia, for her indispensable
organizational and editorial skills.

xii



Contributors

Mark F. Abel, MD
Charles Frankel Professor of Orthopaedic Surgery
Division Head Pediatric Orthopaedics
Department of Orthopaedics
University of Virginia Health System
Charlottesville, Virginia

Benjamin Alman, MD
James R. Urbaniak, MD, Professor of Orthopaedic Surgery
Chair, Department of Orthopaedic Surgery
Duke University School of Medicine
Durham, North Carolina

Jahangir K. Asghar, MD
Orthopaedic Spine Surgeon
Miami, Florida

Keith R. Bachmann, MD
Assistant Professor of Orthopaedic Surgery
Department of Orthopaedic Surgery
University of Virginia Health System
Charlottesville, Virginia

Randal R. Betz, MD
Pediatric Scoliosis and Spine Surgeon
Institute for Spine & Scoliosis
Lawrenceville, New Jersey

Patrick J. Cahill, MD
Associate Professor
The Perelman School of Medicine at The University of
Pennsylvania

Division of Orthopaedic Surgery
The Children’s Hospital of Philadelphia
Philadelphia, Pennsylvania

Dana L. Cruz, MD
Resident Physician
Temple Orthopaedics & Sports Medicine
Philadelphia, Pennsylvania

Kirk W. Dabney, MD, MHCD
Department of Orthopedics
Co-Director, Cerebral Palsy Program
Nemours Children’s Health System
Wilmington, Delaware

Thomas J. Errico, MD
Chief, Division of Spine Surgery
NYU Langone Medical Center
New York, New York

Corey B. Fuller, MD
Orthopaedic Spine Surgeon
Department of Orthopaedic Surgery
Loma Linda University Medical Center
Loma Linda, California

Peter G. Gabos, MD
Assistant Professor
Department of Orthopaedic Surgery
Thomas Jefferson University Hospital/Jefferson Medical
College

Philadelphia, PA
Co-Director
Spine and Scoliosis Center
Nemours/Alfred I. duPont Hospital for Children
Wilmington, Delaware

Kathleen Gorenc, CPNP-AC
Pediatric Intensive Care Unit
Rady Children's Hospital
San Diego, California

Munish Gupta, MD
Mildred B. Simon Distinguished Professor of Orthopaedic
Surgery

Professor of Neurological Surgery
Chief of Pediatric and Adult Spinal Surgery
Co-director of Pediatric and Adult Spinal Deformity Service
Washington University
St. Louis, Missouri

Eve Hoffman, MD
Resident Physician
Department of Orthopaedics
University of Maryland Medical Center
Baltimore, Maryland

Steven W. Hwang, MD
Neurosurgeon
Shriners Hospitals for Children-Philadelphia
Philadelphia, Pennsylvania

Michael P. Kelly, MD, MSc
Assistant Professor
Department of Orthopaedic Surgery
Washington University
St. Louis, Missouri

xiii



Sandeep Khanna, MD
Clinical Director
Division of Pediatric Critical Care Medicine
Clinical Assistant Professor
Department of Anesthesia
University of California San Diego
San Diego, California

Paul D. Kiely, MCh, FRCS
Center for Spinal Disorders
Nicklaus Children’s Hospital
Miami, Florida

Virginie Lafage, PhD
Director, Spine Research
Hospital for Special Surgery
New York, New York

Cheryl R. Lawing, MD
Pediatric Orthopaedic Surgery
Shriners Hospitals for Children-Tampa
Tampa, Florida

Ronald A. Lehman Jr., MD
Professor of Orthopaedic Surgery, Tenure
Chief, Degenerative, MIS and Robotic Spine Surgery
Director, Athletes Spine Center
Director, Spine Research
Co-Director, Adult and Pediatric Spine Fellowship
Advanced Pediatric and Adult Deformity Service
The Spine Hospital
New York-Presbyterian/The Allen Hospital
New York, New York

Lawrence G. Lenke, MD
Professor of Orthopedic Surgery
Columbia University Medical Center
Surgeon-in-Chief
The Spine Hospital at New York-Presbyterian/Allen
Chief, Spine Division
Co-Director, Adult and Pediatric Comprehensive Spine
Fellowship

New York, New York

Scott J. Luhmann, MD
Professor, Pediatric Orthopaedic Surgery
Washington University
Head of Surgery, Pediatric Orthopaedics
Shriners Hospitals for Children-St. Louis
St. Louis, Missouri

Andrew H. Milby, MD
Assistant Professor
Department of Orthopaedic Surgery
University of Pennsylvania
Philadelphia, Pennsylvania

Stuart L. Mitchell, MD
Resident Physician
Department of Orthopaedic Surgery
Johns Hopkins University
Baltimore, Maryland

Firoz Miyanji, MD, FRCSC
Clinical Associate Professor
UBC Faculty of Medicine, Department of Orthopedics, Pedi-
atric Orthopedics, and Spine Surgery British Columbia
Children's Hospital,

Vancouver, British Columbia, Canada

Joshua S. Murphy, MD
Orthopaedic Surgeon
Children’s Orthopaedics of Atlanta
Atlanta, Georgia

Unni G. Narayanan, MBBS, MSc, FRCS(C)
Associate Professor, Department of Surgery
Division of Orthopaedic Surgery
Senior Associate Scientist
Child Health Evaluative Sciences Program
Director, Paediatric Orthopaedic Fellowship Program
The Hospital for Sick Children
University of Toronto
Adjunct Senior Scientist
Bloorview Research Institute
Holland Bloorview Kids Rehabilitation Hospital
Toronto, Ontario, Canada

Peter O. Newton, MD
Professor, Department of Orthopedic Surgery
UC San Diego School of Medicine
Chief, Division of Orthopedics & Scoliosis
Rady Children’s Hospital- San Diego
San Diego, California

Joshua M. Pahys, MD
Orthopaedic Surgeon
Shriners Hospitals for Children-Philadelphia
Philadelphia, Pennsylvania

Contributors

xiv



Stefan Parent, MD, PhD
Associate Professor
Department of Surgery
Faculty of Medicine
University of Montreal
Chief, Paediatric Orthopaedic Surgery
CHU Ste-Justine
Montreal, Quebec, Canada

Themistocles Protopsaltis, MD
Associate Professor of Orthopaedic Surgery and
Neurosurgery

Department of Orthopaedic Surgery
NYU Langone Medical Center
New York, New York

Marie Roguski, MD, MPH
Chief Resident
Department of Neurosurgery
Tufts Medical Center
Boston, Massachusetts

Benjamin D. Roye, MD, MPH
Assistant Professor
Department of Orthopaedic Surgery
Columbia University Medical Center
Attending Physician
New York-Presbyterian Hospital
New York, New York

Amer F. Samdani, MD
Chief of Surgery
Shriners Hospitals for Children-Philadelphia
Philadelphia, Pennsylvania

Brian P. Scannell, MD
Associate Professor of Orthopaedic Surgery
Levine Children’s Hospital
Carolinas Healthcare System
Charlotte, North Carolina

Suken A. Shah, MD
Division Chief, Spine and Scoliosis Center
Clinical Fellowship Director
Department of Orthopaedic Surgery
Nemours/Alfred I. duPont Hospital for Children
Wilmington, Delaware
Associate Professor of Orthopaedic Surgery and Pediatrics
Sidney Kimmel Medical College of Thomas Jefferson
University

Philadelphia, Pennsylvania

Mark Shasti, MD
Resident Physician
Department of Orthopaedic Surgery
University of Maryland Medical Center
Baltimore, Maryland

Harry L. Shufflebarger, MD
Director
Division of Spinal Surgery
Nicklaus Children’s Hospital
Miami, Florida

Anuj Singla, MD
Instructor, Spine Surgery
Department of Orthopaedics
University of Virginia Health System
Charlottesville, Virginia

Paul D. Sponseller, MD, MBA
Sponseller Professor and Head, Pediatric Orthopaedic
Surgery

Johns Hopkins Medical Institutions
Baltimore, Maryland

James H. Stephen, MD
Resident Physician
Department of Neurosurgery
Hospital of the University of Pennsylvania
Philadelphia, Pennsylvania

Akhil Tawari, MD
Orthopaedic Spine Fellow
Nicklaus Children’s Hospital
Miami, Florida

Vidyadhar V. Upasani, MD
Orthopaedic Surgeon
Rady Children’s Hospital- San Diego
San Diego, California

Shaleen Vira, MD
Resident Physician
Department of Orthopaedic Surgery
NYU Langone Medical Center
New York, New York

Michael G. Vitale, MD, MPH
Ana Lucia Professor of Pediatric Orthopedic Surgery
Chief, Pediatric Spine and Scoliosis Surgery
Co-Director, Division of Pediatric Orthopedics
Chief Quality Officer, Department of Orthopedic Surgery
Columbia University Medical Center
New York, New York

Contributors

xv



Scott C. Wagner, MD
Orthopaedic Surgeon
Walter Reed National Military Medical Center
Bethesda, Maryland

Burt Yaszay, MD
Pediatric Orthopaedic Surgeon
Rady Children’s Hospital-San Diego
Associate Clinical Professor
University of California, San Diego
San Diego, California

Contributors

xvi



I

Part I

Surgical and Medical
Considerations

1 Preoperative Evaluation and
Optimization 2

2 Nonoperative Management 7

3 Surgical Indications in Neuromuscular
Scoliosis 11

4 Intraoperative Issues: Anesthesia,
Neuromonitoring, Estimated Blood Loss 20

5 Unique Challenges with Scoliosis and
Dislocated Hips 25

6 Predicting Complications: When to
Operate or Not 30



1 Preoperative Evaluation and Optimization
Michael P. Kelly and Scott J. Luhmann

Abstract
Pediatric neuromuscular spinal deformity surgeries are com-
plex due to the multisystem involvement of the diseases com-
monly encountered. Complication rates may exceed 25%, in a
stark contrast to adolescent idiopathic scoliosis. A multidiscipli-
nary approach is mandatory to minimize the risk of complica-
tion. Furthermore, the perioperative team should be well
versed in the care of these complex patients. Malnutrition is
not uncommon and nutrition should be optimized before sur-
gery, as these are generally elective and not performed on an
emergent basis. Some comorbidities are “fixed” and not modifi-
able, such as cardiomyopathy or seizure disorders. Thus, knowl-
edge of perioperative management of these comorbid
conditions is required to avoid potentially common pitfalls. The
physical examination helps define patient needs and assists
with surgical planning, including patient positioning, which
may not be overlooked. The radiographic evaluation helps indi-
cate surgery and define the fusion levels through an examina-
tion of curve rigidity. Magnetic resonance imaging is sometimes
needed to ensure there is no intraspinal pathology. Computed
tomography scanning helps identify landmarks for fixation and
reveals areas of dorsal bone deficiency, such as spina bifida or
prior surgeries. Finally, anticipation of postoperative needs
must occur at the preoperative visit so that families and care-
takers are prepared at the time of discharge.

Keywords: cardiomyopathy, indications, neuromuscular scolio-
sis, perioperative care, preoperative plan, pulmonary, radio-
graphic evaluation

1.1 Introduction
Pediatric neuromuscular spinal deformity patients are among
the most challenging faced due to the number of comorbid con-
ditions that often exist, potentially affecting the intraoperative
and postoperative course and outcomes.1 Complication rates
approach 25%, and these patients are more prone to periopera-
tive complications, especially infection, than adolescent idio-
pathic scoliosis patients.2,3,4,5 Careful preoperative evaluation
and optimization will help minimize complications related to
neuromuscular spinal surgery. Additionally, input from other
specialists can be important contributions to risk stratification,
surgical planning and decision making, and, ultimately,
informed consent.

Neuromuscular scoliosis is a heterogeneous disease with a
wide array of causes, each requiring different preoperative eval-
uations. Neuromuscular disease can present anywhere along
the spectrum from high muscular tone (spastic) to low muscu-
lar tone (flaccid). In addition, there are varying levels of cogni-
tion. Cerebral palsy (CP) is a heterogeneous diagnosis itself,
again requiring an understanding of the underlying disease
state to allow for appropriate preoperative optimization. In the
authors’ experience, a formulaic approach to the preoperative
evaluation for all neuromuscular patients, with a standard
checklist applied to all patients regardless of diagnosis, is

helpful. A thorough standardized checklist will help minimize
missed data, which may, in turn, improve outcomes in this
complicated population.

Several groups treating adult spinal deformity have shown
that preoperative, multidisciplinary conferences and standar-
dized care protocols are able to reduce complications and
improve outcomes.6,7,8 At the foundation of these care pathways
are evidence-based reviews of the literature. A multidiscipli-
nary team consisting of neurological and orthopaedic spine sur-
geons, anesthesiologists, intensivists, internists, and internists,
use the review to develop preoperative, intraoperative, and
postoperative care protocols.6,7 The institution of a preoperative
multidisciplinary conference has been shown to reduce post-
operative complications and 30-day readmissions.6 Zeeni et al
have shown that an intraoperative care protocol reduced opera-
tive time and the need for allogenic blood transfusion.8 The
“team” approach to care was emphasized, with protocol viola-
tions rarely reported (2.6%). While no published evidence
exists, yet, for this approach in neuromuscular spinal deformity,
it stands to reason that this is an approach that centers should
consider. At a minimum, “virtual” conferences can be held via
electronic mail, where the concerns of all may be addressed
and the patients optimized for these complex surgeries.

1.2 History and Review of Systems
All preoperative evaluations begin with a comprehensive medi-
cal history and review of systems. Polypharmacy is common in
neuromuscular scoliosis, and all medications, with dosages,
must be recorded. Of particular importance are cardiac medica-
tions, such as B-blockers and calcium channel blockers. In addi-
tion to providing the impetus for a cardiology consultation,
these medications should be discussed with the anesthesia
team to ensure proper perioperative administration. Cessation
of some antihypertensives is associated with rebound hyper-
tension, which can be dangerous and cause delays with surgery.
In some cases of muscular dystrophy, cardiac arrhythmias may
be present and prophylactic anticoagulation may be required.
Appropriate risk stratification of anticoagulation cessation ver-
sus a bridge to shorter acting agents, such as enoxaparin, will
require multidisciplinary input. Postoperative anticoagulation
plans should be made before surgery.

1.2.1 Cardiopulmonary System
The cardiopulmonary system review must be exhaustive. Respi-
ratory disease, and thus pulmonary complications, is common
in neuromuscular spinal.4 A comprehensive history will include
details regarding any prior history of sleep apnea and prior
sleep studies. The surgeon must also know whether the patient
has a history of pneumonia, asthma, prior aspiration events,
and any history of prolonged intubation. Consultation of a pul-
monologist is recommended for all children confined to a
wheelchair with a vital capacity less than 80% of expected.9

The benefit in engaging a pulmonologist goes beyond the
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preoperative workup of optimization. Additionally, the pulmo-
nologist can familiarize themselves with the patients, their his-
tory, baseline conditions, and preoperative workup. This
permits more rapid and appropriate postoperative pulmonary
care. When possible, pulmonary function tests (PFTs), via spiro-
metry, should be obtained. In some cases, these are not possible
due to patient cognition or participation. Other methods of PFT
include whole-body plethysmography, gas dilution, and diffu-
sion capacity. These methods are more complicated than spiro-
metry and their benefit in neuromuscular spinal has not been
shown. At a minimum, when spirometry is not possible, oxyhe-
moglobin saturation should be assessed with pulse oximetry.
The benefit of PFTs is that they allow for more accurate
informed discussion with patients and caregivers, while also
helping plan postoperative care. The need for prolonged venti-
lation, prolonged intensive care unit time, and, in some cases,
tracheostomy should be anticipated prior to surgery.10 While
interventions to improve PFTs before surgery are unlikely to be
successful, knowledge of current lung function is necessary to
provide informed consent to the patient and caretakers, as
there is an immediate decrement in lung function after scoliosis
surgery.11 Low PFTs (forced vital capacity < 30%) are not an
absolute contraindication to surgery.12,13 However, neuromus-
cular spinal patients with low PFTs may be more likely to sus-
tain perioperative complications, such as pneumonia,
prolonged ventilator times, and postoperative tracheostomy.10,
14 Noninvasive intermittent positive-pressure ventilation is use-
ful in the postoperative period, after extubation, and may help
avoid postoperative tracheostomy.15,16

The “difficult airway” should be identified before the operat-
ing room and induction of anesthesia. This includes patients
with severe cervicothoracic deformities and small facies/air-
ways. In these cases, preoperative evaluation should include the
otolaryngology (ear, nose, and throat [ENT]) service for possible
postoperative tracheostomy needs. Patients deemed to have
“difficult airways” are marked as such in their chart and in their
hospital rooms, with signs, notifying caretakers of this status
and providing the emergency number to alert a code team,
ENT, and a trauma attending in the case of airway compromise.

As noted, cardiovascular abnormalities are common in some
muscular dystrophies but are entirely uncommon in other
forms of neuromuscular spinal, such as CP and myelomeningo-
cele.17 Muscular dystrophies, such as Duchenne muscular
dystrophy and Becker’s muscular dystrophy are commonly
associated with a cardiomyopathy. It is important to recognize
this, as the cardiomyopathy may go unnoticed and can be a cause
of mortality in these patients. Furthermore, the phenotype
expressed by patients with muscular dystrophies varies and the
cardiomyopathy may be worse than the exhibited skeletal muscle
involvement. Beyond assisting with perioperative planning, early
identification of the cardiomyopathy offers a chance for interven-
tion with protective therapies. Historically, electrocardiogram
(ECG) and echocardiography have been used to assess cardiac
status. More recently, however, cardiac magnetic resonance imag-
ing (MRI) has been shown effective in identifying cardiomyop-
athy before ECG or echocardiogram changes are present.17

Duchenne and Becker’s Muscular Dystrophies
Identification of cardiomyopathy in these patients may be
delayed due to the profound skeletal myopathy exhibited. In

Duchenne muscular dystrophy (DMD), cardiomyopathy often
begins at age 3 to 7 years, prior to a definitive spinal fusion sur-
gery. All patients with DMD who survive to the third decade of
life suffer from cardiomyopathy. Decreased cardiac output and
arrhythmias are complications most commonly associated with
DMD and Becker’s muscular dystrophy (BMD). Recommended
screening for cardiomyopathy currently consists of biannual
ECG and echocardiograms in boys until age 10, then yearly
thereafter; in girls, ECG and echocardiograms are recom-
mended every 5 years after the age of 16. Evidence of cardiomy-
opathy has been found in girls without DMD and BMD, but
with relatives suffering from these diseases, and a cardiac eval-
uation must be performed in these patients as well. Current evi-
dence supports the use of angiotensin-converting enzyme
(ACE) inhibitors or, in those patients intolerant of ACE inhibi-
tors, angiotensin receptor blockers (ARB).

Congenital Muscular Dystrophy/Myotonic
Dystrophy
This is a heterogeneous group of muscular diseases with vary-
ing degrees of associated cardiomyopathy. Myotonic dystrophy I
(Steinert’s disease) can be profoundly affected and is associated
with sudden cardiac death. Atrial and ventricular arrhythmias
occur. Screening consists of annual ECG and echocardiography,
with biannual Holter monitor testing. Management can include
pacemaker/defibrillator placement. Placement of pacemaker
pads during surgery may be advisable.

1.3 Neurology
For patients with a history of seizures, knowing the history of
seizure activity is necessary. This includes prior seizure epi-
sodes, most recent seizure, and current antiseizure medica-
tions, with most recent serum levels of the medication. In
addition to optimizing seizure control, a neurologist can pro-
vide specific medication management strategies for bridging
patients off of valproic acid, which may increase blood product
requirements, during surgery.18 In many cases, neuromuscular
disease affects bowel and bladder function, and these habits are
queried at the preoperative evaluation. Patients with neuro-
genic bladder, such as those with myelomeningocele, com-
monly have urine/bladders colonized with bacteria and may
have indwelling catheters. Incontinent patients receive an
occlusive dressing postoperatively, and postoperative dressing
changes are with the same dressing to ensure an impervious
seal over the wound and minimize the risk of contamination
with stool and urine. If containment of urine is problematic,
then an indwelling urinary catheter may be advisable until the
surgical wound is epithelialized. If the patient has a history of
hydrocephalus treated with a shunt, it must be determined by
the neurosurgeon that it is functioning properly prior to spine
surgery; this usually requires a computed tomography (CT) of
the head. Acute intraoperative death has been reported from
acute hydrocephalus expansion during spinal surgery secon-
dary to a nonfunctioning shunt.19

In some cases, patients will have had prior spine surgeries
such as baclofen pump placement or rhizotomy. If a pump has
been placed, the entry site of the pump tubing into the spinal
canal must be known to assist made with the surgical approach.
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Furthermore, the course of the catheter must be known to min-
imize the risk of damaging the catheter during the approach.
Finally, the contents of the pump must be known in addition to
when it was last filled. Intrathecal baclofen achieves much
higher effective doses than are possible by oral administration,
and death from baclofen withdrawal has been reported with a
damaged pump not identified. Some surgeons request that
patients wean the baclofen pumps to “off” prior to surgery,
though this is not possible in all cases. The symptoms of baclo-
fen withdrawal include increased spasticity, fever, and hyper-
tension.20 Identification of baclofen withdrawal is mandatory to
avoid death, and members of the perioperative care team must
know the symptoms of baclofen withdrawal. Preoperatively it is
important to have a surgeon who implants, and cares for, baclo-
fen pumps in case there are problems or questions postopera-
tively. If there is suspicion of baclofen withdrawal
postoperatively, it is important to identify early. A test dose of
oral or intrathecal baclofen (one shot) can aid in the assess-
ment. While recording the surgical history, it is useful to ask
about prior perioperative complications that may have
occurred, including malignant hyperthermia.21 Duchenne mus-
cular dystrophy and Becker’s dystrophy have been associated
with malignant hyperthermia-“like” conditions, including rhab-
domyolysis and hyperkalemia due to succinylcholine adminis-
tration, and this medication should be avoided in these
patients.

A review of endocrine systems will include any history of dia-
betes mellitus or corticosteroid use, the latter being common
and effective in DMD patients.22 Chronic corticosteroid use and,
more commonly, malnutrition put this patient population at
risk for osteopenia or osteoporosis. We do not routinely check
bone mineral density (BMD) via dual-energy X-ray absorptiom-
etry, though CT scans have been used to estimate bone density
by measuring Hounsfield units (HU) in the vertebral body.23

Pharmacologic interventions for osteopenia/osteoporosis
include anti-catabolic medications (e.g. bisphosphonates) and
anabolic medications (e.g. teriparatide). Bisphosphonates have
been shown effective in increasing BMD in pediatric patients
with osteoporosis.24 The mechanism of action of bisphospho-
nates may impede early bone healing and fusion mass matura-
tion and, as such, these are avoided in the early postoperative
period.25 Teriparatide has not been studied in neuromuscular
spinal fusions, although we commonly employ this in our adult
patients as there is evidence to support a benefit in fusion mass
formation.26

1.4 Hematologic
The most common hematologic abnormality seen in these
patients is anemia of chronic disease, due to the many systemic
insults associated with severe neuromuscular disease. This
emphasizes the need for attention to preoperative nutritional
intake, including iron supplementation as appropriate.27 Phar-
macologic interventions for preoperative anemia include
administration of recombinant erythropoietin (EPO). While
EPO is able to raise hemoglobin levels, there was no appreciable
benefit to this in a series of neuromuscular spinal patients, and
transfusion rates were similar to untreated patients. Vitale et al
concluded that while effective, EPO is not a cost-effective inter-
vention.28 Preoperative planning for neuromuscular spinal

surgery should include the use of an antifibrinolytic, such as
tranexamic acid, as this has been shown effective in reducing
blood loss in pediatric scoliosis surgeries.29

1.5 Physical Examination
The physical examination begins by assessing the cognitive sta-
tus of the patient. The Gross Motor Function Classification Sys-
tem (GMFCS) is used in CP to describe the level of systemic
involvement of disease.30 Patients with more severe involve-
ment are more likely to develop a progressive scoliosis.31

Understanding the severity of disease burden is important for
disease prognostication and to allow for informed consent from
caretakers.

Head control and sitting position should be assessed. In many
deformities, there is a pelvic obliquity associated with the
scoliosis. The pelvic obliquity can cause decubitus ulcers
and difficulty with positioning, particularly within a wheel-
chair when used. In cases of flaccid neuromuscular disease,
kyphosis is often present and may cause difficulty with
maintaining horizontal gaze. As the goal of surgery is a sta-
bilized spine with a head centered over the pelvis, the sur-
geon must understand the upright position of the head
relative to the pelvis.

A standard motor and sensory exam should follow, if the pa-
tient can cooperate. In some cases, rigid spasticity causes flex-
ion contractures of the upper and/or lower extremities, making
intraoperative patient positioning very difficult. Infrequently,
muscle and tendon releases about the knee or hip may be nec-
essary. The surgeon will have to manage these while position-
ing in the operating room, and this should be planned prior to
arriving in the operating room. Reflexes should be checked,
again as possible, including abdominal reflexes and investiga-
tion for pathologic reflexes such as sustained clonus, asymmet-
ric clonus, and the plantar (Babinski) reflex. While these
pathologic reflexes may be a result of the neuromuscular dis-
ease, some consideration to intraspinal pathology should be
given in cases where the finding is not expected (e.g., a muscu-
lar dystrophy). The skin should be examined, again looking for
stigmata of intraspinal pathology such as a deep dimple or
hairy patch. The lumbar spine should be carefully examined in
cases of myelomeningocele and correlated with the MRI or CT
scan. The posterior approach to the lumbar spine in myelome-
ningocele cases can be complicated, and one must plan the
exposure to reach the spine without causing an iatrogenic dural
opening. In some cases, a paraspinal (Wiltse-like) approach is
used when the spine becomes bifid, leaving the skin over the
underlying dura. Not infrequently, children present having
undergone prior intradural surgery. This may complicate intra-
operative neuromonitoring data and a Stagnara wake-up test
must be rehearsed, if possible, prior to surgery.

The soft tissues and scar should be examined to ensure that
sufficient tissue remains to allow for wound closure. This is true
also for revision procedures, particularly those complicated by
deep wound infection. In cases where there is insufficient tissue
for wound coverage, we will often obtain a consultation from
the plastic surgery service for assistance with wound closure. In
some extreme cases, we will place tissue expanders for several
months before spine surgery to increase the amount of locally
available tissue.
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1.6 Imaging
The radiographic workup begins with upright (weightbearing)
full-length posterior to anterior (PA) and lateral (LAT) spine
radiographs. If available, and the patient is ambulatory, stand-
ing whole-body radiographs should be obtained. Supine radio-
graphs, anterior to posterior (AP) and LAT, are obtained next.
These are useful in evaluating the flexibility of the spinal
deformity, as some passive correction with gravity removed is
often obtained. Traction films, with assistants pulling gentle
traction on the skull and both lower extremities, are also
helpful to evaluate flexibility.32 These are particularly useful
in cases with pelvic obliquity. In many cases, we will plan for
a distal femoral traction pin on the side of the higher ilium
to assist with leveling the pelvis. Side-bending radiographs
are also used to evaluate flexibility in compliant patients. A
push-prone radiograph, applying three-point bending forces
to the deformity, offers more insight into the flexibility of the
deformity.

Weight-bearing, full-length radiographs can be obtained
with specialized EOS radiography machines or by stitching
films. For ambulatory patients, the standing film is essential to
understand the contribution of leg-length inequality and pelvic
obliquity to the overall coronal plane alignment. Similarly, full-
length lateral radiographs allow for a comprehensive assess-
ment of the pelvic parameters and the contours of the spine.
For those patients unable to stand, a radiolucent chair has been
described and weight-bearing radiographs will help surgeons
understand the overall sitting balance.33 Suspension radio-
graphs have been shown to be reliable for assessment of curve
flexibility in adolescent idiopathic scoliosis.34 These suspension
radiographs may be useful for evaluating neuromuscular
deformity, in particular the degree of pelvic obliquity correction
that may be obtained with intraoperative traction and posterior
instrumentation.

To assess skeletal maturity, a separate AP image of the pelvis
may be necessary to accurately evaluate the iliac apophyses.35

Patients with significant kyphosis can additionally be assessed
with a supine lateral hyperextension view while positioned on
a dorsal bolster. This can help with determining the stiffness of
the deformity and the need for additional osteotomies.

Higher level imaging such as CT or MRI is not routinely
obtained. In any case with an abnormal neurological examina-
tion, we will obtain a full-spine MRI. The MRI should be scruti-
nized with the assistance of a musculoskeletal radiologist for
syrinx, Arnold Chiari malformation, tethered cord, fatty filum,
or other intraspinal pathologies. In the case of an intraspinal
finding, we will obtain a neurosurgical consultation to evalu-
ate for the necessity of intervention prior to the spinal
deformity surgery. MRI is necessary in cases of myelomenin-
gocele, as this will assist with safe exposure. Preoperative CT
scans are useful in cases with dysplastic spinal elements, such
as myelomeningocele and other congenital malformations.
Fluoroscopy or a multitude of plain radiographs can offer
more detail regarding pedicle size and vertebral body mor-
phology, though our preference is a CT scan. A review of
imaging will assist with surgical planning, including implant
needs, as some cases may require a combination of hooks,
screws, and clamps.

1.7 Postoperative Planning
Finally, one must plan for the postoperative recovery period.
This begins with anticipated discharge disposition and needs at
the time of discharge. Arranging for rehabilitation facilities,
wheelchair modifications, or other unique postoperative needs
in advance of surgery will prevent delays in discharge. A com-
plete discussion of postoperative limitations and expectations
must be discussed with the patient and family/caretakers. It is
not uncommon that patients and families are surprised at the
duration of the recovery period. Warning in advance will limit
disappointment and frustration. A discussion of the risks of sur-
gery in neuromuscular scoliosis, with attention to the fre-
quency of complications, both minor and major, is absolutely
necessary given their relative frequency. Again, this will help
with a smooth recovery process as expectations will be set in
advance and all involved will understand the difficult course.
The engagement of medical subspecialists preoperatively, such
as cardiology and pulmonary specialists, can assist in setting
expectations and evaluating the risks/benefits of a reconstruc-
tive spine surgery

1.8 Conclusion
Neuromuscular spinal deformity surgery is among the most
challenging pathologies in spine surgery. Often, the deformities
are severe, requiring technical excellence when performing the
procedure. The patients are equally complex, however, and a
complete preoperative evaluation and plan is necessary to
achieve the best outcome possible. Complications are common
in the surgeries and all efforts must be made to optimize the
patient for surgery. Medical comorbidities, particularly malnu-
trition, must be addressed as possible. In cases where the
comorbidity is not modifiable, one must be prepared for any
particular associated pitfalls related to it.
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2 Nonoperative Management
Stefan Parent

Abstract
Scoliosis is a common deformity in neuromuscular disorders.
This spinal deformity usually presents at an early age, rapidly
progresses during growth, and continues to progress even after
skeletal maturity. In this chapter, nonoperative management of
pediatric neuromuscular spine deformities and treatment pro-
tocols for these specific pathologies are discussed in detail,
along with the most recent scientific evidence. Nonoperative
management of pediatric neuromuscular spine deformities has
several limitations. A clear understanding of the natural history
of the condition, including life expectancy and functional out-
comes, can help formulate goals of treatment. Bracing may help
limit progression and/or postpone surgery in some forms of
neuromuscular spinal deformity but is not thought to be effec-
tive, especially for spastic curves. Patients with more severe
involvement are at higher risk of developing a spinal deformity
and are also at higher risk of progression.

Keywords: baclofen pumps, Botox, bracing, cerebral palsy, Char-
cot–Marie–Tooth disease, corticosteroids, Duchenne muscular
dystrophy, Friedreich’s ataxia, neuromuscular scoliosis, spinal
muscular atrophy, Rett syndrome, wheelchair modifications

2.1 Introduction and Background
Spinal deformities are commonly associated with neuromuscu-
lar disorders. When using the standard definition of scoliosis (a
curve greater than 10 degrees in the coronal plane using the
Cobb method), the prevalence of scoliotic deformities is much
higher than in the general population, ranging from 15 to 80%
in some series. Comparatively, adolescent idiopathic scoliosis
prevalence is only 2 to 3% in the general population. This differ-
ence is thought to be related to the muscular imbalance found
in neuromuscular disorders and is further supported by the fact
that more severely affected individuals have not only a higher
prevalence, but also more severe scoliotic deformities. The wide
range of reported incidence is probably due to the variations in
the populations used in the different studies. Patient impair-
ment, neurological dysfunction, and the nature of the neurolog-
ical condition affecting the patient will significantly affect the
prevalence of scoliosis. In a review of children attending an out-
patient clinic, Balmer and MacEwen1 reported a prevalence of
21% of patients with a scoliosis greater than 10 degrees. In con-
trast, studies reporting on the prevalence of scoliosis in institu-
tionalized patients with cerebral palsy (CP; thus probably more
involved) have reported much higher prevalence for spinal
deformities. Thometz and Simon2 reported that 61% of institu-
tionalized patients had a scoliosis of more than 10 degrees and
Saito et al3 reported a similar prevalence of 68%. Prevalence of
scoliosis also seems to be associated with neurological involve-
ment with more severe involvement presenting a higher preva-
lence of scoliosis. Koop et al reported that patients with
quadriplegia had a prevalence of scoliosis greater than 40
degrees in 30% of the patients, while those with diplegia had a
prevalence of 10 and 2% for those with hemiplegia.4

2.1.1 Long-Term Risk of Progression
As for idiopathic scoliosis, the long-term risk of progression
increases with curve severity. Thometz and Simon found that
the risk of progression in adult patients with CP was 0.8% per
year when the deformity was less than 50 degrees, whereas the
rate of progression was 1.4 degrees when the curve was greater
than 50 degrees.2 In another study of adult patients by Saito et
al, 85% of patients with curves over 40 degrees at age 15 years
progressed over 60 degrees, whereas only 13% of patients with
curves less than 40 degrees progressed over 60 degrees into
adulthood.3

2.2 Managing Patient and Family
Expectations
Patients with neuromuscular conditions have a wide range of
presentations from minimal involvement in certain forms of
hemiplegia to full-body involvement in severe quadriplegic CP.
This wide array of clinical presentations underscores the per-
sonalized nature of the treatment to be offered to patients and
families. It is essential to openly communicate with the caregiver
and, when possible with the patient, to establish clear expecta-
tions and limitations of different treatment options. The benefits
of nonoperative treatment versus surgical treatment must be
discussed and the risk of long-term progression must be clearly
explained. The goals of nonoperative treatment should also be
clearly stated and realistic expectations should be set.

2.3 Bracing
Although bracing has been shown to be effective for adolescent
idiopathic scoliosis, the same does not apply to neuromuscular
spinal deformities. Nonetheless, many clinicians use bracing as
a means to improve sitting balance and to limit progression in
younger patients. Pulmonary function does not seem to be neg-
atively affected by bracing and it may even decrease the work of
breathing by improved positioning.5 In a review of 90 patients,
Olafsson et al found that curve progression was prevented in
only 23 patients with neuromuscular disorders treated with
bracing.6 The main cause for progression in 41 of the 60
patients was brace discontinuation, whereas 19 patients pro-
gressed despite adequate brace wear. The authors concluded
that success of bracing was more likely to occur in ambulatory
patients with muscle hypotonia and short lumbar/thoracolum-
bar curves less than 40 degrees and nonambulating patients
with spastic short lumbar curves. Rate of progression was found
to be influenced only by age and initial correction in the ortho-
sis in a study by Terjesen et al.7 In another study concentrating
on the results of bracing in patients with CP, Renshaw et al
reported success (progression of < 5 degrees) in only 22% of
their 46 patients. Curve magnitude was 47 degrees at the time
of bracing, and the degree of correction in the brace was small
(13 degrees).8
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Bracing in the setting of spinal cord injury (SCI) has been
shown to delay surgery if initiated early. Mehta et al9 found that
if bracing was initiated when the curve was less than 10
degrees, not only did the proportion of patients requiring sur-
gery decrease, but also the surgery was often delayed by 8.5
years compared to 4.2 years for nonbraced patients. Similar
trends were observed in patients with curves less than 20
degrees.

2.4 Wheelchair Modifications
More severely involved children are often confined to their
wheelchair. As these patients are often difficult to brace effec-
tively, molded wheelchair inserts became more widely used in
an attempt to improve sitting balance (▶ Fig. 2.1). These molded
inserts can be used in combination with or without a brace.
Although it is unclear whether these inserts have any impact
on curve progression or preventing surgery, they are partic-
ularly useful in everyday activities as they help maintain a

stable sitting balance. These inserts can also help during
clinical and radiological evaluation with the patient sitting
in the chair to confirm improved position and decreased
curve magnitude. It remains unclear, however, whether
these molded inserts have any role in preventing or slowing
curve progression.

2.5 Baclofen Pumps
Although not truly a nonoperative option, baclofen pumps can
play an important role in the preoperative or perioperative
phase of patients with CP. Intrathecal baclofen (ITB) pumps are
approved for the treatment of moderate to severe spasticity
related to several disorders including CP.10 The efficacy of ITB is
well documented in children with CP.11 Several studies have
shown improvement in care of patients with CP from both the
caretaker standpoint12 and improved ease of care.13

2.6 Botox Injections
In at least one small series,14 Botulinum toxin injection has been
used with some success as an adjuvant measure to retard curve
progression. Nuzzo et al found that among the 12 patients for
which the toxin was used as a counterparalysis measure, none
progressed significantly in the short-term study follow-up.

2.7 Diagnosis-Specific
Considerations
2.7.1 Cerebral Palsy
Patients with CP represent a significant proportion of patients
with neuromuscular scoliosis. These patients often exhibit sig-
nificant spasticity and tend to have significant progression of
their deformity, especially for patients with significant spastic
quadriplegia. The spasticity seen in these patients may respond
to baclofen treatment, but significant progression has been
reported with the use of baclofen pumps.15 Other reports have
not shown a significant difference in scoliosis progression.16

2.7.2 Duchenne Muscular Dystrophy
Since the advent of corticoids treatment for Duchenne muscular
dystrophy,17 the rate of surgical intervention has drastically
decreased.18,19 This is thought to be due to the fact that the dis-
ease process is delayed and that patients do not develop spinal
deformities prior to their growth spurt. Corticosteroids are
thought to provide an initial increase in muscle strength and to
reduce the loss of strength over time in boys with Duchenne
muscular dystrophy. When spinal deformity occurs, early inter-
vention to prevent later cardiopulmonary compromise is war-
ranted. Bracing for these patients has not been shown to be
effective in preventing deformity but could delay surgery.20 As
spinal deformities tend to occur later in the disease process as
patients become nonambulatory, it is important to carefully
monitor the spine at this stage for any developing deformities.
Before the advent of corticosteroids, most authors recom-
mended early spinal fusion as pulmonary function tended to

Fig. 2.1 Molded wheelchair insert to improve posture.
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decrease with age. A forced vital capacity of less than 35%
may require prolonged intubation and possibly permanent
tracheotomy.21

2.7.3 Spinal Muscular Atrophy
Spinal muscular atrophy represents a group of disorders involv-
ing the anterior horn cells. Patients with spinal muscular atro-
phy have significant involvement of their trunk muscles and
have a limited respiratory function. The nonoperative manage-
ment of these patients is often driven by their respiratory sta-
tus. Aggressive respiratory therapy can help limit the impact of
the scoliotic deformity and chest-limited expansion, but conser-
vative treatment is often unsuccessful in preventing scoliosis
progression and its effect on respiratory function.

2.7.4 Rett Syndrome
Rett syndrome is a neurodevelopmental disorder that is caused
by a mutation in the MECP2 gene22,23 that affects approximately
1 in 9,000 female live births. Factors that have been found to
influence the progression of scoliosis include ambulatory status
and genotype. Several publications have found relationships
between genotype and clinical severity and several comorbid-
ities. Evidence- and consensus-based guidelines were created
for the management of Rett syndrome.24 These guidelines state
that if bracing is tolerated, it should be used in skeletally imma-
ture patients to delay surgery and when active seating and
trunk activation cannot be achieved. However, there is no con-
sensus that bracing is beneficial in reducing the progression of
scoliosis in Rett syndrome.24

2.7.5 Charcot–Marie–Tooth Disease
Charcot–Marie–Tooth disease is an inherited sensory neuropathy
that affects 1 in 5,000 individuals.25 It is an autosomal-dominant
disease with variable penetrance and there are several types,
each based on its genetic etiology.26 In a cohort of 45 patients
with Charcot–Marie–Tooth disease also presenting with scolio-
sis, Karol et al27 reviewed their clinical experience. All patients
who were followed up for more than 1 year progressed (24/24
patients), and brace treatment was successful in only 3 of 16
patients.27 The deformity is often associated with increased
kyphosis and one-third of the curves were left thoracic.

2.7.6 Friedreich’s Ataxia
Friedreich’s ataxia is a recessively inherited spinocerebellar
degenerative disease. It is the most common form of hereditary
ataxia affecting about 1 in 50,000 people in the United States.
The mutated gene is FRDA located on Chromosome 9. In a series
of 78 patients, Labelle et al evaluated the risk of progression
and natural history of this condition.28 They concluded that sev-
eral curves behaved like adolescent idiopathic curves and that
many curves were not progressive or only slowly progressive
and that there was no relationship to muscle weakness. They
propose surgically treating patients with curves more than 60
degrees because of the high rate of progression and suggest
observing patients with curves under 40 degrees. They advo-
cate surgical treatment or observation for curves between 40

and 60 degrees depending on the age of the patient at onset of
the deformity and/or evidence of progression. As this was a
study evaluating the natural history of scoliosis in Friedreich’s
ataxia, outcomes of bracing were specifically not evaluated.
Onset of the disease at an early age and the presence of scoliosis
prior to puberty were major factors in progression.28

2.7.7 Spinal Cord Injury
The overall occurrence of SCI in children is rare with an overall
incidence of 1.99 spinal cord injuries per 100,000 children in
the United States, and most of these children are older than 15
years. Although SCI in children is relatively rare, it can have dev-
astating consequences for the family and the patient.29,30,31,32

Younger patients are more likely to develop a significant spinal
deformity especially if they are injured before the adolescent
growth spurt.33,34,35 There is weak evidence that bracing initi-
ated before 20 degrees may in fact delay surgical correction and
that bracing before 10 degrees may prevent scoliosis progres-
sion.9 Based on this evidence and the relatively innocuous
nature of bracing, it is suggested to aggressively treat these
curves prior to the growth spurt.32 Although bracing is often
viewed as a low-risk treatment, care must be taken in patients
having loss of sensation as they run the risk of pressure sores if
not properly fitted.
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3 Surgical Indications in Neuromuscular Scoliosis
Cheryl R. Lawing, Michael P. Kelly, and Paul D. Sponseller

Abstract
Neuromuscular spinal deformity surgery carries significant
risks of perioperative complication. A thorough knowledge of
the common comorbid conditions and common complications
will allow for the safest surgery possible, with patients, families,
and caregivers prepared for the postoperative course. These spi-
nal deformities are, in general, refractory to bracing and require
observation with a shared decision-making approach to indi-
cate surgery. Most neuromuscular deformities tend to progress
once greater than 40 degrees. Similarly, fixing deformities
measuring greater than 90 degrees often carries greater risk of
complications, and it is likely prudent to initiate surgery before
a severe curve has developed. Growing spine techniques, such
as growing rods and trolleys, are useful in early-onset cases of
neuromuscular scoliosis. Duchenne muscular dystrophy is a
unique deformity, where treatment with corticosteroids has
reduced the number of progressive spinal deformities and sub-
sequent surgeries. Many neuromuscular diagnoses now carry
longer life expectancies. As such, attention to care of the spinal
deformity is needed to mitigate the long-term risks of a severe
deformity such as a decline in pulmonary function or skin care
difficulties. Until more advanced genetic and pharmacologic
treatments are available, instrumented spinal fusions will be
the standard for the care of neuromuscular spinal deformities.

Keywords: cerebral palsy, Duchenne, indications, neuromuscu-
lar scoliosis, spinal cord injury, spinal muscular atrophy, syn-
dromic scoliosis

3.1 Patient Health Factors
Before any decision is made to take a patient to the operating
room for neuromuscular scoliosis, the surgeon must ensure that
the patient is healthy enough to tolerate surgery and that the
potential risks associated with neuromuscular spinal surgeries
are outweighed by the potential benefits.1,2,3,4 Given the multi-
tude of pathologies that constitute neuromuscular spinal, the
surgeon and team must be aware of the many systems outside
of the musculoskeletal system that are affected in each case.
While Chapter 1 is devoted to the preoperative evaluation of
the patient, it is prudent to reiterate certain points here.

3.1.1 Pulmonary
In many cases of neuromuscular spinal, the pulmonary system
is affected by both the neuromuscular disease and the presence
of the spinal deformity. This is true whether the diagnosis is
totally involved cerebral palsy with a 100-degree coronal
deformity or a Duchenne muscular dystrophy (DMD) patient
with a 20-degree deformity and progressive muscle weakness.5

While pulmonary function testing (PFT) is not always possible
in this diverse patient population due to cognitive comorbidity,
spirometry should be obtained when possible. Other methods
to test pulmonary function include diffusion capacity and gas

dilution methods. Poor PFTs may preclude surgery in the most
extreme cases. Otherwise, knowledge of PFTs preoperatively
allows for an informed decision-making process with the pa-
tient and caretakers. Those patients with poor PFTs are at a
higher risk for perioperative complications such as prolonged
intubation, ventilator-acquired pneumonia, and need for tra-
cheostomy. Thus, all involved in the care of the patient should
be prepared for these events.5

3.1.2 Cardiovascular
Patients undergoing surgery for neuromuscular spinal are at an
estimated threefold higher risk of intraoperative cardiopulmo-
nary arrest, when compared with other causes of pediatric sco-
liosis.6 While this complication remains rare, knowledge of
those at risk will improve response to any event, as well as
allow for careful discussion with patients and caretakers. Partic-
ular attention must be paid to those diagnosed with muscular
dystrophies, including DMD, Becker’s muscular dystrophy, and
some cases of congenital muscular dystrophy. These diseases
are associated with early-onset cardiomyopathy, and preopera-
tive evaluation must include electrocardiogram (ECG) and
echocardiogram.7 Congenital muscular dystrophy is also associ-
ated with arrhythmias, and pacemaker pad placement at the
time of surgery is advisable. Appropriate pharmacologic ma-
nagement of cardiovascular disease is necessary as well, which
includes angiotensin-converting enzyme inhibitors in DMD.

3.1.3 Gastroenterology/Nutrition
Malnutrition is not uncommon among patients with neuro-
muscular disease. This may put them at increased risk for peri-
operative complications including infection, wound healing
difficulties, and pseudarthrosis.8 It may be helpful to check pre-
operative serum albumin, prealbumin, and transferrin. These
serve as some measure of nutritional status and may alert the
surgeon to the severely malnourished patient, though the phys-
ical appearance will likely lead to this diagnosis before any
laboratory value. For those patients that are malnourished,
placement of an enteral feeding tube with several months of
augmented caloric intake may help optimize them.9 Some
authors have promoted the use of parenteral feeding in the peri-
operative period, though the benefits of this are unclear and this
intervention comes at high costs and some risk to the patient.10

Consultation with gastroenterology and a nutrition service may
help improve the nutritional status of the patient. Bowel habits
must be assessed preoperatively to prepare for postoperative
care, as prevention of wound contamination is essential. Immo-
bility may also lead to obesity in this patient population.11 A high
body mass index (BMI) has been associated with larger deform-
ities, which is concerning in an already “at-risk” population.12,13

Furthermore, obesity has been associated with an increased risk
of perioperative complications in adolescent idiopathic scoliosis
and adult spinal deformity surgery.14,15 It stands to reason that
obesity conveys similar risks in neuromuscular scoliosis, given
the already high rate of perioperative complication.
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3.1.4 Genitourinary
Genitourinary abnormalities such as uncontrolled voiding and
bacterial colonization of the bladder are not uncommon, partic-
ularly in patients with myelomeningocele. While not serving as
contraindications to spine surgery, bladder habits should be
evaluated preoperatively. Again, knowledge of preoperative
habits and risk factors will optimize postoperative care through
anticipation of complications and appropriate counseling of the
patient and caregivers. Patients with myelomeningocele and
their caregivers may find catheterization difficult and require
Mitrofanoff procedures or other rerouting procedures to allow
for safe and clean catheterization. A discussion of the potential
needs should occur at a preoperative visit. In some cases, the
patient or family may prefer to have the rerouting procedure
performed before the spine fusion. Patients with frequent uri-
nary tract infections should consider such a procedure before
the spine surgery to reduce the risk of bacteremic seeding of
the spine.

3.1.5 Ambulatory Status
The ambulatory status of the patient should be evaluated pre-
operatively as this will influence the choice of lowest instru-
mented vertebrae as well as call attention to the position of the
pelvis with walking. Fusion to the sacrum and ilium likely alters
gait mechanics. This is an important point for those patients
using platform crutches to bear the majority of weight through
the upper extremities. These patients require trunk flexibility
to accommodate the paralytic lower extremities, and fusion to
the sacrum and pelvis may affect gait to an unacceptable
degree.16 For this reason in ambulatory patients we will try to
stop at L4 or higher and avoid fixing to the sacrum and ilium.
For nonambulatory patients, the degree of pelvic obliquity and
sitting imbalance should be assessed, as these two factors will
influence the decision to fuse to the sacrum and ilium.

3.2 Disease-Specific Indications
3.2.1 Cerebral Palsy
The development of scoliosis in patients with cerebral palsy
varies with the severity of neurologic involvement, though the
deformities are often progressive if present before skeletal
maturity (▶ Fig. 3.1 a-d, ▶ Fig. 3.2). Spastic cerebral palsy is
often characterized by early onset and progression that persists
through skeletal maturity.17 Patients with quadriplegic involve-
ment and those who are bedridden have the worst prognosis.18

Deformities that measure 40 degrees or more may progress into
large curves during adulthood, and one may consider surgery at
this point in skeletally mature individuals.19,20Scoliosis in the
setting of a baclofen pump may progress at a rate faster than
the normal natural history, and intervention may be considered
when a curve has progressed to 40 degrees or higher.21 These
findings have not been ubiquitous, however, and the dichotomy
of findings emphasizes the importance of the informed deci-
sion-making process.22,23,24

The risk of surgery increases significantly once a curve
reaches 90 degrees and therefore intervention is recommended
if a curve reaches this point at a young age. Bracing is ineffec-
tive; therefore, in order to prevent crankshaft phenomenon and
allow adequate development of trunk height, growing con-
structs may be needed if a curve exceeds 90 degrees before the
skeletal age of about 9 to 10 years. Fusion for those patients
near 10 years of age with curves of this magnitude (> 90
degrees) may be the most appropriate option.25

Growing rods in patients with cerebral palsy have been
shown not only to provide control of the deformity, but also to
have a high infection rates, up to 30%.26 Iliac fixation has shown
superiority over sacral screws for distal fixation (67% correction
vs. 40% for pelvic obliquity and 47% correction for scoliosis vs.
29%) when pelvic obliquity is present. Dual rods also afford
better correction and are recommended.26,27 More frequent

Fig. 3.1 (a-d) Progression of neuromuscular scoliosis over 6 years in a patient with tetraplegic cerebral palsy. Note the pelvic obliquity and
hyperlordotic lumbar spine in (d).
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implant-related complication rates have been reported with
growing constructs compared to fusion, and thus it is obviously
ideal to delay insertion of growing rods for as long as possible.28

The vertical expandable prosthetic titanium rib (VEPTR) may
be useful in cases of early onset neuromuscular scoliosis.29 A
rib-to-pelvic construct avoids disruption of the spine and may
maximize growth potential. Magnetically controlled growing
rods require limited spinal fusion and allow for lengthening
without a return to the operating room. They have shown
promise in cases of early-onset scoliosis, including neuromus-
cular deformity.30,31

Consideration for surgical approach is of key importance.
Posterior approaches offer excellent correction, similar to com-
bined anterior and posterior, with shorter intensive care unit
(ICU) stays and less morbidity.32,33 However, for severe and rigid
curves, or those with significant lordosis, an anterior approach
may be beneficial by shortening the spine and decreasing the
muscle tension needed.34 Baclofen pumps are often present,
though these do not affect complication rates or outcomes.35

The importance of preoperative optimization, as discussed ear-
lier, cannot be over emphasized in these complicated patients.

3.2.2 Duchenne Muscular Dystrophy
DMD is an X-linked recessive mutation in the gene coding for
dystrophin. Historically, the progressive muscle weakness asso-
ciated with DMD has led to scoliosis notorious for steady pro-
gression, necessitating surgical intervention. Scoliosis usually
occurs once the child is no longer ambulatory and takes the
form of a long C-shaped paralytic curve involving the thoracic
and lumbar spine. Surgical indications in DMD have changed
dramatically with the regular use of steroids. Glucocorticoids
have been shown to prolong walking for 2.5 years, in addition
to slowing the decline in lung function.36 Fifteen-year follow-up
of patients with DMD found that scoliosis developed in 20% of
patients receiving the glucocorticoid deflazacort, a derivative of
prednisone, versus 92% of patients not receiving steroids.

Seventy-eight percent of the glucocorticoid group in this study
were able to avoid surgery, whereas only 8.3% of patients in the
nonsteroid group did not need surgery. Corticosteroid treat-
ment is not without risk, however, and cataract formation was
common (70%) in those treated with deflazacort.37 While fur-
ther work to determine appropriate dosing regimens needs to
be done, it is clear that corticosteroids positively affect spinal
deformity progression and reduce the need for spinal fusions.

Historically, treatment of scoliosis was recommended prior
to the decline of cardiopulmonary function, once the curve
reached 20 degrees.38 This was due, in part, to the combination
of progressive weakness of muscles of respiration with the
restrictive disease associated with a collapsing deformity as
well as the ineffectiveness of bracing in controlling the deform-
ity. However, with glucocorticoid treatment, fusion can now be
avoided or delayed until curves are larger, around 50 degrees,
or when sitting balance is becoming affected.39,40 Of note,
anterior approaches are contraindicated, given the potential to
further compromise pulmonary function. If nonoperative ma-
nagement is chosen, then serial PFTs should be obtained and
followed for evidence of progressive decline. Spinal fusion may
help prevent decline in pulmonary function and consideration
to surgery should be made in such a case.41 Furthermore, a pla-
teau of the vital capacity at 1,900mL has been associated with
rapid progression of the spinal deformity, particularly in those
patients younger than 14 years.42

There is general consensus that spinal fusion should be
performed before forced vital capacity (FVC) is less than 30 to
35% predicted, though FVC lower than this is not a strict contra-
indication to surgery and successful surgeries have been
reported.43,44 Marsh et al compared a group of patients with
FVC<30% (average 24%) to patients with FVC>30% and found
that there were similar times for postoperative ventilator sup-
port and hospitalization between the groups, when one patient
in the less than 30% group requiring tracheostomy was
excluded. Overall complication rates were 30% in each group,
further suggesting that spinal surgery can be performed on

Fig. 3.2 (a-c) Large neuromuscular spinal deformity in a patient with myelomeningocele. The absence of severe pelvic obliquity allowed for
maintained sitting balance, and surgery was avoided.
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patients with FVC <30%.44 Additionally, Kennedy et al found
that there was high patient satisfaction in patients with FVC<
30% (mean 21.6%), with no major complications and all patients
extubated immediately postoperatively.45 However, there is also
documentation of prolonged ventilator time and respiratory
complications in patients with FVC <30% and therefore the risks
and benefits of surgery must seriously be considered in this pa-
tient population. It is important to realize that the decline in
FVC will continue postoperatively, as a consequence of the
ongoing disease process, and this is important to discuss with
the family preoperatively.45,46

Cardiomyopathy is indicative of more advanced disease and
needs to be factored into surgical considerations. ECG com-
monly shows abnormalities and echocardiogram should be
performed to evaluate left ventricle function. The most com-
mon pathologies encountered include inferobasal wall motion
abnormalities, which is then followed by left ventricular dila-
tation.47 Echocardiogram should be performed preoperatively
and a multidisciplinary team assessment performed.48 Left
ventricular dysfunction on echocardiogram, unlike ECG
changes, is predictive of perioperative mortality.49 A normal
preoperative cardiac evaluation does not exclude all risks,
however, as a fatal cardiac event has been reported in a child
with a normal preoperative evaluation (FVC 87%, echocardio-
gram normal).50 Important to consider and discuss with
the anesthesia team is that patients with DMD can have
rhabdomyolysis with anesthesia that can cause hyperkalemia
and cardiac arrest, in a reaction similar to malignant
hyperthermia.47

3.2.3 Myelomeningocele
In cases of myelomeningocele, curves of less than 20 degrees
are unlikely to progress, though clinical motor level, ambulatory
status, and last intact laminar arch all affect risk for progression
and should be factored into treatment.51,52 In a review of 46
patients, Muller et al52 outlined the tendency for progression
based on Cobb angles and found that curves less than 20
degrees progressed only 1.2 degrees per year, curves between
20 and 39 degrees progressed 3.8 degrees per year, and curves
greater than 40 degrees progressed 12.5 degrees per year.
While some surgeons feel that when the curve worsens to 50

degrees and sitting balance becomes affected, surgery is indi-
cated, others feel that surgery should be recommended only if
there is clear impairment of skin or sitting balance, as there is a
high complication rate in patients with myelomeningocele.53

Spinal fusion has been shown to have an uncertain impact on
health-related quality of life, with some studies showing no
relation between coronal deformity and self-perception or
physical function. Thus, the decision to intervene surgically in
these patients must include very careful consideration of risks
and benefits54 (▶ Fig. 3.3).

In the ambulatory patient, special consideration of levels are
indicated, as fusion to the pelvis can potentially interfere with
ambulation.55 Fusion short of the pelvis can be performed if the
apex of the curve is above T12 and there is minimal lumbar
rotation. Surgical procedures may need to be coordinated with
neurosurgical procedures to address tethered cord and shunt
function.

3.2.4 Spinal Muscular Atrophy
Spinal muscular atrophy (SMA) involves a spectrum of disease.
Patients with type I SMA, diagnosed between 3 and 6 months,
are usually unable to roll or sit and have a life expectancy of
only 2 years. Patients with type II SMA are diagnosed up to 18
months and are usually able to sit. The involvement of the dis-
ease varies, as does the life expectancy, and some patients may
live into young adulthood. Patients with type III and IV SMA are
able to walk and with good care may live normal life spans. Pro-
gressive scoliosis is a common problem in patients with SMA
types I–III, occurring in about 60 to 95% of patients, and natural
history shows progressive decline in respiratory function in
these patients as they develop rib collapse that causes a trian-
gular-shaped thorax56 (▶ Fig. 3.3). Bracing has been shown to
be ineffective in these patients, and the resulting chest wall
constriction can have serious pulmonary complications.57

Growing rods are able to increase trunk height (average of 1.2 ±
0.6 cm/year) and the space available for the lung ratio (8.6 ±
0.15 preoperatively to 0.94 ± 0.21 postoperatively). However,
these improvements were less than the increase seen in a con-
trol cohort consisting of patients with infantile idiopathic sco-
liosis (IIS)/ juvenile idiopathic scoliosis (JIS; trunk height
increase of 2.3 ± 3.3 cm/year and space available for the lung

Fig. 3.3 (a,b) A patient with spinal muscular
atrophy and a characteristic “C”-shaped deform-
ity with scoliosis and a sweeping kyphosis. Given
the magnitude of the deformity, she was treated
with halo-gravity traction for 2 weeks prior to the
posterior spinal fusion.
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ratio of 0.93 ± 0.12 to 1.01 ± 0.08). Most importantly, there was
continued rib collapse in patients with SMA despite growing
rods, whereas there was not in the idiopathic comparison
group. This is thought to be due to the progressive dysfunction
of the intercostal muscles.58

Timing of definitive fusion is debated in this patient popula-
tion, who develop scoliosis at an early age. Given the extremely
poor prognosis for patients with SMA type I, no intervention for
the early-onset scoliosis is usually performed. Studies are cur-
rently underway investigating intrathecal nusinersen, which
may have promise in extending life for SMA type I patients.59

Should this drug, or other gene therapy, prove beneficial, then
intervention for scoliosis with SMA type I may be required.
Zebala et al have shown that fusion can be performed in
patients with the other types of SMA while skeletally immature
with open triradiate cartilage.60 Fujak et al recommended
fusion in patients aged 10 to 12 years and older, justified by less
annual loss of correction with fusion (1.0 degree/year) com-
pared to telescoping rods (2.7 degrees/year), based on the esti-
mation that 80 to 84% of expected maximum height has been
achieved by this age for boys (84–91% for girls).61 Mesfin et al
have recommended that curves greater 70 degrees in children
aged 9 years and under should be treated with growing rod
constructs, while children aged 10 years and older benefit from
posterior spinal fusion (PSF).56 With modern pedicle screw
instrumentation, anterior spinal fusion (ASF) is usually not
indicated.

3.2.5 Spinal Cord Injury
Neuromuscular scoliosis is common following traumatic spinal
cord injury (SCI). There is increased risk of progression the
younger the age of the patient is at the time of injury and with
skeletal immaturity.62,63 neuromuscular spinal is far more likely
to develop if the injury occurs prior to the growth spurt, rather
than after it (97 vs. 52%).64 Resultant scoliosis is thought to be
due to spasticity and paralysis, rather than residual fracture
deformity.65 SCI without radiographic abnormality (SCIWORA)
is a particular SCI more common in younger patients that
accounts for up to 20% of all pediatric SCI.66 SCIWORA occurs in
the cervical spine more often than the thoracic spine, often
leading to more affected trunk musculature and support than a
thoracic-level SCI.

Brace treatment can be effective if started early but is
thought to only slow progression once the curve reaches 20
degrees, as documented in a cohort study of 123 patients with
SCI.67 Only coronal deformities less than 10 degrees seemed to
benefit from bracing, though this is likely to be due to the
nature of the deformity itself and not the brace. Mehta et al
found that curve progression, with subsequent surgery, was
common for deformities greater than 20 degrees. Bracing is not
without risk in SCI patients, as there may be an increased risk
of pressure ulcers if insensate. Compliance with brace wear
may be difficult as well, as bracing significantly interferes with
the ability of children to use their arms normally.68

Dearolf et al64 found that the risk of surgery for spinal
deformity resulting from SCI was 67% if the injury occurred
prior to maturity. In a study of 217 children with SCI, Mulcahey
et al63 reported that children injured at younger than 12 years

were 3.7 times more likely to require a spinal fusion as com-
pared to those injured after 12 years of age.

The degree of SCI (complete vs. incomplete) was not associ-
ated with risk of progression; only age at the time of injury was
associated with curve progression and surgery.

Surgery for neuromuscular spinal associated with SCI should
follow protocols similar to those of neuromuscular diseases. As
skeletally immature patients with SCI are at the highest risk, we
will consider growth modulation in these patients for certain
progressive curves. Definitive fusions can be considered for
those patients who have limited growth potential remaining
and have coronal curves greater than 45 degrees or pelvic
obliquity that makes sitting balance difficult. Extension of
the fusion to the sacrum and ilium may be indicated in
cases of pelvic obliquity. The treating physician should have
a high level of concern for progression in skeletally imma-
ture patients and keep close surveillance. Once the curve
has progressed significantly, surgical correction of the
deformity becomes necessary according to standard neuro-
muscular techniques.69

3.2.6 Arthrogryposis
The incidence of scoliosis in arthrogryposis varies from 2.5 to
69% in various studies.70,71,72 In a review of 46 patients with
arthrogryposis, bracing was found to be successful in ambula-
tory patients with curves less than 30 degrees, but curves
greater than 30 degrees in nonambulators tended to progress
and usually needed surgery.72 Other studies have shown that
bracing is not effective and that curve progression is com-
mon.71,73

Scoliosis often develops at an early age in these patients,
in which case growth-preserving treatment needs to be con-
sidered.71,74 The VEPTR has been shown to be successful in
allowing for continued thoracic cavity growth for early-onset
scoliosis in association with arthrogryposis, though proximal
junctional kyphosis greater than 20 degrees (average 45
degrees) occurred in 6 of their 10 patients. In this same
study, they were able to obtain 89% of expected thoracic
volume.

There are a variety of curve patterns, but long thoracolumbar
patterns appear to be the most common in the literature with a
high incidence of pelvic obliquity.75 In Drummond and Macken-
zie’s series, congenital vertebral anomalies were found in 50% of
cases, but this has not been found in other studies.71,75,76 Hip
pathology can be associated with these curves and hyperlordo-
sis of the lumbar spine is often present.71 Hip range of motion
needs to be considered, as fusing to the pelvis in a patient
with less than 90 degrees of hip motion can create difficulty
with ambulation.16,72 However, Herron et al found progres-
sion below L4 in three of six patients not fused to the pel-
vis.71 As an additional consideration, O’Brien et al described
the potential for excellent correction of rigid paralytic pelvic
obliquity in patients with preoperative halo-femoral traction
followed by combined anterior and posterior releases and
fusion.77 It is important to keep in mind and discuss with the
family preoperatively that curves associated with arthrogry-
posis tend to be stiff and complete correction is very difficult
to obtain.73,76
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3.2.7 Syndromic Neuromuscular
Scoliosis
Rett Syndrome
The prevalence of scoliosis in children with Rett syndrome is
close to 90%, with increasing risk in more involved children.78

Most children with Rett syndrome survive into adulthood, thus
making treatment of scoliosis important to this population.
Long-term survival is good, with 78% survival at 20 years, 72%
at 25 years, and 60% at 37 years in an Australian registry.79 A
recent study found an even greater survival of 70% survival at
45 years.80

A consensus expert panel for treatment of neuromuscular
scoliosis in association with Rett syndrome was created because
of the rarity of disease.81 Clinical monitoring is recommended
every 6 months with increased surveillance in high-risk
patients, indicated by hypotonia, abnormal delay or failure to
learn to walk, more severe Cobb angle, during growth spurts,
and those with genotypes carrying high risk for progression of
scoliosis (p.R168X, p.R255, p.R270X). Radiographic monitoring
is recommended every 6 months for curves greater than 25
degrees in skeletally immature patients. Yearly full-spine radio-
graphs are recommended after skeletal maturity and until the
curve is documented to be stable. Bracing has not been shown
to slow the progression of scoliosis but can be helpful in main-
taining sitting balance. However, the potential negative conse-
quences of bracing include skin irritation, decrease in trunk
strength and activity, respiratory impairment, and exacerbation
of gastroesophageal reflux. Ultimately, spinal fusion has been
shown to have benefits in terms of ability to sit upright and
ease of care from the caregiver standpoint.82

Surgical intervention is recommended when the Cobb angle
exceeds 45 to 50 degrees. It is not advised to allow a severe
curve to worsen while awaiting skeletal maturity before per-
forming fusion. However, crankshaft and decreased trunk
height are potential complications if fusion is performed at too
young an age. BMI and nutritional status, with adequate nutri-
tion indicated by albumin greater than 3.5mg/dL, should be
considered and hyperalimentation performed preoperatively if
weight is less than the 5th percentile.81

According to the expert consensus outlined by Downs et al,
posterior fusion is the standard treatment for scoliosis in the
setting of Rett syndrome.81 Nonambulatory children with pelvic
obliquity may require fusion to the pelvis. However, there is no
consensus regarding the degree of pelvic obliquity that necessi-
tates fusion to the pelvis.

Friedreich’s Ataxia
Friedreich’s ataxia can be associated with scoliosis. The mean
age of diagnosis is around the age of 12. Scoliosis is present in
about two-thirds (63%) of patients.83 The curve pattern in these
patients is more typical of idiopathic scoliosis, rather than the
long C-shaped paralytic curve seen in other types of neuromus-
cular scoliosis. In a review of 77 patients, Milbrandt et al found
double major curves to be the most common (33%), followed by
single thoracic curves (29%).83 Two key findings that differenti-
ate these curves from idiopathic scoliosis are the higher

percentages with left thoracic (22%) curves and hyperkyphosis
(24.5%). Others have found rates of hyperkyphosis as high as 45
to 66%.69,70

There is debate as to whether the age at diagnosis impacts
progression. Milbrandt et al did not find an association, while
Labelle et al found that earlier age of onset (before 15 years old)
correlated with progression.83,84 The degree of muscle weak-
ness, ambulatory status, and curve pattern have been shown to
not correlate with progression.84 Brace treatment has been
shown to have limited efficacy in these patients. Milbrandt et al
were successful in treating only 20% (2/10) of patients with
brace therapy alone.83 Tsirikos and Smith found that only 29% of
patients did not require surgery.85

Fusion is recommended for curves greater than 40 degrees
given the likelihood to progress.84 Fusion to the pelvis is usually
not mandatory but may be necessary in the few patients with
pelvic obliquity. Cardiac and pulmonary functions are critical
preoperative considerations, as these patients often suffer from
cardiomyopathy and restrictive lung disease. Severe hypertro-
phic cardiomyopathy and left ventricular dysfunction on echo-
cardiogram may preclude surgical intervention.85

Familial Dysautonomia (Riley–Day Syndrome)
Scoliosis is the most common orthopaedic manifestation of
familial dysautonomia, an autosomal recessive disorder that
most commonly affects individuals of the Ashkenazi popula-
tion. In various studies, incidence of scoliosis varies from 83 to
90%.86,87,88 Unlike the long C-shaped curve that often occurs
with neuromuscular scoliosis, scoliosis in association with fami-
lial dysautonomia takes on the form, more typical of idiopathic
scoliosis, of single thoracic or double major curves.89 However,
about half of these curves are convex to the left. Scoliosis can
occur in isolation but is commonly associated with hyperky-
phosis, another key feature that differentiates it from idiopathic
scoliosis.86,87 Scoliosis typically presents at a young age, with
just over half of the patients being diagnosed by age 10.87

Thoracic curves may progress an average 5 degrees per year,
lumbar curves average 4 degrees of progression per year, and
kyphosis increased an average of 5 degrees per year.87 Similar
rates of progression for scoliosis were found in the review of 51
patients by Kaplan et al, but they found progression of kyphosis
up to 9 degrees per year.88

The majority of these patients are now surviving into adult-
hood and thus treatment of scoliosis becomes an increasingly
important issue.87 Of the patients treated with bracing in the
retrospective study by Hayek et al, 89% had progression despite
bracing. The 11% of patients who did not progress only had
small curves to begin with, averaging 21 degrees upon initiation
of bracing. Other studies have likewise found that bracing is of
minimal benefit in these patients, largely due to poor compli-
ance as a result of pulmonary, emotional, and skin problems
(due to insensitivity to pain).86,88,89

Historically, spinal fusion has been performed for coronal
Cobb angles of 40 to 45 degrees or sagittal Cobb angles measur-
ing 80 degrees or more.86,88,89 Pulmonary infections are com-
mon in these patients; PSF may help avoid further pulmonary
complications. Rubery et al, likewise, reported successful poste-
rior-only treatment of 20 of 22 patients.89 Unlike the constructs
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needed for many other neuromuscular conditions, shorter
fusions may be successful.88 Regardless of approach or fusion
level, great care needs to be taken for preoperative optimization
of these patients. In particular, they should have good control
over dysautonomic crises, nutrition, psychological issues, and
pulmonary infections.89

Ataxia-Telangiectasia
Ataxia-telangiectasia (A-T) is a progressive neurodegenerative
disorder characterized by autosomal recessive inheritance. Soon
after learning to walk, patients develop ataxia and propriocep-
tion continues to decrease with age. They are frequently wheel-
chair bound by age 10.90 The life span of these patients has
been improving, with most living past age 25 years and some
surviving into the sixth decade, though earlier studies have
reported only 11% living past 30 years.91,92

Overall, there is a paucity of literature on scoliosis in associa-
tion with A-T. In the senior author’s experience, gait assistance
is often needed by age 9 years with loss of ambulatory ability
by age 15 years. Most patients are unable to sit unsupported by
age 13 years. There was a 10% prevalence of scoliosis in this
group of patients (21 patients). Of the patients with scoliosis,
90% (19) were successfully treated with bracing and observa-
tion. The two patients that required surgery had 82- and 70-
degree lumbar curves and underwent long construct fusion to
the pelvis without complication.

It is important to consider in these patients that they are at
risk for leukemia and lymphoma. They are radiation sensitive
and therefore radiographs need to be limited when it comes to
scoliosis surveillance. During the adolescent growth spurt,
when surveillance is most closely needed, annual radiographs
are likely sufficient. These patients are also immunocompro-
mised and prone to infection.90

3.3 Conclusion
The indications for treatment of neuromuscular deformity are
guided by knowledge of the natural history of the specific dis-
order. Life expectancy, complication rates, and functional limi-
tations are taken into account in the process of shared decision
making with families and other medical experts for these
patients.
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4 Intraoperative Issues: Anesthesia, Neuromonitoring,
Estimated Blood Loss
Paul D. Kiely, Akhil A. Tawari, Jahangir K. Asghar, and Harry L. Shufflebarger

Abstract
Children with neuromuscular scoliosis pose unique, challenges
and a multidisciplinary team approach including the surgeon,
pediatrician, experienced anesthesiologist, pediatric respiratory
physician, cardiologist, and physical therapist is highly encour-
aged. Apart from the routine preoperative assessment, nutri-
tional studies, gastrointestinal assessment, pulmonary function
testing polysomnogram, and two-dimensional echocardiogra-
phy must be performed in all cases. Respiratory and cardiac
complication rates are higher in patients with neuromuscular
spinal, and a respiratory training program comprised of nonin-
vasive positive pressure ventilation may be offered. Intravenous
anesthesia offers many benefits to patients with neuromuscular
disorders, as the agents are short acting and are usually pre-
ferred. Patients are prone to excessive blood loss and thermo-
dysregulation intraoperatively, and the operating room
personnel must have appropriate prophylactic and corrective
strategies including controlled hypotensive anesthesia, the use
of the cell salvage system, intraoperative use of packed red
blood cells, fresh frozen plasma, cryoprecipitate, antifibrino-
lytics, and temperature probe. Intraoperative neuromonitoring
might reveal inconsistent signals; however, 50% amplitude
reduction of the initial baseline reading should be considered
significant.

Keywords: anesthesia, neuromuscular scoliosis, somatosensory
evoked potential, tranexamic acid

4.1 Introduction
Neuromuscular scoliosis is the result of disturbed muscle func-
tion on the spinal column. The etiology can be either neuro-
pathic or myopathic in origin. In contrast to adolescent
idiopathic scoliosis (AIS), neuromuscular spinal often presents
at an early age, can rapidly progress during the prepubescent
growth phase, and may continue beyond skeletal maturity. Sur-
gical intervention is complex, but quality of life, natural history
of the underlying disorder, and the increased complication rate
all deserve careful consideration before proceeding with any
surgical intervention. This chapter focuses on the intraoperative
challenges presented by children with neuromuscular spinal in
relation to anesthesia, neuromonitoring, and blood loss during
posterior spinal fusion and instrumentation.

The day of surgery likely represents the most dangerous day
in the life of a child with neuromuscular spinal. All members of
the care team must perform at the peak of their capabilities. A
comprehensive plan must be in place well in advance and vigi-
lance must be high. Ongoing discussions about the patient’s sta-
tus throughout the course of surgery are crucial to optimizing
outcomes and mitigating untoward events. In spite of excellent
planning, the patient’s condition often changes during spinal
deformity surgery. Skilled team members who communicate

effectively can detect such changes early and act to prevent
untoward outcomes. Surgeons must be able to make quick,
complex decisions as new information emerges. Often, surgical
goals and plans must be modified. We strongly encourage the
use of dedicated team members who routinely participate in
complex spinal deformity surgery—experienced anesthesia,
nursing, and radiology personnel, neurophysiology, and surgi-
cal assistants.

4.2 Anesthesia
Children with neuromuscular spinal pose many anesthetic chal-
lenges and are at greater risk for perioperative complications,
particularly of the respiratory and the cardiovascular systems.1,
2 As a consequence, these children require special precautions,
including a multidisciplinary approach to optimize their ma-
nagement. The authors employ and recommend the same anes-
thesia personnel team for all cases. The goals of blood pressure
management including hypotensive anesthesia during exposure
(generally mean arterial pressure [MAP] < 75mm Hg), estimated
blood loss (EBL) at which blood is to be initiated, and MAP goals
greater than 80mm Hg at rod insertion are discussed at the
start of the procedure.

4.2.1 Preoperative Management
Preoperative evaluation and optimization of comorbidities is
critical and hence a multidisciplinary team approach is highly
recommended. In our center, the multidisciplinary team is com-
posed of a deformity surgeon, pediatrician, pediatric respiratory
physician, cardiologist, experienced anesthetist, and physical
therapist. Diagnostic studies routinely include complete blood
count, basic metabolic panel, coagulation studies, nutritional
studies, gastrointestinal assessment, pulmonary function test-
ing if child is cooperative, or polysomnogram and two-dimen-
sional echocardiography.

Particular attention is paid to the respiratory systems of
patients with neuromuscular scoliosis, as the Healthcare Cost
and Utilization Project Kids’ Inpatient Database (HCUP KID)
showed that patients with neuromuscular scoliosis were 10
times more likely to aspirate and require mechanical ventilation
postoperatively, and 5 times more likely to develop pneumonia
than patients with AIS undergoing posterior spinal fusion.3,4

Pulmonary dysfunction is usually greater in severity and more
frequent than in patients with AIS. The high incidence of respi-
ratory complications is due to the frequent involvement of res-
piratory and pharyngeal musclesas well as the high incidence of
sleep apnea in children with neuromuscular scoliosis.5 Progres-
sive deformities cause restrictive lung disease and aggravate
chronic respiratory insufficiency. The administration of anes-
thetic agents that depress the respiratory system contributes to
this decompensation, particularly in patients with disturbed
neuromuscular transmission. Preoperative optimization of the
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respiratory system may also be a useful adjunct in patients with
neuromuscular scoliosis awaiting spinal surgery. Khirani et al
placed 13 patients with planned spinal surgery in a respiratory
training program in which noninvasive positive pressure venti-
lation and mechanical insufflation/ exsufflation were used for
30minutes per day for at least 1 to 4 weeks before surgery.6,7

No postoperative respiratory complications were observed in
any of the patients, highlighting the potential role of preopera-
tive optimization prior to spinal surgery.

In patients with neuromuscular scoliosis, cardiac arrest is the
second most common reason for perioperative and postoperati-
ve mortality.2,8 Cardiac muscle and conducting pathways are
often adversely affected in neuromuscular spinal, even though
many patients are asymptomatic.8 neuromuscular spinal
patients are often unaware of this underlying cardiac anomaly,
as they are unable to exercise vigorously, owing to the muscle
disorder. Understanding their functional cardiac reserve using
an echocardiogram is important as perioperative and postope-
rative stress may induce failure in these vulnerable patients.
Volatile anesthetics are cardiodepressive because they reduce
the availability of both myoplasmic calcium and also decrease
the responsiveness of the contractile filaments to calcium.9 Vol-
atile anesthetics may also cause arrhythmia due to the sensiti-
zation of the heart to catecholamines and from their inhibitory
effects on voltage-gated potassium channels, which are essen-
tial for membrane repolarization. Prolongation of the QT inter-
val, in addition to hyperkalemia produced by suxamethonium-
induced rhabdomyolysis, may contribute to this arrhythmia.8,10

A cardiology examination, in addition to an electrocardio-
gram, chest radiograph, and echocardiogram would help
identify these susceptible patients preoperatively. Patients
with a cardiomyopathy should be optimized preoperatively,
with the European Alliance of Muscular Dystrophy Associa-
tions recommending treatment for 4 months prior to surgi-
cal intervention.11

Bowel function requires assessment, as wheelchair-bound
patients have bowel dysmotility. A child with neuromuscular
spinal who is constipated with a heavily filled bowel will have
reduced pulmonary function. Adequate nutrition is also impor-
tant, as malnutrition often accompanies children with cerebral
palsy (CP) and dystrophic dystrophies, due to the dysfunction
of the muscles of mastication and swallowing, in addition to
reflux esophagitis. Malnutrition is associated with poor wound
healing, infection, fatigue, and apathy.

4.2.2 Perioperative Management
A preoperative assessment for lower and upper extremity con-
tractures guides intraoperative patient positioning. Prone posi-
tioning on an open Jackson table is performed for all cases.
These frame type spine tables are mandatory to accommodate
the low positioning of the hips and knees in the presence of
flexion contractures that are routine in these patients. In the
presence of flexion contractures of the shoulders and elbows,
the arms can be tucked at the sides or placed directly on the
frame. An ample number of foam and gel pads must be used to
avoid pressure sores.

Neuromuscular spinal surgeries are associated with greater
blood loss than AIS surgeries. The authors routinely obtain cen-
tral line, peripheral line, and arterial line accesses for all cases.

Temperature measurement and control is also extremely
important, as patients with neuromuscular spinal are suscepti-
ble to thermodysregulation.5 Temperature probe is recom-
mended for all cases. Hypothermia may develop due to reduced
heat production from immobile muscles, which may be com-
pounded by the peripheral vasodilation that occurs with gen-
eral anesthesia. Patients should be normothermic prior to
induction, and their temperature maintained with forced air
warming systems and warmed fluids, if necessary.12 In some
neuromuscular disorders, hypothermia can exacerbate myoto-
nia and potentially aggravate rhabdomyolysis. Hyperthermia
may occur secondary to increased muscle activity, associated
with myotonias and malignant hyperthermia. A high index of
suspicion should exist for patients with muscular dystrophies
and myotonias for concomitant malignant hyperthermia. Unex-
plained tachycardia with an increase in end tidal carbon dioxide
concentration should alert the anesthetist to a potential hyper-
thermic complication.13,14

The use of volatile agents for general anesthesia is controver-
sial. Volatile agents have been contraindicated in the past
because of their association with malignant hyperthermia, in
conditions such as Duchenne muscular dystrophy (DMD).
Although this link is now thought to be tenuous, a total intrave-
nous anesthetic with a clean anesthetic machine is recom-
mended to avoid the development of rhabdomyolysis.15 Nitrous
oxide, potent inhalation agents, and muscle relaxants have been
demonstrated to compromise neurophysiological signals.16,17 In
addition to this, cardiovascular decompensation may be caused
by volatile agents due to their cardiodepressive and arrhythmo-
genic properties. Intravenous anesthesia offers many benefits
to patients with neuromuscular disorders, as the agents are
short acting. However, care must be taken due to the potential
for autonomic dysfunction and cardiovascular collapse.

Perioperative antibiotic coverage with clindamycin with
repeat doses every 6 hours and changes of gown and gloves
after 3 to 4 hours are routinely performed.18

4.2.3 Postoperative Management
Patients with neuromuscular disorders in the postoperative
period are at an increased risk of cardiorespiratory complica-
tions, autonomic dysfunction, myotonias, and rhabdomyolysis.2,
6 Respiratory failure is the most common cause of death in
these patients, with bulbar muscle weakness leading to aspira-
tion, poor pharyngeal and respiratory muscle tone, and
obstructive sleep apnea all contributing to the development of
this problem.6 Extubation should be achieved as early as possi-
ble to prevent further weakening of the respiratory muscula-
ture but considered against the risk of atelectasis, aspiration,
infection, and respiratory failure. The rate of extubation in the
operating room (OR) is variable and highly patient dependent,
but it is generally around 70 to 80% at our institution. The deci-
sion for immediate postoperative extubation should take into
consideration the patient’s baseline pulmonary status, the diffi-
culty of intubation at the outset of surgery, and the availability
of a team skilled at obtaining an emergent airway. Patients with
DMD, preoperative FVC<30% of predictive, hemodynamic
instability and prolonged surgery greater than 8 to 10 hours are
more prone to require postoperative ventilator support. Cardio-
myopathies and conduction abnormalities may predispose to

Intraoperative Issues: Anesthesia, Neuromonitoring, Estimated Blood Loss

21



morbidity and mortality in the postoperative period.2,3 As a
result, a patient with neuromuscular spinal should be treated
as a high cardiac risk, with appropriate invasive monitoring in
situ, and inotropic drugs administered if required.

Autonomic dysfunction is not uncommon and can be respon-
sible for hypotension on induction. Gastric dysmotility can lead
to regurgitation and aspiration during general anesthesia.19

Sympathomimetic drugs need to be available for use, but the
doses modified due to the increased sensitivity of alpha and
beta receptors in patients with NMS. Myotonic contractures can
occur with the dystrophic and nondystrophic myotonias. The
contractures are caused by repeated action potentials that lead
to sodium influx and chloride efflux, rendering the neuron
hyerexcitable.10 Myotonic contractures can be caused by a num-
ber of agents including opioids, anticholinesterases, and succi-
nylcholine. Environmental factors may also be responsible,
including acidosis, alterations in ambient temperature, and
shivering. If a myotonia is triggered, agents that block sodium
channels, such as antiarrhythmic agents and local anesthetics,
should be administered.

Rhabdomyolysis may be associated with volatile agents, myo-
tonias, and depolarizing neuromuscular blocking agents.15 Signs
of rhabdomyolysis include metabolic acidosis, hyperkalemia,
myoglobinuria, and elevated creatinine kinase. Treatment
involves cessation of the causative agent and correction of the
hyperkalemia.

4.3 Neuromonitoring
Iatrogenic spinal cord injury remains the most devastating
complication of spinal fusion surgery and ranges from sensory
disturbance to paraplegia. The incidence of acute neurological
complications during scoliosis surgery varies from 0.5 to
0.72%.20 The incidence of neurologic injury in neuromuscular
spinal is much higher than in AIS21 and may be related to the
greater intraoperative blood loss that compromises the vascu-
larity of the cord, in addition to the distraction techniques
adopted occasionally by deformity surgeons to correct the
severest and stiffest neuromuscular curves.

Intraoperative neurophysiological monitoring of the spinal
cord is essential to reduce the risk of spinal cord injury during
deformity surgery. Since Nash et al’s seminal paper in 1977 on
spinal cord monitoring during operative treatment of the spine,
the importance of spinal cord monitoring has increased.22 Prior
to its introduction, the only method for detecting spinal cord
injury was the Stagnara wake-up test, which consisted of wak-
ing the patient intraoperatively and observing voluntary lower
extremity movement.23 Although the wake-up test is still
regarded as the standard to assess global motor function, it is
not always practical in patients with neuromuscular spinal who
have intellectual disabilities, muscle weakness, or both. In addi-
tion, an ischemic spinal cord injury may not present immedi-
ately following a correctional maneuver, and the patient may be
able to move the lower extremities voluntarily at the time of
the wake-up test, only to demonstrate paralysis on emergence
from anesthesia.

In contrast to the wake-up test, spinal cord monitoring pro-
vides a continuous means to assess the integrity of the cord.
Neuromonitoring offers early detection of reversible neurophy-
siological dysfunction that enables prompt intervention to

prevent the occurrence of permanent neurological damage.
MacEwen et al have demonstrated that the recovery of a neuro-
logical deficit is directly proportional to the speed of removal of
malpositioned instrumentation.24 Intraoperative monitoring
using somatosensory evoked potentials (SSEPs) alone is inad-
equate for monitoring the descending spinal cord motor tracts
or the spinal gray matter, as SSEPs are mediated by the poste-
rior sensory column of the spinal cord.25 Transcranial electric
motor evoked potentials (MEPs) are an effective and clinically
practical way to monitor spinal cord motor function in real time
during corrective spine surgery.26 Schwartz et al reported that
transcranial MEPs were 100% sensitive in detecting evolving
neurological injury, whereas SSEPs were only 43% sensitive.27

In addition to better sensitivities, transcranial MEPs detect
emerging spinal cord motor injury at an average of 5minutes
sooner than SSEPs.27

The differential sensitivities of transcranial MEPs and SSEPs
to evolving spinal cord injury are thought to be related to the
vascular supply of the motor pathways. The anterior horn
motor neurons within the spinal cord and the spinal motor
interneurons have a high metabolic rate and are vulnerable to
vascular insult. Since most neurological injuries during deform-
ity surgery are thought to be ischemic in nature, transcranial
MEPs are more likely to change first during these corrective
maneuvers.28 Transcranial MEPs have been previously demon-
strated to be reliable in identifying cord ischemia during
abdominal aortic aneurysm repair and spinal operations.29

However, intraoperative neuromonitoring, in neuromuscular
spinal is variable and reflects the underlying abnormal neural
pathways, particularly in patients with CP or Charcot–Marie–
Tooth disease.6 Hammett et al evaluated 66 patients with CP
and were only able to establish reliable baseline SSEPs in 88% of
patients.28 Noordeen et al retrospectively reviewed 99 patients
who underwent reconstructive surgery for neuromuscular spi-
nal (55 DMD, 30 spinal muscular atrophy [SMA], and 14 miscel-
laneous) and obtained SSEP tracings in 98% of patients.17

Concerns over the perceived potential to initiate epileptic seiz-
ures have precluded many authors from the routine use of
transcranial MEPs in patients with NMS. Salem et al have, how-
ever, recently found that transcranial MEPs do not trigger intra-
operative or postoperative seizures in patients with NMS
undergoing posterior spinal fusions, nor are they associated
with a deterioration in the seizure control of patients who suf-
fer from seizures.30 While the challenge of obtaining consis-
tently reliable tracing is difficult in patients with NMS, with
signal changes being less sensitive and specific, the presence of
false-positive SSEPs is usually secondary to hypotension, depth
of anesthesia, and temperature changes. A decline in the ampli-
tude of 50% of the initial baseline reading should, however, be
considered significant and carries a definitive risk of spinal cord
injury.25,27

4.4 Blood Loss and Management
Posterior spinal fusion in patients with neuromuscular scoliosis
is associated with significantly higher blood loss and transfu-
sion requirements than children with AIS.30 The increased
blood loss is thought to be related to several factors, including
the depletion of clotting factors, longer surgical procedures and
fusion constructs, malnutrition, and anticonvulsant seizure
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medication. Kannan et al compared patients with neuromuscu-
lar scoliosis and AIS undergoing posterior spinal fusion and
found that there was a greater depletion of factor VII clotting in
the neuromuscular group.31 Brenn et al also found a discrep-
ancy in the clotting factors between the two groups, with
decreased coagulation factors present in the neuromuscular
scoliosis group, in addition to the prolongation of clotting
parameters (partial thromboplastin time [PTT] and prothrom-
bin time [PT]).32 Poor nutritional status and anticonvulsant
medication in the NMS group increased intraoperative blood
loss by decreasing platelet count and interfering with liver
metabolism and the manufacture of clotting factors (factor
VIII).33 Valproic acid has been shown to cause thrombocytope-
nia and coagulation abnormalities. Chambers et al reported a
26% increase in blood loss in patients on sodium valproate.34 If
feasible, alternative medication may be started in the preopera-
tive period. Furthermore, the clotting profile and especially
bleeding time must be closely monitored before, during, and
after the surgery.

Strategies such as controlled hypotensive anesthesia, the use
of the cell salvage system, intraoperative use of fresh frozen
plasma (FFP) and cryoprecipitate, and antifibrinolytics (AF)
reduce intraoperative blood loss during spinal fusion. In 1982,
Lawhon et al highlighted that controlled hypotensive anesthesia
(MAP<90mm Hg) was associated with a 49% decrease in blood
loss and a 42% decrease in blood product requirement.35 AF,
including aprotinin, tranexamic acid (TXA), and epsilon amino-
caproic (EACA), have been shown to reduce operative blood loss
but not transfusion rate in both AIS and neuromuscular scolio-
sis patients.36,37,38 Verma et al have demonstrated that the
maintenance of the mean arterial pressure at or below 75mm
Hg during surgical exposure is critical for maximizing antifibri-
nolytic effect.37 Aprotinin is a serine protease inhibitor that
inhibits kallikrein, plasmin, and platelet activation factor. Since
2007, the production of aprotinin, however, has been prohib-
ited by the U.S. Food and Drug Administration because of higher
mortality rates in patients undergoing cardiac surgery. TXA is a
lysine analog that blocks lysine binding sites on plasminogen
molecules and inhibits fibrinolysis. EACA is a lysine analog that
inhibits fibrinolysis by binding to plasminogen and blocking
binding of fibrin.39

A multicenter retrospective study in 2012 by Dhawale et al
evaluated the safety and efficacy of AF agents in reducing blood
loss and transfusions during posterior spinal fusion in children
with CP.40 Forty-four patients received AF (30 TXA and 14
EACA) and 40 received no antifibrinolytics (NAF). The EBL aver-
aged 1,684mL for the AF group and 2,685mL for the NAF group
(p =0.002). There was more cell salvage transfusion in the NAF
group. There were no significant differences in total transfusion
requirements and no adverse effects were seen. There was a
trend for decreased inpatient hospital stay in the AF group. TXA
was more effective than EACA in decreasing EBL and cell sal-
vage transfusion. In comparison to the NAF, this study demon-
strated that AF significantly reduced intraoperative EBL during
spinal fusion in children with CP. Interestingly, there has been
no randomized controlled trial comparing the efficacy of TXA
with other AF in children with neuromuscular scoliosis.

Other novel strategies aimed at reducing blood loss in neuro-
muscular scoliosis surgery include the use of a single posterior
rod instrumentation in patients with DMD.41 Forty-one patients

with DMD underwent early limited instrumentation to main-
tain adequate seating posture and facilitate postural control.
Cawley et al found that the operative time of 96minutes and
total intraoperative blood loss of 2,300mL were significantly
lower than those of DMD patients who had undergone standard
double rod and pedicle screw instrumentation technique.41

The authors preoperatively calculate the blood volume that
the patient can lose for the hemoglobin to fall to 10 g/dL and
packed red blood cells (PRBCs) are initiated to keep the hemo-
globin above 10 g/dL throughout the procedure. At least 4 units
of cross-matched blood are kept ready for all patients with neu-
romuscular scoliosis. Massive transfusion trauma protocol
including higher ratio of FFP to PRBCs of greater than 0.5 may
be used to reduce the amount of blood loss secondary to
hypofibrinogenemia.42

4.5 Exposure
Posterior spinal fusion in the presence of a baclofen pump can
be challenging as well as trying for the surgeon. Although it is
usually possible to work around the catheter and preserve it,
the path for the catheter should be carefully evaluated on the
preoperative films. The authors have frequently encountered
loops of the catheter crossing the midline before insertion
intrathecally, which renders them prone to disruption. In the
event of catheter disruption, it can either be re-anastomosed
with other systems or the catheter can be removed and a new
catheter placed after spinal fusion.

An incomplete posterior arch in the presence of poor soft-tis-
sue coverage makes dissection very challenging in myelodys-
plastic cases. A standard midline incision with subperiosteal
dissection is commonly utilized, which can also facilitate cord
detethering at the same time. The dura is carefully separated
from the skin. Since the normal posterior landmarks are lacking,
the surgeon should first identify normal bony anatomy and
then proceed over absent posterior structures. Some authors
have also advocated utilizing an inverted Y-shaped incision;
however, cord detethering cannot be performed with this
approach.43 Plastic surgeons may assist in flap closure.

Neuromuscular scoliosis cases are prone to wound complica-
tions more than AIS cases, and meticulous wound closure
should be performed. The authors use a braided suture for
achieving a swift and secure wound closure in all index cases of
neuromuscular scoliosis. Some authors also advocate the use of
a plastic multilayered closure technique by a plastic surgeon for
posterior spinal fusion treatment of neuromuscular scoliosis.
Ward et al reported a significantly lower rate of postoperative
wound complications (0 vs. 19%; p = 0.007) when multilayered
closure was performed by experienced plastic surgeons for
nonidiopathic scoliosis.44
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5 Unique Challenges with Scoliosis and Dislocated Hips
Firoz Miyanji and Randal R. Betz

Abstract
The incidence of hip abnormalities in patients with cerebral
palsy ranges from 25 to 30%. It is generally agreed that the inci-
dence is higher and associated with the degree of neurological
impairment. Classifications have been developed based on the
migration index as to whether the hip is subluxed (migration
index [MI] > 30%) or is at risk of dislocation (MI > 50%). There is
no consensus in the literature or among surgeons as to whether
hip subluxation or scoliosis comes first. Parents should be told
that correction of the scoliosis and pelvic obliquity will not be
“protective” of the potential for developing hip subluxation in
the future, nor will it “accelerate” hip subluxation/dislocation.
As a general rule, management decisions regarding scoliosis
and hip subluxation/dislocation may be considered independ-
ent of each other.

Keywords: hip dislocation, pelvic obliquity, neuromuscular
scoliosis

5.1 Introduction
Children with cerebral palsy (CP) have a high incidence of
spine and hip abnormalities. These deformities are most
prevalent in children with more severe involvement. Mani-
festations of pain, seating difficulties, and pressure ulcers
may be the end result of either spine or hip deformity alone
or can be the additive result of both deformities. Although
many investigators have attempted to evaluate the develop-
ment, progression, and association between these two most
significant musculoskeletal manifestations of CP, no clear
consensus exists.

5.1.1 Hip Subluxation in Cerebral Palsy
The incidence of hip abnormalities in patients with CP ranges
from 25 to 30%.1,2 It is generally agreed that the incidence is
higher with increasing degree of neurological impairment.
Overactivity and muscle imbalance around the hip joint (most
commonly flexors, adductors, and medial hamstrings) result in
fixed musculotendinous contractures that will ultimately
become fixed joint contractures. Muscle imbalances lead to typ-
ical posturing of the lower extremities with the hip in a flexed,
adducted, and internally rotated position.

Normally the acetabulum and the femoral head develop con-
gruently, which is essential for proper development of both
structures. The hip in children with CP is considered normal at
birth. Abnormalities in weight-bearing, muscle imbalance, and
spasticity cause alterations of the femoral head and acetabular
relationship leading to progressive subluxation of the joint.
Patients with CP tend to have increase muscular imbalances and
tone in the adductors, iliopsoas, and hamstrings, resulting in the
proximal femur being directed away from the acetabulum.
Excessive pressure on the outer acetabular margin caused by the
position of the femoral head may prevent or distort normal ace-
tabular development. The acetabulum becomes dysplastic as
subluxation progresses. The process of subluxation includes
structural bone deformation in both the acetabulum and the
femoral head. The deformation of the acetabulum and femoral
head can lead to dislocation of the hip. Posterior dislocation is
most common because of the direction of muscle pull in the
typical position of hip adduction, flexion, and internal rotation.

Migration percentage or index (MI) is the most commonly
used measurement of the hip status in individuals with CP
(▶ Fig. 5.1). The measure indicates the amount of ossified femo-
ral head uncovered by the ossified acetabular roof. It is closely

Fig. 5.1 Schematic depiction of migration index
measurement of hip subluxation.
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associated with acetabular index, so that as one measure
increases, the other does as well. Miller et al3 as well as Reim-
ers4 developed a classification based on the MI as to whether
the hip is subluxed (MI >30%) or is at risk of dislocation (MI >
50%). In the CP population, the MI can increase rapidly at a
mean rate of 5.5% per year.4 The tendency to dislocate is
directly related to the degree of impairment. Children who are
in a persistent posture of hip adduction with little voluntary
movement, unable to weight bear, and have difficulty maintain-
ing head and trunk stability are at greatest risk.

5.1.2 Pelvic Obliquity
Pelvic obliquity refers to a deviation of the pelvis from the hori-
zontal in the frontal plane. Fixed pelvic obliquities can be attrib-
uted to contractures either above (suprapelvic) or below
(infrapelvic) the pelvis.

Suprapelvic obliquity is secondary to significant scoliosis in
which the pelvis acts as an end vertebra. Most authors have
shown that as the severity of scoliosis increases, so does the
degree of pelvic obliquity.

Infrapelvic obliquity develops because of abnormalities in
the position of the hip and imbalances in muscle pull on the
pelvis. Both pelvic rotation in the transverse plane and pelvic
tilt in the sagittal plane occur with obliquity, and the contri-
bution of each is variable. Hip adduction contractures, weak
abductors, iliotibial band contracture, and medial hamstring
tightness are all implicated in the development of infrapelvic
obliquity.

5.1.3 The Windblown Deformity
Letts et al5 popularized the concept of the “windblown hip syn-
drome,” which is the triad of hip dislocation, pelvic obliquity,
and scoliosis, noting an incidence of 13.3% in their series. The
clinical appearance is one in which one hip and femur are
pointing toward the midline (adducted), whereas the opposite
hip and femur are directed away from the midline (abducted).
Letts et al5 reviewed 22 patients with windblown hip syndrome
and noted that in 15 patients the first pathology was subluxa-
tion followed by dislocation of the hip. Dislocation of the hip
was then followed by the development of pelvic obliquity in 16
patients, and then by scoliosis in 12 patients. The authors con-
cluded that their analysis of the “temporal sequence” was most
consistent with hip subluxation, pelvic obliquity, and finally
progressive scoliosis. They theorized that spasticity of the iliop-
soas muscle led to hip subluxation, then pelvic obliquity, and
finally spinal curvature (▶ Fig. 5.2). Although the authors noted
that in 12 children scoliosis developed after hip subluxation
and pelvic obliquity, in 6 children they found scoliosis on the
initial radiographic finding prior to hip subluxation and pelvic
obliquity. It is also worth noting that the pelvic obliquity and
convexity of the scoliosis were on the opposite side of the hip
dislocation in 17 patients; however, in 5 patients these were on
the same side as the hip dislocation, challenging their conclu-
sions of the temporal relationship between hip subluxation,
pelvic obliquity, and scoliosis. Nonetheless, the authors strongly
recommend that hip stability be maintained to prevent sublux-
ation so that the development of pelvic obliquity and scoliosis
can be avoided.

Cooperman et al6 also felt that the deformities of the hip,
spine, and pelvis are interrelated. Although the others did note
a unilateral hip dislocation with a level pelvis and no scoliosis
in 6 patients in their series, they found more commonly unilat-
eral hip dislocations in concert with pelvic obliquity and scolio-
sis. The authors concluded that successful reduction of a
unilateral dislocation increased the likelihood of a level pelvis at
maturity and hence decreased the incidence of developing
scoliosis.

More recent literature echoes similar findings with authors
reporting a positive relationship between hip and spine abnor-
malities in this patient population.7,8,9 Porter et al10 reported a
significant relationship between hip dislocation and the emer-
gence of scoliosis. A study by Kalen et al11 also noted a relation-
ship between hip dislocation and the development of scoliosis.

Others, however, have challenged the temporal sequence of
events of the triad of hip subluxation, and pelvic obliquity, fol-
lowed by the development of scoliosis.12,13,14,15,16,17 Lonstein et
al’s18 cross-sectional study of 464 patients with CP found that
hip abnormalities, pelvic obliquity, and scoliosis were most
prevalent in severely involved, wheelchair-dependent patients.
Although they found a 57% incidence of hip subluxation, a 58%
incidence of pelvic obliquity, and an 82% incidence of scoliosis
in their cohort, they found no relationship between hip disloca-
tion, windswept direction, and scoliosis. Similarly, Pritchett and
colleagues12 studied 80 institutionalized CP patients with
unstable hips. They found 35had a level pelvis despite unilat-
eral or bilateral unstable hips and none of these patients had
severe scoliosis. Of the 45 patients with pelvic obliquity, 32had
severe scoliosis. In 38 of the 45 patients with pelvic obliquity,
the dislocated hip was on the high side of the pelvis. The
authors felt that the unstable hip was associated with pelvic
obliquity and scoliosis but not causal to their development.
They concluded that scoliosis and pelvic obliquity were corre-
lated with the severity of neurological involvement rather than
with the mechanics of a dislocated hip.

Young et al19 found evidence of a relationship between tonal
asymmetry and direction of windblown deformity in a sub-
group of 33 patients, with the hips tending to wind blow
toward the side of the lower tone; they found no relationship
between direction of tone and direction of scoliosis in another

Fig. 5.2 Temporal sequence of hip subluxation, pelvic obliquity, and
scoliosis as proposed by Letts et al.5 (Reproduced with permission from
Letts, M., Shapiro, L., Mulder, K., et al. (1984). The windblown hip
syndrome in total body cerebral palsy. J Pediatr Orthop. 4(1), 55-62).
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subgroup of 22 patients. In 26 patients who demonstrated both
deformities, no relationship was found between direction of
windblown deformity and direction of scoliosis.

Abel and colleagues,20 although hypothesizing that the sub-
luxed hip would be opposite the scoliosis apex and ipsilateral to
the high side of the pelvis, were not able to substantiate this in
their study of 37 patients with total body involvement CP. They
found that hip subluxation strongly correlated with the degree of
femoral adduction and weakly with the magnitude of suprapel-
vic obliquity. They found that at a young age, infrapelvic deform-
ity predominates with asymmetric hip adduction; however, later
the windblown position seems to result largely from progressive
pelvic obliquity and rotation associated with scoliosis.

Senaran et al’s13 most recent prospective study found that in
most patients with unilateral hip dislocation, subluxation
occurred on the high side with a significant increase in pelvic
obliquity; however, no significant relationship between hip dis-
location and the emergence and progression of scoliosis was
reported. Others have also shown a poor correlation between
the triad of hip subluxation, pelvic obliquity, and scoliosis.14

5.1.4 Surgical Implications of the Triad
Despite inconclusive and contrary findings within the literature
to date, many investigators still feel the triad of deformity
within the hip, pelvis, and spine in this patient population to be
interrelated.6,8,9,21,22 The temporal aspects of the relationship
between these deformities are not fully understood; however,
earlier authors stressed the importance of maintaining hip con-
gruency and stability to avoid developing pelvic obliquity and
subsequent scoliosis.5,23 More recent data by Garg et al,24 how-
ever, challenge these earlier recommendations. Their study of
98 patients over a 21-year period noted that despite a varus
derotation osteotomy (VDRO) of the proximal femur for hip
subluxation, a significant increase in maximum Cobb angle
continued over time. The average age of the VDRO was 6 years.
In addition, they did not find increasing Cobb angle to be a sig-
nificant predictor of severity of recurrent hip subluxation. The
authors therefore concluded that treatment decisions regarding
hip subluxation and scoliosis management in CP should be
made independent of each other.

The most recent study evaluating the effects of spinal fusion
on hip pathology in CP was that of Crawford et al.21 The authors
retrospectively reviewed 47 patients who underwent a poste-
rior spinal fusion over a 6-year period. They found 17% of
patients had new-onset hip subluxation/dislocation following
spinal arthrodesis and felt that this was secondary to the cor-
rection of pelvic obliquity. However, this was not dependent on
whether the hip was on the high or low side of the preoperative
pelvic obliquity. Although the authors feel that the new-onset
hip subluxation/dislocation was the result of correction of the
pelvic obliquity, it may simply be the natural history of hip
deformity in this patient population.

5.1.5 Authors’ Preferred Treatment
Algorithm
The decision to intervene surgically in patients with CP should
be a collective one with the surgeon, patient, family, and

caregivers. Specific goals of either the hip surgery or the spinal
deformity surgery should be clearly outlined, and our prefer-
ence is to make treatment decisions around the hip and spine
pathology independent of one another. It is important to
express to the family that immediate postoperative changes in
the attitude of the lower limbs (i.e., potential for windblown
deformity) may be noted following correction of the scoliosis
and pelvic obliquity; however, correction of the scoliosis and
pelvic obliquity will not be “protective” of the potential for
developing hip subluxation in the future, nor will it “accelerate”
hip subluxation/dislocation. In the presence of an increased
Reimer’s MI with a hip at risk in a patient without significant
scoliosis, moving forward with hip surgery should be a strong
consideration and the patient should be followed with serial X-
rays and clinical examination to determine whether scoliosis
will develop. In the presence of a hip at risk concomitant with
significant pelvic obliquity and scoliosis, we prefer to stabilize
the spine and correct the pelvic obliquity ideally prior to sur-
gery around the hip. This would help make the pelvis horizon-
tal, providing a stable foundation around which femoral-
acetabular procedures can be carried out to stabilize the hip at
risk and treat any lower limb positioning concerns (i.e., wind-
blown deformity).

Patients with significant adduction and flexion contractures
around the hips may require soft-tissue-release procedures
prior to stabilization of the spine if positioning for spine surgery
may not be possible due to the soft-tissue contractures around
the hip. Although some authors have suggested that soft-tissue
releases (specifically hip flexion contractures) can help with
correction of pelvic deformity and excessive lumbar lordosis,
we have not found this to be an absolute necessity in this set-
ting and have moved in the direction of treating hip and spine
abnormalities independent of one another in this patient
population.

Patient positioning for spine surgery in the presence of hip
contractures can be facilitated by positioning the lower extrem-
ities in a sling to accommodate the flexion contractures of the
hips and knees common in this patient population. It is
important to keep the patient from sliding down the table by
securing a strap around the ischium (▶ Fig. 5.3a, b). We now
use intraoperative halo-femoral traction in this patient popu-
lation more liberally and have found this to help significantly
in correcting the pelvic obliquity and also aid in positioning
for spine surgery despite the presence of significant hip con-
tractures (▶ Fig. 5.4). Traction is also very effective in correct-
ing the significant lumbar lordosis seen in many of these
patients.

It is also worth noting that screw trajectory for iliac wing fix-
ation follows a path aimed at obtaining screw length to be as
far anterior to the lumbosacral pivot point as possible without
violating the hip joint and approximately 15mm above the sci-
atic notch where the thickness of the ilium is greatest. This,
however, may inhibit future acetabular procedures if required
and either a shorter screw length and/or a more horizontal tra-
jectory (if possible) may need to be considered at the time of
pelvic fixation for the spinal deformity procedure. Alternatively,
removal of the iliac screw may be considered concomitant with
the pelvic osteotomy once hip surgery is deemed necessary
(▶ Fig. 5.5a–g).
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5.2 Conclusion
Despite studies reporting an association, findings on the rela-
tionship between hip dislocation, pelvic obliquity, and the
emergence or progression of scoliosis in CP remain inconclu-
sive. The temporal relationship of the triad is unclear and does
not follow a predictable relationship. Although earlier studies
stressed the importance of preventing hip subluxation/disloca-
tion in this patient population to prevent the windblown syn-
drome and the development of significant scoliosis, more
recent data have not supported this prior dogma. The natural
history of the “terrible triad” of hip subluxation, pelvic obliq-
uity, and scoliosis in CP may be more independent than once
thought and is likely related to the degree of neurological
impairment and spasticity in these patients; hence, manage-
ment decisions regarding scoliosis and hip subluxation/disloca-
tion may be considered independent of each other.
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6 Predicting Complications: When to Operate or Not
Mark F. Abel and Anuj Singla

Abstract
Spinal deformities, including scoliosis and severe sagittal
deformities, are common in patients with neuromuscular con-
ditions, yet the indications for surgical intervention can be con-
troversial. Patients with cerebral palsy, muscle diseases, and
myelomeningocele often have impairments of major organ sys-
tems including cardiac, pulmonary, genitourinary, and gastroin-
testinal systems. Their fragile medical condition and the high
rates of reported complications in this group of patients,
coupled with the paucity of data on the impact of interventions
on quality of life, make decision making particularly challeng-
ing. This ethical dilemma is presented in this chapter. Also, this
chapter discusses the various neuromuscular conditions com-
monly occurring in patients with spinal deformities. The risk
assessment is coupled with information on complication rates.
Some guidelines are provided to mitigate risks, and medical
thresholds are provided when the risks may be too high to
embark on surgery.

Keywords: complications, kyphosis, neuromuscular, outcomes,
risks, scoliosis

6.1 Introduction
The general principle of the Hippocratic Oath suggests that
physicians should withhold treatments that are likely to pro-
duce harm to the patient. This dictum is highly relevant for
many patients with neuromuscular spinal deformities such as
kyphosis and scoliosis. This group of patients includes those
with cerebral palsy (CP), muscle diseases, and myelomeningo-
cele as well as a range of genetic syndromes. Many of these
patients are totally dependent on a parent or other caregiver for
all their daily needs including hygiene and feeding. Further-
more, the patients often have multiple comorbid conditions
including intellectual disabilities, joint contractures, seizure
disorders, oral-motor dysfunction requiring supplemental tube
feedings or gastrostomies, cardiac disease (especially in the
muscular dystrophy group), and pulmonary deficits of a restric-
tive and/or obstructive nature. Furthermore, the spinal deform-
ities are progressive and difficult to control with nonoperative
methods, yet the impact of surgical interventions on overall
quality of life has only recently been investigated.

Surgical correction may involve anterior, posterior, or com-
bined approaches with intraoperative or preoperative traction
depending on the configuration and magnitude of the spinal
deformity. Whichever surgical techniques are chosen, the com-
plication rate still remains highest in this category of patient
because of the previously mentioned comorbid conditions,
magnitude of the deformities, and poor bone quality. The exist-
ing medical literature clearly defines the high rate and severity
of complications (between 25 and 75%),1 yet absolute contrain-
dications to surgical correction are not well documented or
defined. Thus, the relative contraindications of surgery are sub-
jective at best. The decision to perform the surgery and the

ability to correct these challenging deformities should be care-
fully weighed based on the patient’s medical condition (and the
natural history thereof), associated comorbidities, curve charac-
teristics, surgeon’s experience, and the resources available at
the treating institution.

This chapter will review presurgical risk assessment in
patients with neuromuscular conditions undergoing spinal cor-
rection surgery. The first goal of the chapter is to provide
parameter thresholds to consider in determining if spinal
reconstructive surgery should be done, keeping in mind that
the prime goal of our intervention is to improve the patient’s
quality of life, which essentially means avoiding a complication
that leaves the patient in a worse condition than they were pre-
operatively. ▶Table 6.1 lists medical parameters that should
make the surgeon particularly wary of surgical interventions.
When these conditions are present, the patient is much more
likely to have a serious complication.

The second goal of the chapter is to provide guidelines for
decision making used by the authors. Our role as physicians is
to educate patients and their families as best as we can with
incomplete data on risks, benefits, and alternatives to empower
them to share in the choice for their child. Families vary in their
willingness to assume risk or to accept intensive interventions
for a modicum of perceived benefit for their child. Before
undertaking life-threatening surgery, the surgeon and care
team must forge a collaborative partnership with the family.
In pediatric neuromuscular spinal deformity, the process of
informed consent is as potentially complex as the procedure
itself.

6.2 Risk Assessment
6.2.1 Multidisciplinary Input
The medical complexity and variety of pediatric patients with
spinal deformities secondary to neuromuscular disorders

Table 6.1 Warning parameters of increasing risk of complication from
long fusions (> 13 levels)

1. BMI < 5% or > 95%

2. PFTs with VC< 40%; VC <1 L

3. Cyanotic cardiac disease pO2 sat < 90%

4. Cardiac output of < 50%

5. Clotting deficiency: INR > 1.7; platelet < 100,000

6. Coronal Cobb >90 degrees (traction > 70 degrees)

7. Kyphosis > 100 degrees (maximum correction with bolster exten-
sion > 90 degrees)

8. Lumbar lordosis > 120 degrees (maximum correction with flexion >
100 degrees)

Abbreviations: BMI, body mass index; INR, international normalized ratio;
PFTs, pulmonary function tests; VC, vital capacity.
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necessitates that multiple medical specialists get involved in
the presurgical examination and analysis. These specialists col-
laborate to define the risks of the proposed spine surgery and
the interventions needed to mitigate those risks. The spine sur-
geon should not be expected to understand and acquire all of
the multisystem medical data alone. Most hospital systems,
including the authors’, have standardized care pathways for
preoperative, intraoperative, and postoperative management.
▶Table 6.2 lists some elements that are a standard part of our
pathway. Chapter 1 addresses preoperative assessment more
fully. Ideally, the team of specialists can assist not only in the
assessment and care, but also in the counseling and decision
making. For complex cases, a multidisciplinary preoperative
case conference or e-mail communications can facilitate deci-
sion making.

6.2.2 Disease-Specific Risk
Cerebral Palsy
CP, the leading cause of physical disability in childhood, is a
static encephalopathy occurring in the developing, immature
brain producing a range of motor, cognitive, and neurological
deficits. The Gross Motor Function Classification System
(GMFCS) is an international classification system, with five cat-
egories, developed to differentiate patients by their ability to
move.3 Those in class 4 or 5 require assistance to move, under-
scoring their poor muscle function and the severity of their
neuromuscular impairment. The literature related to “complica-
tion rates for spinal deformity surgery” is heavily weighted
toward patients with CP because of the high prevalence of CP
among neuromuscular conditions and the high incidence of spi-
nal deformities in this group.4 Despite the static nature of the
brain lesion, these same patients in GMFCS 4 and 5have the
highest incidence of spinal deformities, approaching 50%, due
to the absence of trunk balance and the presence of excessive
high or low muscle tone.5 Furthermore, the majority of these
patients, particularly those in GMFCS level 5, have other signifi-
cant medical disabilities including seizures, oral motor dysfunc-
tion, and reactive airway disease to name a few.6,7 Not

unexpectedly, given these conditions, surgical complication
rates after spine surgery are 25 to 50% in patients with CP com-
pared to rates of 1 to 3% in idiopathic scoliosis.8 Also the more
severe and complex curves in these patients (Cobb > 90
degrees) require a longer total operative time and result in an
increased total blood loss, all resulting in a propensity for major
complications.8 Furthermore, the complications encountered in
some of these patients can be potentially life-threatening.9 The
rate of mortality ranges from 1 to 4% in some recent series.9,10,
11,12 Where patient/parent satisfaction with treatment has been
assessed, the occurrence of a complication requiring prolonged
hospital stay, reoperation, or death results in dissatisfaction
with the intervention.13

When taken on whole, surgical intervention for patients with
spinal deformity does lead to improved scores on the CPCHILD
(Caregiver Priorities and Child Health Index of Life with Disabil-
ities) questionnaire, a validated HRQL (Health-Related Quality
of Life) instrument.14 The major area of improvement was in
the “Transfer & Basic Mobility” domain, and on average no
domain saw deterioration.14,15 Unfortunately, despite the posi-
tive change reported from surgery, the lack of randomization
casts some doubt on the relevance of these outcomes.16

Muscle Diseases
Of patients with muscle disease, those with Duchenne muscular
dystrophy (DMD) account for the largest prevalence; thus, we
have the most information on spinal deformity surgery in this
group. DMD is a progressive muscle disease caused by an X-
linked recessive gene, altering a structural protein, dystrophin,
critical for muscle function. The disease progression involves
cardiac and pulmonary function with cardiomyopathy and,
most commonly, respiratory failure as the main causes of death.
Spinal deformities occur in virtually all patients with DMD after
their disease progresses to the point they are no longer ambula-
tory.17 The popular use of steroids has markedly altered the nat-
ural history of spinal deformity in DMD in that spinal
deformities are occurring at a later age and with less severity.17,
18,19 However, reduced life expectancy and progressive cardio-
pulmonary decline are still inevitable, even if spinal surgery is

Table 6.2 Factors in the authors’ current practice guidelines to avoid complications

1. Preoperative assessment of cardiac, pulmonary, and nutrition

2. Assess IV access

3. Preanesthesia assessments

4. Tranexamic acid: 30mg/kg loading; running 10mg/kg/h intraoperatively

5. Antibiotics (vancomycin powder) in bone graft

6. Consideration to intraoperative traction. By using intraoperative traction, less invasive techniques such as vertebral resections, multiple osteotomies,
and anterior releases can be avoided2

7. Intraoperative monitoring of blood parameters: CBC, fibrinogen, platelets, electrolytes

8. ICU monitoring as needed

9. Setting realistic correction goals: limit the extent of surgery; avoid going to the pelvis

10. Use growth constructs if possible with postoperative bracing

Abbreviations: CBC, complete blood count; ICU, intensive care unit.
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performed.20 However, the purported benefits from spinal sur-
gery include improved sitting tolerance,21 ease of nursing
requirement, and less pain. The effect of spinal stabilization on
pulmonary function, motor function, and survival is contro-
versial, in large part because there are no clinical trials or
randomized studies on this question. The Cochrane review
published by Cheuk et al22 reported the controversial results.
Some studies report deterioration of pulmonary function
and no improvement in life expectancy,17,18 while others
found improved outcomes compared with those not treated
with spinal surgery.23 Furthermore, the trunk lengthening
and mobility loss following spinal fusion can impede upper
extremity function.23

A recent prospective, observational report by Suk et al24 com-
pared 32 patients selecting nonsurgical treatment to 45 surgi-
cally treated patients with DMD using functional tests
(modified Rancho scale and manual muscle test), a validated
HRQL questionnaire (the Muscular Dystrophy Spine Question-
naire) and pulmonary function tests (PFTs). The authors found
that surgical patients, as expected, had better radiographic
alignment and significantly higher scores on the MDSQ, which
was only given at final follow-up. There was no difference in
strength or pulmonary function, but the rate of decline in PFTs
was less in the surgically treated group. Based on these out-
comes, the authors concluded that surgical intervention was
beneficial.

In addition to these uncertain outcomes from spinal surgery,
we know that complications from surgery can occur in up to
44% (20–68%) of cases,25,26 and include cardiac arrest, massive
bleeding, spinal cord injury, pneumonia, wound dehiscence,
infections, severe ileus, pseudarthrosis, pain, and difficulty with
hand-to-mouth functions,22 and these complications generally
increase with curve severity.

Thus, the general treatment philosophy for patients with
flaccid muscular dystrophies has not changed drastically since
the publication of the classic report by Kurz et al,27 suggesting
that surgery should be done early, before a decline in forced
vital capacity (FVC) of less than 40% (▶Table 6.1). A clear
change from that era is the use of glucocorticoids in DMD,
which has resulted in longer survival and a slower rate of spine
deformity progression.17 Consequently, in the present era, spine
surgery in DMD is deferred until scoliosis is greater than 40
degrees,18,28 though agreement on a threshold Cobb angle has
not been reached. Also, advancements in ICU (intensive care
unit) care including the use of bilevel positive airway pressure
(BiPap) and aggressive pulmonary therapies and mobilization
have made survival from surgery more likely even if the FVC is
less than 40%; clearly the risks are much higher as pulmonary
function declines. Thus, multiple factors need to be considered
with families as one discusses the question of surgical or non-
surgical treatment.

The authors begin the assessment by inquiring about the
occurrence of back pain and looking at the sitting balance. The
past history of pulmonary illness and hospitalizations is consid-
ered along with the serial PFTs. Then the sitting sagittal and
coronal radiographs are considered. The presence of scoliosis
with pelvic obliquity seems to be most associated with back
and buttock pain and poor sitting posture. Patients with these
characteristics tend to benefit most from spinal surgery.

Myelomeningocele
Myelomeningocele, a complex congenital spinal anomaly,
results from a neural tube defect during the first 4 weeks of ges-
tation. Spinal deformity (kyphosis and scoliosis) in patients
with myelomeningocele is common with greater than 80%
eventually developing significant spinal deformity.29,30 How-
ever, many patients with myelomeningocele and spinal deform-
ity do have functional capacities for performing activities of
daily living, such as eating and dressing, and they often can
independently transfer or propel themselves in a wheelchair.
These functional capabilities set this group apart from those
children with DMD or CP in whom functional capacity is
severely restricted. Thus, functional decline as a result of spinal
fusion is a relevant consideration in patients with myelomenin-
gocele. The aims of spinal deformity surgery in patients with
myelomeningocele are to stop progression (as many times the
deformity occurs at a young age) and to improve sitting align-
ment.31 Often the pelvic obliquity or gibbus deformity can lead
to areas of pressure concentration and ulceration so that a sec-
ondary goal may be to alleviate these skin problems.

The dilemma created with the surgical approach is the high
complication rate, which is related to the ubiquitous association
with other medical impairments. Comorbid conditions in
patients with myelomeningocele include intellectual impair-
ments (although many have normal IQ), hydrocephalus requir-
ing shunting, and tethering of the spinal cord or progressive
Chiari malformations. Insensate skin, latex allergy, renal
anomalies, bacterial colonization of the urinary tract, bowel
and bladder incontinence, and lower extremity malalignment
are other factors that often require evaluation and impact spinal
surgery decisions.29 These patients may also display a reduced
FVC with the average cited at 59% of predicted, and the
impaired pulmonary function may be independent of severity
of scoliosis.32

Singh et al33 analyzed the anesthetic concerns and periopera-
tive complications in patients with myelomeningocele. This ret-
rospective review of 135 cases shows a high incidence of
intraoperative cardiac and respiratory problems in 15.6 and
11.1% of cases, respectively, including two cases (1.5%) of car-
diac arrest. They also reported a high incidence of other anoma-
lies to be considered including hydrocephalus (67.4% of cases),
Chiari II malformation (58.4% of cases), and renal anomalies (9%
of cases). This study highlights the importance of a thorough
preoperative evaluation and treatment of associated Chiari mal-
formation and/or hydrocephalus prior to spinal surgery to avoid
major surgical complications. Mortality in these patients is
often related to acute elevation of the intracranial pressure with
hydrocephalus, or shunt insufficiency with herniation.31,34 The
importance of confirming the patency of shunt prior to deform-
ity correction cannot be overemphasized.31,33 Another study35

analyzed the risk factors for sudden death in these patients. Six
patients, all of whom were young women, had experienced
sudden death in this series. In multivariate analysis of 106
patients, this study reported female sex, sleep apnea, and mid-
brain elongation 15mm or greater on magnetic resonance (MR)
imaging to be of significantly higher risk of sudden death.35

Careful attention should be paid to the evaluation and treat-
ment of associated anomalies, especially hydrocephalus and
shunt status as well as sleep apnea.
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Poor skin coverage, high frequency of bacteremias, and
absence of protective sensation collectively lead to high surgical
rate of complications, such as pseudarthrosis, implant failure,
and infection.35 Instrumentation problems, such as broken rods
or displacement of anchors, were seen in 29% of all patients.
Furthermore, the poor skin coverage over the original myelo-
meningocele, coupled with a lack of protective sensation, leads
frequently to wound breakdown and implant infections. Ma-
nagement of infection, especially for the commonly associated
gram negative organism, is fraught with difficulty and can lead
to renal damage in patients who have compromised renal func-
tion. Nevertheless, positive urine culture and poor nutritional
status are known to be strongly correlated with high risk of sur-
gical site infection, and their correction before surgery is highly
recommended.36

Thus, the surgical correction of deformities in patients with
myelomeningocele is a high-risk undertaking, and outcomes of
studies with quality-of-life metrics suggest that improvement is
difficult to achieve. Wai et al developed a valid and reliable
questionnaire to evaluate the impact of spinal deformity on
patients with meningomyelocele.37,38 Studies have found little
association between the presence of spinal deformity and func-
tional capacity.23,38,39 Of greater concern was the finding of
Schoenmakers et al40 showing that function can be lost follow-
ing spinal surgery including the ability to perform transfers or
to perform catheterizations. These adverse outcomes have
called into question the advisability of performing surgery on
patients with myelomeningocele unless sitting or skin problems
are particularly recalcitrant to management through nonsurgi-
cal means such as adjusting the seating system.

The authors tend to avoid surgery except in cases where a
gibbus deformity can be managed with a vertebral column
resection and relatively short fusion. The gibbus deformity is
frequently associated with repeated skin breakdown, severe hip
flexion contractures, and obstruction of diaphragm excursion.
For patients having a balanced scoliosis, surgery is not
recommended.

6.3 Predicting Complications:
Mixed Population Results
Several reports have analyzed patient and surgeon factors in an
attempt to predict complications from spinal deformity surgery.
Most recently Basques et al4 used the National Surgical Quality
Improvement Program (NSQIP) database to analyze 147 varia-
bles and determine predictors of short-term morbidity in 940
patients with neuromuscular conditions undergoing posterior
spinal fusion (PSF) surgery. In this survey, the authors found
that 14% of patients had a an adverse event (10.5% had severe
adverse events). The only independent risk factor for adverse
event, among the many factors analyzed, was an American
Society of Anesthesiologists (ASA) classification of greater than
3. The authors also found that an extended length of stay (> 7
days), which occurred in 27% of cases, was correlated with
ASA>3, presence of seizure disorder, previous cardiac surgery,
operative time of greater than 470minutes and greater than 13
levels in the fusion. Infections were associated with body mass
index (BMI) > 95th percentile, ASA>3, and instrumentation to

the pelvis. Finally, 8.1% were readmitted within 30 days, with
infection as the most common reason, and the only significant
predictor was BMI > 95th percentile. The takeaway points from
this report are intuitively obvious: the more complex the sur-
gery, the more levels fused and the longer the fusion and,
especially in obese patients, the more chance of an infection
or extended hospital stay. The relationship between ASA>3
and an adverse event serves to underscore that patients with
neuromuscular scoliosis are generally ill as the majority of
patients in GMFCS 5 would be in the ASA>3 class. Thus, the
ASA classification is not discriminating enough to help predict
complications.

To better discriminate those at risk for complications, Jain et
al41 reported their analysis of 199 patients with CP (all GMFCS 5
undergoing spinal fusion for neuromuscular spinal deformity).
The researchers subclassified the patients based on the number
of comorbid conditions that they believed would predispose to
complications. The following conditions were considered in the
subclassification: presence of a gastrojejunostomy tube (G-
tube), tracheostomy, history of seizures, and nonverbal status
with patients divided into three groups for comparison based
on whether they had one, two, or three of these conditions. The
authors found a highly significant increase in complication rate
as the number of these medical conditions coexisted. In fact,
49% of those with three of these conditions were found to have
a major complication and five of seven who expired following
surgery were in the GMFCS 5.3 subclass. Unfortunately, this was
a retrospective study, so details of the subclassification were
not validated or planned in advance of the analysis. However,
this study does provide a strategy for subclassification and risk
assessment going forward.

Nishnianidze et al42 retrospectively analyzed 18 different
complications with preoperative conditions in 10 physical and
functional domains in an attempt to determine predictors of
complications in 303 patients with CP undergoing a spinal
fusion. A preoperative and postoperative scoring system was
devised to perform the analysis. The data came from one center
and one surgeon, so its generalizability may be questioned.
Three patients (1%) died of “cardiovascular issues” during the
surgery. The authors could not find any correlation between
preoperative score and postoperative complication score. The
major finding from this study was that patients with G-tube
dependency had a greater number of complications, especially
infections and pancreatitis.

Nutritional status has been assessed to determine its impact
on recovery and complications in patients with CP undergoing
PSF. A preoperative level of serum albumin of less than 3.5mg
%, and a total blood-lymphocyte count of less than 1,500 cells
per cubic millimeter were found to be associated with higher
rate of infections and perioperative complications.2 However,
other studies have failed to duplicate this finding.42

Curve size has also been correlated with complication rate,
but a threshold value has not been determined.9 Furthermore,
comparison of studies is also hampered by the lack of standards
for position of radiographs and assessment of flexibility. A Cobb
angle of 70 degrees was often used to indicate the necessity for
anterior surgery, but with the introduction of traction43 and
osteotomies, evidence suggests that anterior releases can often
be avoided (▶ Table 6.2).
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6.3.1 Pulmonary Complications
Pulmonary complications are the most common complications
among patients with neuromuscular scoliosis, particularly
those with muscle and paralytic conditions, because of compa-
ratively poor baseline pulmonary function.44 Abnormal hypo-
pharyngeal tone, weaker ventilatory muscle, reduced lung
volumes and excessive secretions, and elements of broncho-
spasm all contribute to decreased breathing reserve in these
patients. Spinal deformity surgery results in acute declines in
pulmonary function, especially when an anterior approach is
used to access the spine. Yuan et al8 looked at preoperative and
daily postoperative bedside pulmonary function in 24 patients.
The authors reported that the pulmonary function declined up
to 60% after surgery on the third postoperative day and
remained 50% below baseline for a week, only returning to
baseline 1 to 2 months after surgery.8,9 This decline can further
potentiate preexisting poor respiratory reserve, which could
become clinically significant leading to respiratory arrest and
death.9 In a separate study, Yuan et al46 found an increased risk
of requiring mechanical ventilation beyond 3 days after scolio-
sis surgery correlated with preoperative forced expiratory vol-
ume at the end of the first second (FEV1) < 40% of predicted.
Other predictors of patients requiring prolonged mechanical
ventilation in their study included vital capacity (VC) < 60% pre-
dicted, inspiratory capacity (IC) < 30mL/kg, total lung capacity
(TLC) < 60% predicted, and/or maximal inspiratory pressure
(MIP) < 60 cm.46

A limited number of studies have tried to objectively define
the pulmonary function that increases risk of complications.
Padman and McNamara46 analyzed postoperative complica-
tions in 38 patients with neuromuscular scoliosis patients
treated with PSF and reported that the increased risk of post-
operative pulmonary edema in patients with preoperative VC
of 44%, atelectasis in patients with VC of 49% as compared to no
major respiratory complications in patients with average VC of
64%. Historically, patients with FVC of less than 40% are consid-
ered to be at particularly high risk for perioperative complica-
tions.44 Payo et al44 reviewed the outcome of surgical
management of spinal deformities in patients whose FVC was
below this threshold. Twenty four patients were treated with
instrumented spinal fusions. These patients had a mixture of
neurological causes for the deformities including spinal cord
atrophy and muscle diseases. Thirteen of 24 patients (58%) sus-
tained complications, including one death, despite extensive
preparations to minimize adverse complications. Preoperative
interventions included preoperative BiPAP, tracheostomy (1),
volumetric ventilation (1), nutritional support (9), and traction.
Thus, patients with severe deformity and poor baseline pulmo-
nary function are at high risk of prolonged intubation and
mechanical ventilation. Preoperative pulmonary function
assessment can be helpful in anticipating the risks and also in
avoiding the complications.

6.3.2 Cardiovascular Complications
Patients with neuromuscular scoliosis are reported to have
an inherent risk of significant bleeding, coagulopathy, and

electrolyte derangements leading to cardiac arrest.9,10,12 These
patients can have an almost seven times higher risk of extensive
blood loss (defined as > 50% of estimated total blood volume)
during surgery in comparison with patients with idiopathic
scoliosis.9,47 Osteopenic bone, decreased coagulation factor
reserve as well as changes in the mitochondrial structure of
vascular smooth muscle and increased fibrinolytic activity may
affect the quality of hemostasis and lead to increased blood loss
without frank coagulopathy. Higher prevalence of seizure disor-
ders and use of valproic acid are also additional risk factors for
major blood loss.12,48 Major intraoperative factors leading to
cardiac arrest included significant blood loss with resultant
anemia (hemoglobin 5 g% or less), hyperkalemia (potassium>
5.5 mEq/L), and hypocalcemia (ionized calcium was less than or
equal to 1mmol/L). The risk of intraoperative cardiac arrest was
reported to increase with more extensive spinal fusion, low
BMI, significant blood loss, and proportion of blood volume lost.
Finally, patients with intrinsic cardiac muscle dysfunction, par-
ticularly those with muscle diseases, are at high risk of cardiac
failure in the perioperative periods. Diligent preoperative
assessment including cardiac function and perioperative ma-
nagement is required in these patients.

6.3.3 Surgical Site Infections
Surgical site infections are a known complication of spinal sur-
gery with a spectrum ranging from superficial wound healing
delay to significant systemic infection and sepsis.

Master et al49 reported their analysis of 151 patients with
neuromuscular scoliosis and reported an overall incidence of
deep wound infections as 5.3%. The presence of a ventriculoper-
itoneal shunt, patients with cognitive impairment, severe neu-
rologic involvement, nonambulatory status, and a history of
seizure disorder are significant risk factors for wound infection
after corrective surgery for neuromuscular scoliosis.9,49,50

Sponseller et al50 studied the incidence and risk factors asso-
ciated with deep wound infections in patients with neuromus-
cular scoliosis after spinal fusion, and reported an overall
incidence of 6.4% deep wound infection. The infection is
reported to be significantly higher in patients with the presence
of a gastrostomy/gastrojejunostomy tube. G-tube may be a
reflection of underlying poor nutritional status and overall
health. The other risk factors associated with higher infection
rate include older age, larger curve size, higher preoperative se-
rum white blood cell count, and longer operative time.

Another study looked at unplanned hospital readmissions
and reoperations after pediatric spinal fusion in 1,002
patients51 and reported surgical site infections and wound com-
plications to be the most common reason for readmission
within 90 days and reoperation. Surgical site infections and
related complications were noted to be three of the four most
common causes for readmission and reoperation. The most
common causes of readmission were wound dehiscence (1.8%),
deep wound infection (1.5%), pulmonary complications (1%),
and superficial wound infection (0.9%). Associated risk factors
include large and rigid curves, higher number of levels fused,
combined approaches,43 greater estimated blood loss, and lon-
ger length of stay.
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6.4 Case Example
A 2.5-year-old patient with severe neuromuscular scoliosis
(▶ Fig. 6.1) was considered for surgical management due to the
severity and progression of the spinal deformity. Underlying
medical comorbidities included nemaline myopathy, G-tube
dependence, tracheostomy, and a history of multiple chest and
ear infections. The planned surgical procedure included proxi-
mal and distal fixation and fusion with spanning rods to mini-
mize operative time. Intraoperatively, the patient experienced
two episodes of asystole requiring resuscitation and a breach of
the sterile field. Postoperatively, the patient developed a deep
instrumentation infection that required surgical drainage and
broad spectrum antibiotics. The patient was discharged home
after 2 weeks but arrested at home 2 months postoperatively,
sustaining extensive anoxic brain injury that led to a decision
for withdrawal of ventilator support, and the patient expired.

6.5 Ethical Considerations for
Spinal Fusion in Severe
Neuromuscular Conditions
As can be discerned from the preceding paragraphs, patients
developing neuromuscular spinal deformities are typically
medically fragile. Outcome studies are observational, and qual-
ity-of-life parameters are obtained from parents or caregivers.
Thus, some argue that decisions for high-risk interventions like
spinal reconstruction require a consideration of an ethical
framework.16 Whitaker et al16 proposed a four-topic model to
assist in the clinical decision making in which the domains of
medical indications, patient preferences, quality of life, and
contextual factors are innumerate and considered in the deci-
sion.16 While medical indications in favor of surgery include
improved alignment for sitting, the high complication rate and
equivocal impact on natural history may tilt against surgical in-
tervention. Quality-of-life considerations have only recently
been reported in a prospective study with concurrent con-
trols.50 In this study, patients with CP undergoing spinal sur-
gery reported higher quality-of-life scores than a comparison
group that did not have surgery during the time interval con-
sidered. However, uncertainty persists because this was not a
randomized comparison and, while the questionnaires used
have been validated, they are completed by the parent or care-
giver, not the patient. The fourth and final domain includes
contextual features such as the social, economic, and legal con-
siderations; thus, they are external to the patient. Although
funding models are changing, there is a tradition of treating
patients aggressively; despite the risks, withholding treatment
is seen as callous and uncaring. Furthermore, while funding
models in medicine are in flux, we still practice in a fee-for-
service environment, which by design motivates to treat. There-
fore, in the absence of strong randomized studies, the treat-
ment team in conjunction with the family must transparently
consider the indications and risks as best as possible. This proc-
ess of shared decision making is particularly important given
the heterogeneity of the neuromuscular population and the
lack of standard pathways. However, within each institution,
one should strive toward consistent care teams and treatment
pathways, which continually improve in an iterative manner
with new insights, to guide the treatment discussion.
▶Table 6.2 shows the elements of the care pathways used at
the authors’ institution.

6.6 Conclusion
Despite major advances in the medical management and the
surgical techniques, the complication rate remains highest (24–
75%) in patients with neuromuscular scoliosis.1,9 Furthermore,
many have progressive disorders for which spinal surgery will
not have a long-term impact on life expectancy. The goals of
surgery are to improve quality of life as many of these patients
have little functional ability, yet our ability to measure this
effect is subjective and relies on proxy evaluators. Thus, as
surgeons, we must be extremely cautious when embarking on
the surgical treatment of neuromuscular scoliosis. Surgical
complications are a great disappointment to the parents and

Fig. 6.1 (a,b) Supine frontal and lateral images of neuromuscular
scoliosis secondary to underlying nemaline myopathy. (c,d) Surgical
correction using growing rod constructs (pedicle screws and a side-to-
side connector).
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caregivers and they drastically increase the cost of the care.13

Often the patients are worse off after surgery than before the
surgery. Even in the successful cases, despite satisfaction in
many domains of care, such as positioning, personal care, and
comfort, overall improvement in quality of life can be small.15

Therefore, avoiding surgery may be a more prudent approach;
in the most severe cases, opting instead for nonoperative meas-
ures such as wheelchair modification and bracing may be a bet-
ter decision.52 ▶Table 6.2 shows some medical parameters that,
if present in the patient, should make the surgeon pause before
proceeding with spinal reconstruction. This chapter provides
only guidelines to help in the decision making as absolute con-
traindications to surgery are relative and depend on the exper-
tise of the surgical team, the skill of the consultants, and the
capacity of the hospital system to manage these complicated
patients.
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7 Scoliosis in Cerebral Palsy
Paul D. Sponseller and Stuart L. Mitchell

Abstract
Surgical treatment of spinal deformity in patients with cerebral
palsy is complex and has one of the highest complication rates
of any spinal deformity surgery. Most profoundly affected
patients with Gross Motor Function Classification System level
IV or V develop neuromuscular scoliosis that can be character-
ized using the Lonstein classification. It is safest to use a proac-
tive approach when deciding the optimal time to proceed with
surgery. During fusion surgery, the spine can be instrumented
using a number of options, including a precontoured “unit” rod
or segmental pedicle screw and custom-contoured rods. Pelvic
fixation can be accomplished best with the unit rod or sacral–
alar–iliac screws in custom-contoured rod constructs. Recent
outcome data have shown modest but statistically significant
improvements in caretaker satisfaction measures after surgical
treatment of spinal deformity.

Keywords: cerebral palsy, kyphosis, Lonstein classification, neu-
romuscular, pedicle screw instrumentation, pelvic fixation,
sacral–alar–iliac screws, scoliosis, spinal deformity, unit rod
instrumentation

7.1 Characteristics of Scoliosis
Specific to Patients with Cerebral
Palsy
Cerebral palsy (CP) is a static encephalopathy affecting the
immature brain that leads to secondary consequences, includ-
ing permanent motor dysfunction. There are multiple subtypes
of CP and variable degrees of impairment, as indicated by the
Gross Motor Function Classification System (GMFCS), which
often follow different clinical courses and require unique clini-
cal management. The GMFCS is a classification tool developed
by Palisano et al.1 to categorize patients with CP into one of five
levels on the basis of activities such as sitting and ambulatory
ability.2 Patients who are more severely affected also tend to
have more medical and physical problems, including spinal
deformity. Scoliosis is the most frequently occurring spinal
deformity in patients with CP. Kyphosis may occur separately or
in conjunction with scoliosis. Often, the severity of the spinal
deformity in these patients is associated with the severity and
type of CP. Spinal deformity in these patients is a complex prob-
lem that requires consideration of multiple factors when choos-
ing to proceed with surgical treatment.

7.1.1 Incidence
CP is one of the most common chronic childhood disabilities in
the developed world, with an incidence of 2 to 2.5 per 1,000 live
births.2 Reported scoliosis prevalence rates range from approxi-
mately 15 to 80% depending on the severity of neurologic
involvement (i.e., GMFCS level), patient age, and functional sta-
tus.3,4,5,6,7 There is an association between increasing incidence

and severity of scoliosis and degree of involvement of neuro-
logic impairment as it relates to the GMFCS level. However, this
may represent a confounding effect, which can be explained by
the findings of Persson-Bunke et al.8 They analyzed the associa-
tion between the development of scoliosis, GMFCS level, CP
subtype, and age at diagnosis of scoliosis in a population of chil-
dren with CP.8 They found that the proportion of patients with
scoliosis increased with GMFCS level, but that there was no sig-
nificant association with scoliosis and CP subtype independent
of GMFCS level. In their series, only children with GMFCS levels
IV and V developed scoliosis of greater 40 degrees. There is
value in subclassifying GMFCS level V on the basis of axial
motor functions. Jain et al9 has shown that additional motor
impairments in feeding (presence of gastrostomy tube), airway
control (presence of tracheostomy), speech (nonverbal status),
and cortical instability (seizures) may be tabulated to produce
subscores from 5.0 to 5.4. These predict health-related quality-
of-life scores and risk of complications and death in surgically
treated patients.

7.1.2 Natural History
The cause of neuromuscular scoliosis in CP is related to muscle
weakness, spasticity, impaired motor control, truncal imbal-
ance, and impaired sensory feedback.10,11,12,13 These factors
may lead to asymmetric spinal forces, and, initially, children
will present with flexible, postural curves.11,13 Persson-Bunke
et al8 found that the prevalence and risk of developing moder-
ate or severe scoliosis was related to age and GMFCS level. They
found that children at GMFCS level IV or V have approximately
50% risk of clinically moderate or severe scoliosis at 18 years of
age. Although most children are diagnosed after 8 years of age,
many children develop substantial curves in the juvenile or
infantile period (▶ Fig. 7.1a, b).

More severely involved children (GMFCS levels IV and V) tend
to have long, C-shaped curves, which lead to imbalance of the
pelvis.11,14 Curves that occur earlier (before 15 years of age)
tend to progress more rapidly and result in larger, stiffer
curves.6,15 The rate of progression may increase dramatically to
as much as 2 to 4 degrees per month during the adolescent
growth phase.6,16 As a patient’s curve becomes larger with age,
a structural component develops. One must also consider that
patients with CP may begin puberty much earlier or later than
typically developing children, and the age of skeletal maturity
may also vary widely.5,7,17,18 In addition, spinal deformity in
patients with CP may progress after maturity. Thometz and
Simon7 found that patients with the largest curves (> 50
degrees) at the time of skeletal maturity had the largest curve
progression.

7.1.3 Functional Effects of Scoliosis in
Children with Cerebral Palsy
Scoliosis in patients with CP may contribute to major limita-
tions in function, activity, sitting, standing, comfort, self-image,
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and social perceptions. The concept of form following function
is useful in understanding some of the physical impairments of
patients with CP. Patients with a single, long spinal curvature
tend to experience trunk decompensation, limiting the ability
to sit upright without support.12 Pelvic obliquity can result from
unbalanced curvature and can lead to abnormal pressure distri-
bution.12,14 A balanced, erect sitting position is essential for
improved health and activity in patients with CP because it
maximizes use of the upper extremities, communication,
vision, and feeding. Upright position optimizes gastrointestinal
function by decreasing aspiration and reflux with gravitational
assistance.12

An unbalanced seating position leads to excessive pressure
on the skin overlying the ischial tuberosity or, in more severe
cases, over the greater trochanter.12 This alteration in pressure
distribution can cause decubitus ulceration of soft tissues, espe-
cially if the child is unable to communicate.14 Patients with rib
prominences resulting from scoliotic rotational deformities
often experience discomfort at contact points with the iliac
crest, as well as with chairs and braces.12,13 The resultant pres-
sure ulcer and abnormal contact points may produce severe
discomfort and pain. Furthermore, the ability to perform basic
functions, such as looking forward or at keyboards, swallowing
without aspiration, and communicating, depends on an
upright sitting position.11 Nonambulatory patients also have
decreased functional capacity as a consequence of their
increased reliance on their upper extremities for balance and
physical support.10,11,13

The degree and nature of spinal deformity can affect the
overall health status and comorbidities of patients with CP. Sev-
eral studies have suggested that substantial scoliosis also leads
to impairment in cardiopulmonary function. However, Kalen et
al4 compared patients with CP and untreated scoliosis of Cobb
angles greater than 45 degrees to those CP patients with mild

or no scoliosis and found no significant difference in pulse,
oxygen saturation, functional loss, or incidence of decubiti.
They noted that adult CP patients without scoliosis had no
better cardiopulmonary function than those with scoliosis
and lost as much functional ability over time. It is important
to consider that the scoliosis itself may not be the cause of
the functional impairments but may simply represent an
additional symptom of the neuromuscular dysfunction in
patients with CP.4

7.2 Classification of Scoliotic
Curves in Cerebral Palsy
Curve types vary in number (single or double), the balance
between them, the degree of pelvic obliquity, and the degree of
kyphosis. Lonstein and Akbarnia19 published the most widely
used classification system in 1983. It classifies patients with
spinal deformities and CP or intellectual disability as group 1 if
they have a double curve with thoracic and lumbar components
and further subclassifies them as “A” if the curve is well bal-
anced or “B” if the thoracic curve is more severe with a frac-
tional, partially compensatory curve below it. Group 2 patients
have large lumbar or thoracolumbar curves with marked pelvic
obliquity and are further subclassified as “C” if there is a short
fractional curve between the end of the curve and the sacrum
(providing some degree of compensation) or “D” if the major
curve continues into the sacrum (leading to the most substan-
tial pelvic obliquity). For example, a patient with a large lumbar
curve that continues into the sacrum leading to marked pelvic
obliquity would be classified as group 2D. However, this classi-
fication does not capture all of the key elements needed for
surgical planning and therefore does not fully drive modern
surgical decision-making.

Fig. 7.1 A 6-year-old girl with profound intellec-
tual disability and cerebral palsy from anoxic
brainstem injury at birth who presented for
evaluation of rigid kyphoscoliosis. She was found
to have a 64-degree thoracic curve and a right-
sided, 85-degree thoracolumbar curve on ante-
roposterior radiograph (a). The lateral view (b)
showed thoracic kyphosis of 112 degrees.
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7.3 Nonoperative Management
Nonoperative treatment may be chosen on the basis of multiple
factors, including the curve type, the patient’s functional level,
and how the curvature is affecting other aspects of the patient’s
care. The three general types of nonoperative management are
observation, bracing, and seating modification (for patients
who rely on wheelchairs). The purpose of a brace or seating
modification is to support comfortable upright posture and aid
the functional use of the upper extremities. The use of a spinal
orthosis and seating modifications are not mutually exclusive.

7.3.1 Spinal Orthoses
Bracing is used in patients with CP with the goal of providing
postural support and potentially delaying curve progression to
allow for optimal timing of definitive spinal surgery. There is
conflicting evidence regarding the efficacy of bracing, with
some authors supporting the idea that brace use may slow
curve progression16 and others refuting this claim.11 Most
authors recommend the use of a soft brace given that the goal
of bracing is to provide postural support, not correction of the
curve. Rigid orthoses can lead to problems with skin integrity,
pulmonary function, and gastrointestinal function.9,10,12 Braces
are still widely used for children with curves in the 30- to 60-
degree range with the hope of providing periods of support or
comfort, or of slowing the curve.11,16 However, experience has
shown that children can rarely tolerate bracing for periods lon-
ger than 8 hours per day. Most experienced orthopaedists still
use orthoses as part of nonoperative care.

7.3.2 Seating Modification
Supportive features of a wheelchair can help enable better sit-
ting. These include lateral supports, head rests, chin supports,
vests, variable-angle seatbacks, custom-molded backs and seats,
and tilt-in-space systems. These features can optimize function
and delay or even prevent the need for surgery.13 Prescribing
these modifications is a technical specialty, best done in combi-
nation with a physical therapist and technician.

7.4 Surgical Management
The goals of surgical treatment of spinal deformity in patients
with CP are a combination of reactive and proactive ones that
vary among patients. Existing problems that may improve after
spinal arthrodesis include pain, feeding tolerance, respiratory
health, self-image, social perceptions, sitting position and
endurance, pelvic obliquity, and coronal and sagittal balance.13,
14 Surgical correction of spinal deformity has the benefit of
helping prevent or reduce the likelihood of the organic and
social problems mentioned previously and to halt progression
of the deformity.

7.4.1 Indications
There is no definitive set of criteria for when to proceed with
surgical treatment. Surgical decision-making involves multiple
factors, including current and future problems. It is best done

as a shared decision-making process with the patient’s medical
decision-maker, surgeon, and other important members of the
health care team. The use of a decision aid (a tool to provide
comprehensive information about a diagnosis and treatment
options) has been shown to improve knowledge gain, satisfac-
tion, and decisional conflict when deciding to proceed with
surgery in the treatment of neuromuscular scoliosis.20

Factors to consider when choosing to proceed with surgery
include patient age, functional capacity, comorbidities, curve
type, curve severity, curve flexibility, response to and tolerance
of nonoperative treatments, and desires expressed by care-
givers. Surgery should be delayed as close to maturity as possi-
ble but should be performed before the risk of complications
increases because of the greater difficulty of treating larger,
more rigid curves. Delaying surgery allows more time for the
child to grow and can help minimize the risks associated with
anesthesia and complex spine surgery at a young age. However,
this must be balanced against the progression of the curve.
Smaller curves are associated with lower complication rates
after surgery.11,21 Thus, there is justification for this “proactive”
approach to treatment with surgery before the likelihood of
complications increases. Most experts agree that the best time
to proceed with surgery is during early adolescence in patients
with well-compensated comorbidities and curves of 50 to 75°
degrees.6,10,11,19

7.4.2 Technique
Type of Instrumentation
The two most commonly used instrumentation systems are the
unit rod and segmental pedicle screws with custom-contoured
rods. Compared with older instrumentation, the unit rod
(▶ Fig. 7.2a–d) is able to accomplish better correction of spinal
curvature and pelvic obliquity with relatively low complication
rates.7,19,22 Many surgeons feel that the unit rod remains the
standard of care in patients with CP because of the ease of use,
low cost, excellent deformity correction, and low loss of correc-
tion.23 However, some caution its use in the presence of hyper-
kyphosis due to the increased risk of proximal and distal loss of
fixation in this setting.24 Segmental pedicle screw fixation is
considerably more expensive than unit rod systems but has the
benefit of using custom-bent rods, which provide more adapt-
ability. Additionally, pedicle screws are able to achieve three-
column fixation and thus have the potential to avoid anterior
release and may provide a greater degree of correction of the
major curve.22,25,26 Patients with CP often have marked osteope-
nia, limiting the strength of pedicle screw fixation at a given
level, which may limit the degree of curve correction that can
be performed.13 Many studies have compared the use of the
unit rod versus the custom-bent rod and pedicle screw fixation.
In a multicenter series of 157 patients treated with unit rod or
pedicle screws with pelvic fixation, Sponseller et al26 found that
both groups had a comparable degree of curve correction, but
the unit rod had significantly greater pelvic obliquity correction
(74 vs. 22%). The unit rod group had a significantly shorter
operative time and better maintenance of pelvic correction at 2
years but had longer intensive care unit and overall hospital
stays, required more allogeneic blood transfusions, and had a
higher rate of infection (15 vs. 5%). The unit rod may be difficult

Diagnosis Specific

42



or impossible to insert in patients with substantial asymmetry
of the pelvis in the right versus the left side.

Extent of Fusion
Choice of fusion levels primarily depends on the functional sta-
tus of the patient and the type of spinal deformity. In patients
with good trunk balance and well-compensated curves, the
deformity can be fused short of the pelvis. In other cases, the
deformity requires much more extensive treatment with fusion
proximally to the upper thoracic spine and distally to the pelvis.
Proximally, the fusion should extend to T1 or T2 and no lower
than T3 because of the increased risk of developing proximal
junctional kyphosis.13,14 Arthrodesis ending in the midthoracic
spine is associated with increased risk of proximal junctional
kyphosis because of the normal anatomic kyphosis of the
thoracic spine.14

Pelvic Fixation
The choice of distal extent of the fusion depends on the same
factors as the choice of proximal extent. Most cases require fix-
ation to the pelvis to correct pelvic obliquity.27 Patients with
Lonstein group 2, long C-shaped, decompensated curves fre-
quently have pelvic obliquity, but it is important to consider
that pelvic obliquity can be the result of multiple factors. Spinal
deformity and asymmetric contractures in the musculature
about the hip can be independent or coexistent causes of pelvic
obliquity.13 If the fusion is terminated short of the pelvis, there
is an increased risk of recurrent deformity that would require
revision surgery.13,28 However, certain circumstances allow the
surgeon to end the arthrodesis and instrumentation proximal

to the pelvis (▶ Fig. 7.3a–d). They include the following: pres-
ence of upright balance such as standing or independent sitting,
curve apex at or above T12, and no preoperative pelvic obliq-
uity above 10 degrees.

In cases that require fixation to the pelvis, multiple methods
are available. The goals of pelvic fixation are to provide ad-
equate correction of pelvic obliquity and to facilitate arthrode-
sis. This should be achieved with minimal implant prominence
and no implant failure. The Galveston technique was the ear-
liest form of pelvic fixation available, which was later incorpo-
rated into the development of the unit rod. The Galveston
technique (also used with the unit rod) provides fixation to the
pelvis through rods inserted into the iliac wings. These rods can
fail by loosening in the ilium (seen as a “windshield wiper
effect”) or by pulling out of the inferior aspect of the con-
struct.23 Pedicle screws placed in S1 and S2 are another option
for fixation, but this not commonly used because of less robust
bony purchase. Iliac screws placed directly into the ilium poste-
riorly have the benefit of increased modularity compared with
the Galveston technique; however, they tend to be prominent.
More recently described sacral–alar–iliac (SAI, also called S2AI)
screw fixation is similar to iliac screws in terms of modularity
but requires less surgical dissection for placement, has a lower
implant profile, and provides greater correction of pelvic obliq-
uity (▶ Fig. 7.4a–d).29 Shabtai et al30 recently showed that pelvic
fixation fails 75% less frequently when SAI screws are used
compared with iliac screws. Regardless of the type of fixation,
at least three pairs of anchors are needed from L4 to the pelvis
to reduce the risk of fixation failure.30 Myung et al31 found that
when bilateral L5 and S1 pedicle screws were not placed in con-
junction with two iliac screws, there was a 35% rate of early fail-
ure of pelvic fixation.

Fig. 7.2 Adolescent boy with cerebral palsy who has lumbar major and thoracic minor curves seen on the anteroposterior view (a) and focal
thoracolumbar kyphosis seen on a lateral radiograph (b). Anteroposterior image (c) obtained 1 year after posterior spinal fusion and instrumentation
with unit rod construct showing well-maintained correction. Lateral radiograph (d) showing excellent improvement of his preoperative thoracolumbar
kyphosis.
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Anterior Approach
Spinal fusion through a posterior approach can provide adequate
correction in most cases but occasionally, large (Cobb>100
degrees), stiff, or lordotic curves will require anterior release to
increase the flexibility of the curve before posterior fusion. Ante-
rior instrumentation is not always indicated in cases with
planned anterior and posterior approaches because the rigidity
of the anterior instrumentation limits the degree of correction
made posteriorly.13 Anterior release and posterior instrumenta-
tion can be performed in a staged manner with the anterior and
posterior procedures occurring on two separate days, or in a
combined, single-stage procedure on the same day. Staged and
combined procedures have been shown to produce comparable
correction of spinal deformity, but combined surgery was associ-
ated with increased mortality rate, morbidity rate, and risk of
technical complications in a comparative study of only patients
with CP.32 (For further information, refer to Chapter 21).

Use of Perioperative Traction
Traction can be used preoperatively, intraoperatively, and to
assess curve flexibility on radiographs before surgery. Preopera-
tive traction is rarely used because patients with totally
involved CP do not tolerate immobilization in traction well, and
their curves tend to be greatest distally where traction has less
effect. Intraoperative traction can be useful to safely improve
postoperative alignment and correction of pelvic obliquity.33,34

Traction can also be used to externally distract the spine to
assess curve flexibility with traction radiographs for the pur-
pose of surgical planning (▶ Fig. 7.5a–d).

Bleeding and Antifibrinolytics
Bleeding during spinal fusion can be a major cause of morbidity
and death. Patients with CP are particularly susceptible to risks

associated with increased blood loss for several reasons. In a
recent study, Jain et al35 showed that among patients under-
going posterior spinal fusion for deformity correction,
patients with CP had significantly higher normalized blood
loss than any other diagnostic group. In a subsequent study,
Jain et al36 found that patients with less body mass lose a
larger proportion of their total blood volume during posterior
spinal fusion. This is particularly important because patients
with CP tend to have smaller body size for a number of rea-
sons. Other factors that may contribute to increased blood
loss in patients with CP include use of valproic acid, depletion
of clotting factors, and poor nutritional status.37 In addition
to standard blood conservation measures, one method for
safely reducing intraoperative blood loss is antifibrinolytic
therapy. Antifibrinolytic agents have been shown to reduce
blood loss by at least one-third. Tranexamic acid is most
commonly used, but epsilon-aminocaproic acid is another
option.37

Intraoperative Neuromonitoring
The monitoring of motor evoked potentials and somatosensory
evoked potentials can be technically challenging in patients
with CP and less reliable than when used in patients with idio-
pathic scoliosis. Reliability can be limited by factors such as
hydrocephalus, periventricular leukomalacia, and encephalo-
malacia.38 Although many patients with CP are nonambula-
tory, intraoperative spinal cord injury is important to avoid
because it can lead to intraoperative hypotension, increased
spasticity, pain, incontinence, and pressure sores. Despite its
lower reliability and technical challenges, attempted intra-
operative neuromonitoring is still recommended.38 Direct
stimulation of the cervical cord may provide signals if trans-
cranial stimulation does not. (For further information, refer
to Chapter 4).

Fig. 7.3 A 15-year-old boy with cerebral palsy who presented with a 117-degree, right-sided, thoracic curve on anteroposterior view (a) with loss of
thoracic kyphosis on lateral radiograph (b). Anteroposterior (c) and lateral (d) radiographs obtained 1 year after posterior spinal fusion with segmental
pedicle screw and custom-contoured rod instrumentation with fusion short of the pelvis.
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Fig. 7.4 Anteroposterior (a) and lateral (b) ra-
diographs of a 15-year-old boy with cerebral
palsy who presented with a Lonstein Group 2-C
curve with 89-degree thoracolumbar major curve
and 30 degrees of pelvic obliquity. Follow-up
anteroposterior (c) and lateral (d) radiographs
obtained 2 years after posterior spinal fusion
from T2 to the pelvis with sacral–alar–iliac pelvic
fixation showing excellent correction that is well
maintained.
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7.4.3 Complications
The surgical treatment of spinal deformity has inherent risks,
and in patients with CP with neuromuscular spinal deformity
the rate of complications is even higher. A review of the litera-
ture shows complication rates ranging from 40 to 80%.12 In a
recent, prospective, multicenter cohort study of 127 patients
with CP who underwent spinal fusion surgery, the authors
observed 87 major perioperative complications within 90 days
of surgery in 50 patients, for a major perioperative complication
rate of 39% (50/127).39 Pulmonary complications occurred
most frequently (30%), consistent with previous data.11 Other

complications were gastrointestinal (19%), other medical (12%),
wound infection (4.7%), instrument related (1.6%), unplanned
staged surgery (0.8%), and neurologic (0.8%). (For information
on complications discussed elsewhere in this text, refer to
Chapters 22 and 25.)

Wound Infections
Wound infection after posterior spinal fusion in patients with
neuromuscular spinal deformity is much more common than in
patients with idiopathic scoliosis. Patients with CP have a 6.1 to
15% rate of surgical site infection after spinal fusion,40,41,42,43,44,

Fig. 7.5 An 11-year-old girl with totally involved
cerebral palsy evaluated for spinal fusion. She has
a 119-degree thoracolumbar curve shown on this
sitting anteroposterior view (a). Anteroposterior
(AP) traction view (b) was obtained to assess
rigidity of the curve, which showed improvement
of the curve to 75 degrees, leading to the
decision to perform the procedure all posteriorly.
The postoperative AP (c) and lateral (d) views
show excellent curve correction.
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45 and presence of a gastrostomy/gastrojejunostomy tube has
also been associated with a higher rate of infection. Gram-posi-
tive organisms are causal in greater than 50% of all orthopaedic
and neurosurgical surgical site infections.46 However, the causal
organism in patients with CP is typically gram-negative; thus, it
is reasonable to consider using perioperative antibiotic prophy-
laxis targeting gram-positive and gram-negative organisms.42

(For information regarding management of postoperative infec-
tions, refer to Chapter 23).

Postoperative Survival
In addition to overall health effects and infection, it is impor-
tant to consider how spinal fusion affects survival rates in
patients with CP. Reported postoperative mortality rates vary
considerably, from 0 to 7%.25 In one uncontrolled, observational
study of life expectancy in 288 severely affected patients with
spastic CP and neuromuscular scoliosis who underwent spinal
arthrodesis, the authors reported a postoperative mortality rate
of 1% (3/288).47 The mean age of the patients at the time of sur-
gery was 13.9 years (SD: 3.3 years), and they found a mean
long-term predicted survival of 11.2 years after surgery. They
found that only preoperative thoracic hyperkyphosis and num-
ber of days spent in the intensive care unit after surgery were
significantly associated with decreased life expectancy. How-
ever, they found no association between preoperative comor-
bidities and postoperative length of stay in the intensive care
unit.

7.5 Outcomes
In assessing and treating patients with CP and spinal deform-
ities, the best objective measure of health-related quality of life
is the Caregiver Priorities and Child Health Index of Life with
Disabilities (CPCHILD) scoring system developed by Narayanan
et al,2 which quantifies the degree of activity limitation, overall
health, and well-being of children with the most severe involve-
ment with CP as assessed by caregivers. It measures the ease of
caring for these children, and because it measures all of these
domains, it can be a useful tool to measure outcomes after
treatment. A recent prospective study found that small but stat-
istically significant improvements in CP-CHILD scores can be
observed from preoperatively to postoperatively and also when
compared with controls treated nonoperatively.48 (For more in-
formation regarding outcomes, refer to Chapter 26. )
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8 Surgical Treatment of Spinal Deformity in
Myelomeningocele
Peter G. Gabos

Abstract
The term “neuromuscular scoliosis” encompasses many unique
and distinct diagnoses in which spine deformity can have a
major impact. While some generalizations and treatment prin-
ciples may exist across diagnoses, each specific condition lends
itself to considerations that are quite unique to that patient
population. Certainly, this is no better elucidated than in the
treatment of spine deformity associated with myelomeningo-
cele. A thorough knowledge of the underlying complexities of
this patient population is required and will impact all levels of
surgical and nonsurgical decision-making. The goal of this
chapter is to elucidate the complexities present in myelomenin-
gocele specifically as they relate to decision-making in the
treatment of spinal deformity, and to highlight management
principles to optimize the safe and successful execution of sur-
gical care.

Keywords: kyphosis, myelomeningocele, neuromuscular spine
deformity, scoliosis, spinopelvic fixation

8.1 Introduction
Surgical treatment of spinal deformity in myelomeningocele
presents complex challenges that are unique to this patient
population. The combined effects of severe multiplanar spinal
deformity that can include scoliosis, kyphosis, and lordosis
along with congenital vertebral malformations, absent poste-
rior elements, abnormal pedicle anatomy, subcutaneous dura,
compromised skin, and disuse osteopenia can challenge all
aspects of surgical care. A number of confounding medical con-
ditions can also have a major impact on perioperative morbid-
ity (see text box below), all of which in combination make the
surgical treatment of spinal deformity in myelomeningocele
highly complex with the potential for significant complications.

Confounding Conditions That Can Impact
Instrumented Spinal Fusion in Myelomeningocele
● Shunted hydrocephalus
● Chiari malformation
● Tethered cord
● Neurogenic bowel and bladder
● Bladder augmentation procedures
● Thoracic insufficiency syndrome
● Latex allergy
● Truncal obesity
● Lower extremity contractures
● Insensate skin

8.2 Treatment Guidelines
In general, scoliotic curves less than 40 to 50 degrees can be
managed nonoperatively. Bracing can be utilized in select cases
to assist in truncal stabilization and hands-free sitting but
would not typically be used for curve management.1 Compro-
mised and insensate skin, anterior genitourinary and bowel
appliances, truncal obesity, and respiratory compromise can
render bracing difficult at best.

Surgical treatment of spine deformity may be indicated with
curve progression as well as other functional problems that
may be associated with increasing curvature. The impact of
scoliosis on “hands-free” sitting can result in profound loss of
functional independence. Altered pressure distribution across
the ischial tuberosities, greater trochanters, or coccyx due to
increasing pelvic obliquity can lead to ulceration over insensate
skin. Signs of respiratory decline due to progressing spinal
deformity may increase the work of breathing and lead to
increasing fatigue. In the presence of kyphosis, pressure ulcera-
tion over the apex of the kyphus can be a lifelong struggle, and
chronic ulceration and vertebral osteomyelitis can occur
(▶ Fig. 8.1).

8.3 Preoperative Evaluation
8.3.1 Radiographic Imaging
Preoperative evaluation should involve comprehensive charac-
terization of all aspects of the spinal deformity. Knowledge of

Fig. 8.1 Preoperative photograph of a chronically infected patient with
myelomeningocele who sustained skin breakdown over an area of
untreated severe lumbar kyphosis. There is a draining wound, loss of
skin coverage, spinal osteomyelitis, and exposed, necrotic vertebral
bone.
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the location of bifid or open bony segments and subcutaneously
located dural elements is critical to avoid dural tearing or fur-
ther neurologic injury, as posterior deficiencies cephalad to the
frankly obvious level of the myelomeningocele can also exist.
Pelvic and sacral anatomy must also be rigorously defined, as
the majority of patients will require stabilization and fusion to
the pelvis. Plain imaging should include posteroanterior and
lateral sitting spine and anteroposterior pelvic radiographs.
Flexibility evaluation can include supine bending, fulcrum
bending, and/or spinal traction films to assess the need for
anterior spinal release, spinal osteotomies, and/or vertebral col-
umn resection (VCR). Computed tomography (CT) scan and the
use of three-dimensional (3D) CT technology can facilitate pre-
operative planning of surgical approach, correction techniques,
and spinal and pelvic anchor placements, especially in cases
involving multiple congenital malformations where plain
radiography alone may not be sufficient. Magnetic resonance
imaging (MRI) should be considered in cases of rapidly pro-
gressing curvature as spinal cord tethering, undiagnosed
Arnold–Chiari malformation, syrinx, or progressive hydroce-
phaly from ventriculoperitoneal (VP) shunt malfunction may be
present.2,3

If the patient has a preexisting VP shunt, a preoperative shunt
evaluation should include radiographic confirmation of the
structural integrity of any shunts from point of exit from the
skull, with particular attention to the cervical region where
shunt fracture is most common. Preoperative brain CT or MRI
can be invaluable as a comparison tool for assessing postopera-
tive hydrocephalus should shunt failure after deformity correc-
tion occur. This is of particular importance if a structural failure
(separation) of a shunt is noted preoperatively, as arrested
hydrocephalus should not be assumed.4,5 Postoperatively,
radiographic confirmation of shunt integrity along its entire
length should be immediately obtained. Symptoms of hydroce-
phalus due to shunt failure can include headache, nausea, eme-
sis, lethargy, extraocular movement abnormalities, cognitive
changes, neurologic deterioration, and even respiratory arrest
and death.

8.3.2 Medical Management
A multidisciplinary approach, including consultation with neu-
rosurgery (for shunt management and consideration for dete-
thering), plastic surgery (for assistance with incisional planning,
skin closure, and wound management), urologic surgery (for
placement of preoperative urinary catheters if bladder recon-
struction or diversion procedures have been performed), and
rehabilitative medicine colleagues (for optimizing postoperative
rehabilitation and functional outcome) can solidify decisions
regarding timing of surgery and plans for postoperative
recovery.

Signs of impaired pulmonary function due to thoracic insuffi-
ciency syndrome (TIS) from increasing loss of thoracic volume
due to scoliosis, thoracic lordosis, and/or diaphragmatic intru-
sion of the abdominal contents into the thorax should be recog-
nized. On physical examination, this may present as labored
breathing, including the presence of the “Marionette sign of
Campbell.”6 Pulmonary function testing may be useful to quan-
tify the degree of pulmonary insufficiency. Radiographic meas-
ures of the space available for lung (SAL) may not adequately

characterize the degree of thoracic insufficiency in spina bifida,
as a constricted hemithorax may not be present.7 A more useful
measurement may be the Diaphragm Intrusion Index (DII),
which quantifies the SAL after upward displacement of the dia-
phragm by the abdominal cavity is accounted for (▶ Fig. 8.2).8

The DII can be calculated for each side of the thorax and so is
independent of the presence of scoliosis and a constricted
hemithorax.

Preoperative nutritional parameters including serum albu-
min and white blood cell count, urinalysis, and urinary cultures
should be obtained, and treatment of urinary tract infection
should be completed prior to surgery.9 The choice of intraope-
rative and postoperative antibiotics should be based on sensi-
tivities of preoperatively cultured urinary organisms.10

Intraoperatively, verification of the patency of a Foley catheter
placed into the urethra or a urinary diversion site is critical
throughout the procedure to avoid catheter occlusion. This is
particularly critical at bladder augmentation sites where
mucous plugging of the catheter is problematic. Catheter occlu-
sion during prolonged surgery can lead to kidney damage as
well as overwhelming urosepsis, which can lead to patient

Fig. 8.2 The technique for measuring the Diaphragm Intrusion Index
(DII). The space available for the lung is defined as the distance from
the middle of the most cephalad rib down to the center of the
hemidiaphragm (line A). The height of the hemithorax is defined as the
distance from the middle of the most cephalad rib to a point
equidistant from the spine along the most inferior rib (line B). The DII,
expressed as a percentage, is derived by dividing the space available for
the lung (line A) by the height of the hemithorax (line B). It can be
calculated for each side of the thorax, and so is independent of the
presence of scoliosis and a constricted hemithorax.
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demise postoperatively. A urinary protocol (see text box below)
should be in place and strictly adhered to.8

Alfred I. DuPont Hospital for Children Perioperative
Urologic Protocol for Spine Fusion in
Myelomeningocele5

● Urology consult preoperatively.
● Urine analysis and culture/sensitivity 14 days prior to proce-
dure; if positive, treat with antibiotics according to organism
sensitivities up until day of surgery. Repeat culture 3 days
prior to surgery. If still positive but asymptomatic, continue
to treat until surgery. If symptomatic, surgery is postponed
until fully treated.

● Incorporate organism sensitivity into selection of intraopera-
tive and postoperative antibiotic regimen.

● At surgery, urologist places urinary catheter preoperatively if
bladder reconstruction has been performed. Irrigates bladder
with Gentamicin solution (480mg gentamicin in 1 L of nor-
mal saline solution; instill 30mL into bladder, then remove
10mL to verify backflow). Foley secured.

● After final prone positioning of patient, prior to prepping
and draping, urologist verifies patency of Foley catheter by
re-irrigating bladder. Catheter adjustments made if
necessary.

● Bladder is re-irrigated during surgery if there is any reduction
in urine output, or once every hour.

Meticulous inspection of the entire skin envelope is critical,
including the skin overlying the feet and pelvic prominences.
This also includes anterior stoma and any other anterior
abdominal incisions. The posterior scar from previous neuro-
surgical closure over the neural placode should be carefully
evaluated for capillary refill, hypertrophic scar, overall mobility,
and adhesions to underlying bony structures (typically the pos-
terior superior iliac spines [PSIS]; ▶ Fig. 8.3). Areas of deep pit-
ting may be present and difficult to sterilize. Scar configuration
(midline, off-centered, cruciate, inverted “Y,” etc.) will greatly
impact incisional planning. Trunk obesity, dentition, and overall
hygiene should also be assessed.

Functional assessments should include detailed evaluation of
motor and sensory level, upper and lower extremity use, ambu-
latory function and adaptive equipment where applicable, tech-
nique of independent or caregiver self-catheterization, and
overall level of desired postoperative independence. Careful
preoperative assessment of reliance on upper extremity and
shoulder girdle function for mobility is important in counseling
the patient or family regarding the potential effects of the use
of muscle transfer flaps (if needed) on crutch, walker, or wheel-
chair propulsion. Range of motion of all major upper and lower
extremity joints should be recorded. In ambulatory patients,
hip contractures and lower limb alignment may affect ambula-
tion postoperatively and may require treatment prior to or after
any spinal surgery. Hip extension contractures can place undue
tension on the spinal implants when the child is in a sitting
position and lead to loss of fixation.

The social environment to which the child will be returning
after surgery can also greatly impact the overall success of the

procedure, and evaluation of family structure and dynamics by
a Social Work team is essential.

8.3.3 Surgical Planning
Surgical approach will vary based on curve stiffness and
severity, procedural goals, and surgeon preference, and may
include single- or two-stage anterior and/or posterior surgery.
There is literature support for almost any surgical approach in
myelomeningocele, with theoretical and real advantages and
disadvantages for each.

Historically, combined anterior and posterior arthrodesis and
instrumentation provide the best chance to achieve a durable
fusion.1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16 Anterior diskectomy improves
the flexibility and correctability of the curve, and anterior

Fig. 8.3 Residual skin incisions over the area of previous myelome-
ningocele repairs can pose a substantial risk for skin dehiscence, skin
flap necrosis, infection, and lack of adequate coverage of spinal
implants after deformity correction. (a) Diffuse, paper-thin and poorly
vascularized skin overlying the lower lumbar spine and sacrum of a
patient with myelomeningocele undergoing posterior deformity
correction. The skin is adherent to the PSIS bilaterally. (b) Cruciate
incisions with offset closures from previous gluteal flaps may pose a
risk for loss of a large area of peri-incisional skin from flap necrosis after
instrumented deformity correction. Careful planning of the surgical
incision is critical and may require consultation with a plastic surgeon
prior to the procedure.
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interbody fusion increases the stability and surface area for
fusion, especially in areas of deficient posterior elements. Ante-
rior fusion and instrumentation alone can be considered for
select curves. There may also be a role for spinal fusion without
extension to the sacrum and/or pelvis in select cases, but this
has received little attention in the literature,18 with most
authors overwhelmingly advocating spinopelvic fusion and
instrumentation.

Preoperative halo traction may be indicated for markedly stiff
and/or severe scoliosis or kyphosis. If a halo is to be placed, the
location of preexisting VP shunts must be considered.

Single-stage, posterior-only approaches have become increas-
ingly popular due to the availability of improved implants. In
cases of severe rigid deformity, advanced posterior osteotomy
techniques, including VCR, can allow for single-stage surgery.
Posterior lumbar interbody fusion (PLIF) using structural inter-
body support may help improve circumferential surface area
and construct strength, especially in those areas where posterior
elements are absent or deficient.19

Spinal cord untethering prior to spinal deformity correction
should be considered if some degree of useful lower extremity
function is present and/or if the patient shows symptoms from
tethering. Untethering may not be necessary in all asympto-
matic patients, although selection criteria for performing sco-
liosis surgery without detethering is lacking.20 Historically,
untethering has been performed prior to surgical correction of
spinal deformity but can be performed concurrently in a safe
and effective manner.21 Cordotomy is considered in select
patients with high-level lesions and must be performed cepha-
lad to dural sac closure at the selected level to avoid disruption
of cerebrospinal fluid (CSF) flow. Cordotomy can allow for bet-
ter deformity correction, potentially decreasing spasticity and
potentially positively affecting bladder function.22 In a high-
level patient with a focal spine infection, such as over a severe
kyphosis with overlying skin breakdown, cordotomy proximal
to the site of infection may help decrease the chance of dural
tear and catastrophic risk of CSF contamination (▶ Fig. 8.4).

Neuromonitoring is considered on a case-by-case basis
depending on underlying neurologic deficit. In the nonambula-
tory child with little or no lower extremity function, intraope-
rative upper extremity monitoring may be useful to prevent
brachial plexopathy or peripheral nerve compression in the
arms, especially in cases where prolonged surgical time is
anticipated.

Consultation with a plastic surgeon for incision planning and
wound closure may be helpful in optimizing wound manage-
ment and may include the use of preoperatively placed soft-tis-
sue expanders.

Latex allergy is assumed in all patients, and a latex-free envi-
ronment is standard.

8.4 Surgical Techniques
Careful attention to body positioning on the spinal operating
table must incorporate adequate padding and positioning of all
soft-tissue and bony prominences to avoid pressure ulceration.
Lower extremity positioning may be difficult in the face of sig-
nificant extremity deformity or contracture and may be time-
consuming, but its importance cannot be overemphasized to
optimize the surgery and recovery. Extending or flexing the
hips can be helpful in achieving more or less lumbar lordosis,
respectively. Patency of the Foley catheter must be confirmed
after patient positioning is finalized and is facilitated by bladder
irrigation (with a gentamicin solution). Patency is verified
throughout the spine procedure, as a mucous plug is common,
and can lead to overwhelming urosepsis. Skin incisions must
take into account preexisting skin scarring, and the skin quality
must be assessed over the ilia bilaterally if pelvic fixation will
incorporate the PSIS. If fluoroscopic imaging will be utilized for
placement of pelvic fixation, taking the necessary images prior
to prepping and draping will confirm unobstructed radio-
graphic access to the pelvis (▶ Fig. 8.5). Wide prepping and
draping should allow access to all areas of planned (or
unplanned) muscle flaps and/or skin flaps or grafts needed for
wound closure, including the posterior thighs and gluteal skin.

Meticulous handling of the skin and subcutaneous tissues is
attended to at all times. Frequent repositioning of retractors
can help avoid tissue damage and necrosis. As the skin and soft-
tissue dissection proceeds, definitive knowledge of the location
of exposed dura and posterior bony deficiencies must be taken
into account to avoid dural tearing or spinal cord injury.

Fixation options for the spine and sacropelvic region will vary
based on surgeon experience and corrective goals. For the
majority of patients, surgical goals will include restoration of
spinopelvic balance for wheelchair use, and so strategizing for
reduction of pelvic obliquity and pelvic-to-shoulder (truncal)
rotation is important. Restoring the center sacral line to a neu-
tral position to bring the head back over the pelvis in both the
sagittal and coronal planes also allows for better weight distri-
bution from the ischial tuberosities to the posterior thighs to
avoid skin breakdown and pressure ulceration. Coccygeal mor-
phology should also be noted, as surgical lordosis may impact
ulceration over this prominence in thinner children. Whichever
sacropelvic and spine instrumentation options are selected,
adherence to the principles of firm and stable fixation that is
not prominent and allows for maximizing restoration of spino-
pelvic balance is essential.

Anchors based within the posterior elements, such as subla-
minar wires or laminar hooks, cannot be utilized in regions of
frank posterior element deficiency. Pedicle screws can offer
improved versatility and strength of fixation in the spine.
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Fig. 8.4 (a,b) Clinical photographs of a patient
with high lumbar level myelomeningocele and a
deteriorating lumbar kyphosis. He has chronic
purulent drainage from skin breakdown directly
over the apex of his kyphotic segment. Skin
breakdown initially occurred during a prolonged
urologic operative procedure that required su-
pine positioning. Adequate padding and, ideally,
donut padding that suspends the kyphosis
entirely may have avoided this complication.
Progressive deformity has led to loss of hands-
free sitting. (c,d) Preoperative sitting lateral and
posteroanterior plain radiographs demonstrating
the severe lumbar kyphosis and loss of vertical
height of the lumbar spine that can lead to
crowding of the abdominal contents and dia-
phragmatic intrusion. (e,f) Postoperative sitting
lateral and posteroanterior plain radiographs
obtained 1 year after spinal cord transection
above the infected region, apical kyphectomy
and instrumented spinopelvic fusion. (g, h)
Photographs obtained 1 year after surgery. He
has achieved hands-free sitting and improved
sitting tolerance. He has a well-healed surgical
scar.

Surgical Treatment of Spinal Deformity in Myelomeningocele

53



Temporary stabilization rods placed into pedicle screws around
destabilizing osteotomies and areas of VCR can help avoid
abrupt spinal translation, typically that which occurs from the
distal spinal segment translating anteriorly. Reduction screws
and polyaxial screws allow for easier and more gradual rod cap-
ture into the screw heads, especially in osteopenic bone. Uni-
planar screws can enhance spinal derotation, typically at curve
apices and at upper and lower construct foundations. In regions
of posterior element absence, disk excision, bone grafting, and
placement of structural interbody supports from an anterior or
posterior (PLIF) approach can add stability and surface area for
fusion. When performed posteriorly, these supports are placed
prior to rod insertion.

The pedicles in the lower vertebral segments may be difficult
to access secondary to marked lateral-to-medial trajectory
(▶ Fig. 8.6). Obese body habitus combined with increased lum-
bar lordosis can pose a particularly difficult problem to cannu-
lating the pedicles. Osteotomy of the iliac wings can allow
better access and trajectory for pedicle screw placement into
the lower lumbar vertebral bodies and sacral promontory
(▶ Fig. 8.7). In regions where dense scarring and compromised

Fig. 8.5 (a,b) Prior to prepping and draping for the deformity correction procedure, fluoroscan imaging is obtained to assure unobstructed
radiographic visualization of the pelvic landmarks for iliac or sacral–alar–iliac (SAI) screw fixation. (c) The iliac teardrop presents a clearly definable and
robust channel for secure screw placement within the ilia.

Fig. 8.6 (a) Axial computed tomography (CT) image of a normal
patient demonstrating the anatomic relationships of the pedicle and
posterior iliac wing at the fifth lumbar level (L5). (b) Corresponding
axial CT image of a patient with myelomeningocele. Note the absence
of posterior elements with wide splaying of the spinous processes,
markedly abnormal lateral to medial pedicle trajectory, midline-
exposed dura, and posteriorly positioned dural sac, and obstruction to
the pedicle starting point by the posterior superior iliac spine.

Fig. 8.7 Osteotomy of the iliac wings (a) can
allow better access and trajectory for pedicle
screw placement into the lower lumbar vertebrae
and sacral promontory (b).
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skin overlie the posterior iliac spines, osteotomizing the poste-
rior iliac crest and leaving a thin rim of crest cartilage (if
present) can also serve to prevent skin tearing in compromised
and adherent areas. Iliac osteotomy should be performed with
caution if PSIS screw placement is desired as it may compro-
mise fixation.

Multiple surgical techniques have been described for sacro-
pelvic fixation, including Galveston, Dunn–McCarthy, and
Warner–Fackler.23,24,25,26 Iliac screws provide strong pelvic fixa-
tion and may avoid some of the complications of S-hook or
Dunn–McCarthy fixation.27 Second sacral–alar–iliac (SAI) screw
fixation allows deeper seating of the iliac screws to avoid skin
breakdown over the screw heads and caudal spinal rods and is
not compromised by iliac crest osteotomy. In most cases, the
SAI screw allows rod seating directly from the spine to pelvis
without the need for offsets or other lateral connectors to link
up the rod, which may eliminate an area of potential fixation
failure.28 Placement of the caudal lumbar screws and/or sacral
promontory screws (if utilized) prior to selection of the start
point for SAI screw insertion is helpful if in-line seating of the
rod is desired (▶ Fig. 8.8). If more standard iliac screw place-
ment from a PSIS starting point is desired, recession of the

screw head into a surgically created iliac slot in the PSIS should
be performed to avoid implant prominence (▶ Fig. 8.9). Other
fixation options would include sacral fixation utilizing S1
promontory screws and screws directed cephalad and lateral
from S2 to the sacral ala if the pelvis cannot be cannulated for
some reason (▶ Fig. 8.10).

Techniques of rod placement for deformity correction will
vary depending on surgical goals and surgeon preference. Prin-
ciples of load-sharing across multiple points of fixation and
gradual rod reduction should be adhered to in order to prevent
pullout of implants in osteopenic bone. Rod reduction techni-
ques can vary from sequential versus simultaneous dual rod
placement. When placing dual rods simultaneously, a surgeon-
contoured or precontoured set of rods can be linked proximally
with a cross-connector similar to unit rod instrumentation uti-
lizing cantilever correction. In this case, the pelvic screws are
captured first, followed by caudal to cephalad gradual rod cap-
ture maintaining constant manual pressure on the rods as they
are reduced to the spine. En bloc versus segmental rotational
correction can be achieved with uniplanar screw fixation, typi-
cally utilized at curve apices. Other corrective techniques can
include translational correction, distraction (to restore kyphosis

Fig. 8.8 Placing lower lumbar and sacral screws prior to the sacral–alar–iliac (SAI) screws can help accommodate in-line seating of the spinal fixation
rods. (a) In this photo, the most proximal screw is in L5 and was placed first (after completing a PLIF at L5–S1), the middle screw is in S1, and the most
distal screw is the SAI screw, placed last. (b) Intraoperative fluoroscan image demonstrating the final placement of the SAI screw into the lower
quadrant of the iliac teardrop. (c) Image shows the straight alignment of the L5 pedicle screws, S1 promontory screws, and SAI pelvic screws. The
screws were placed in that sequence to allow rod seating directly from the spine to the pelvis without the need for any type of lateral or offset
connector to the pelvic fixation.
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and/or gain concave curve correction) and compression (to
restore lordosis and/or convex curve correction), and in situ rod
bending, although this must be weighed against the overall
quality of the bone and the strength of the fixation. After initial
correction is completed, intraoperative fluoroscan images allow
for assessment of any residual pelvic obliquity, which can be
further improved utilizing compression or distraction across
the lumbosacral and pelvic fixation points. A full-length lateral
spinal plain radiograph is also performed to assess overall sagit-
tal contour prior to wound closure. Addition of antibiotics to
the spinal wound at the time of surgical closure or directly into
the bone graft utilized for fusion may decrease infection rates29

(▶ Fig. 8.11).

8.5 Wound Management
Operative success is critically impacted by wound management.
Skin and muscle closure in these patients can be extremely
complex, and inability to gain stable coverage over the spine
and implants can lead to catastrophic deep infection. The use of
preoperative skin expanders may be considered in some cases.
Careful skin and soft-tissue handling during the entire proce-
dure is important. Mobilization of large soft-tissue flaps,
muscle rotation flaps from the latissimus dorsi or abdominal
obliques, and skin grafting may be necessary. Use of periopera-
tive deep and superficial drains may help alleviate swelling and
its subsequent effect on skin tension. Occlusive dressings must
be skillfully applied, especially around the gluteal fold, where
fecal contamination can undermine the dressing. Specialized air
mattresses for use during postoperative recovery are utilized.
Frequent inspection of the dressing for soiling or liftoff must be
performed, and the wound must be inspected closely for signs
of dehiscence, infection, or contamination.

8.6 Postoperative Care
The majority of patients will recover in an intensive care unit
(ICU) setting until they are medically stabilized. The patient is
mobilized as soon as possible. If a dural repair was required,
they are managed flat in bed for 48 hours to protect the repair.
Their existing wheelchair may need modifications and should
be evaluated. Daily inspections of the dressing are performed,
and the lower portion is always kept resealed with a waterproof
occlusive dressing to prevent soiling. Any surgical drains are
kept in place until output totals less than approximately 50 to
100mL of fluid per day. Aggressive postoperative nutrition via
hyperalimentation may be utilized to support wound healing.
Weightbearing, if applicable, and transfer training are started as
tolerated.

Fig. 8.9 If posterior superior iliac spine fixation is chosen, a surgically
created iliac slot will help avoid implant prominence. A lateral
connector or offset is needed to link up the spinal fixation rods to the
pelvic implants.

Fig. 8.10 (a,b) S1 promontory screws and screws directed cephalad
and lateral from S2 to the sacral ala can be utilized if the pelvis cannot
be cannulated for some reason.
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Fig. 8.11 Case example of a midlumbar level,
nonambulatory patient referred with myelome-
ningocele and a progressive kyphoscoliosis that
was previously managed with spinal growing rods
which fractured and were removed. (a,b) Clinical
photos demonstrating a significant kyphoscolio-
sis. The patient has a healed cruciate incision over
the lower lumbosacral spine that is densely
adherent to the posterior iliac crests. (c,d)
Preoperative sitting posteroanterior and lateral
radiographs demonstrate significant kyphosco-
liosis. (e,f) Postoperative sitting posteroanterior
and lateral radiographs 4 years after instru-
mented spinopelvic fusion using the techniques
described in this chapter. (g) Clinical photo
demonstrates a well-balanced spine and pelvis.
There were no postoperative complications.
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9 The Patient with Spinal Cord Injury: Surgical
Considerations
Joshua M. Pahys, Amer F. Samdani, and Randal R. Betz

Abstract
The incidence of the development of scoliosis in young patients
with spinal cord injury (SCI) is essentially 100% if they are
injured before the age of 10 years and 67% if they are injured
prior to skeletal maturity. Patients with scoliosis secondary to
SCI can benefit from different strategies such as prophylactic
bracing, especially if started immediately following the injury,
as this has been shown to delay or even eliminate the need for
spinal fusion. Aligning the spine during a fusion in a sitting pos-
ture with a level pelvis and proper sagittal alignment to maxi-
mize the patient’s independence and function as well as reduce
the potential for decubitus ulcerations is critical. Relatively early
fusion to minimize the surgical complication risks should also
be considered. Failure to recognize the compensatory move-
ment patterns that the patient with SCI may be utilizing prior
to a spinal fusion may result in unanticipated postoperative
challenges in management. A comprehensive team approach
with physical/occupational therapy, wheelchair specialists,
orthotists, rehabilitation medicine physicians, and orthopaedic
surgeons is therefore highly recommended to provide optimal
global care for this patient population. When a surgical treat-
ment is recommended by the team, patients with scoliosis sec-
ondary to SCI can continue to lead full and active lives after
spinal fusion.

Keywords: paralytic scoliosis, pelvic obliquity, sagittal balance,
spinal cord injury, spinal fusion

9.1 Etiology
Spinal deformity as a result of spinal cord injury (SCI) most
commonly affects children and adolescents, but may also
impact adults. The coronal and/or sagittal plane deformity typi-
cally develops secondary to muscle weakness and/or imbalance.
The development of progressive kyphosis alone can also
present as a residual deformity following a fracture or iatro-
genic injury secondary to a laminectomy possibly performed at
the time of initial surgical decompression/stabilization.1

9.2 Prevalence
The prevalence of scoliosis in SCI is quite high, especially when
an injury occurs in a younger patient. Lancourt et al2 reported
that the prevalence of scoliosis was 100% in patients with SCI
under the age of 10 years, 19% in patients from 11 to 16 years,
and 12% in patients over 16 years of age. Dearolf et al3 found
that the risk of surgery for spinal deformity resulting from SCI
was 67% if the injury occurred prior to maturity. Mulcahey et
al4 reported that children injured before the age of 12 years
were 3.7 times more likely to require a spinal fusion as com-
pared to those injured after the age of 12 years in a study of 217
children with SCI.

A multitude of problems can be incurred as a result of spinal
deformity in a patient with SCI. Most notably, the spinal
deformity may lead to significant pelvic obliquity that results in
poor sitting balance; this puts the patient at risk for pressure
ulcerations from asymmetrical sitting and increased unilateral
ischial weight bearing. Further, poor sitting ability can inhibit
upper extremity function and lead to difficulties with fitting
and using lower extremity orthotics. It has been shown that
gastrointestinal dysfunction can result from severe pelvic obliq-
uity, while a patient’s cardiopulmonary status can be negatively
impacted when the spinal deformity progresses above 80 to 90
degrees (▶ Fig. 9.1a, b).

9.3 Management
9.3.1 Nonoperative
Bracing
Historically, the timing and efficacy of bracing for paralytic scolio-
sis has been debated. The standard bracing protocols for idio-
pathic scoliosis were often followed for patients with SCI, and
bracing was initiated only after the curves progressed to greater
than 25 degrees in growing children. However, more recently,
Mehta et al5 evaluated a more aggressive bracing regimen at
Shriners Hospitals for Children—Philadelphia. The study demon-
strated a significant reduction in the need for surgery when brace
treatment was initiated on curves less than 20 degrees. There was
a trend toward a reduction in the need for surgery if bracing was
started when the curves measured 21 to 40 degrees, although this
was not statistically significant (p=0.08). There was minimal to
no effect on risk of surgery when bracing was initiated on curves
greater than 40 degrees. The timing of surgery was also evaluated
in the study and demonstrated similar trends with regard to ear-
lier bracing. There was a significantly prolonged delay in the need
for surgery of over 4 years when patients were braced with a
curve measuring less than 10 degrees. A 3-year delay was noted
when bracing was initiated for curves between 11 and 20
degrees. Finally, only a 1-year delay in surgery was identified
when bracing was started for curves between 21 and 40 degrees.

Compliance with brace wear can be a challenge with any
pediatric patient.6 However, this hurdle is increased for children
with preexisting functional limitations secondary to SCI. A
study of pediatric patients with SCI demonstrated a 28% reduc-
tion in the reachable workspace when the children were wear-
ing a thoracolumbosacral orthosis (TLSO).7 These potential
limitations in upper extremity range of motion can compromise
a patient’s independence and may hinder their compliance. Pre-
liminary studies performed at the author’s institution have
unfortunately been underpowered to provide sufficient evi-
dence on brace wear compliance in this patient population.
However, given that approximately two-thirds of all patients
who sustain an SCI prior to maturity will require a spinal
fusion, the practitioner must aggressively pursue and
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encourage nonoperative management to potentially diminish
and/or delay this unacceptably high risk of surgery.

Wheelchair Modification
Additional and/or alternative options do exist that attempt to
prevent or delay the progression of spinal deformity. Lateral
supports on a wheelchair may or may not affect curve progres-
sion but can be useful to improve sitting balance and allow use
of the arms. The patient’s wheelchair should be intermittently
pressure mapped to identify areas of increased dependence
due to pelvic obliquity. Variations can be made in seating mate-
rials and custommolding to attempt to reduce the development
of pressure ulcerations.

Lower Extremity Orthotics
Ambulation for patients with incomplete SCI should be encour-
aged if motor strength allows. While not specifically evaluated
in the pediatric SCI population, it has been shown that main-
taining some upright mobility can diminish the risk for signifi-
cant curve development and progression in patients with
Duchenne muscular dystrophy.8,9 The spinal orthosis can be uti-
lized as the pelvic portion of a hip–knee–ankle–foot orthosis
(HKAFO). Alternatively, the pelvic portion of the HKAFO can be
modified to fit over the spinal orthosis to allow concomitant
wear of both braces.

9.3.2 Surgical
Indications for Surgery
Surgical intervention is recommended for progressive spinal
deformity secondary to SCI when the curvatures progress to

greater than 40 degrees in a growing child and/or signifi-
cant functional limitations are encountered related to the
deformity. The nature of the procedure is contingent on the
patient’s age and skeletal maturity. Typically, standard spi-
nal fusions can be performed on children older than 10
years of age, whereas specialized instrumentation allowing
for continued spine and chest wall growth is considered
for patients younger than 10 years who have significant
deformities.

The threshold curve magnitude of greater than 40 degrees
for surgical intervention in skeletally immature patients was
derived in part from the study of patients with spina bifida.
Müller et al10 reported an average progression of 13 degrees
per year once the curve exceeded 40 degrees in patients with
spina bifida. Complication rates have also been reported to be
significantly higher for surgical intervention with larger spinal
deformities (> 70 degrees).11 Despite this, for some younger
patients with flexible curves, surgical intervention may be
delayed beyond 40 degrees in hopes of reaching enough growth
to warrant a definitive fusion, avoiding the challenges of
“growth friendly” systems.

Spinal fusion may also be considered for scoliosis in a
skeletally mature patient with SCI if the deformity leads to
significant functional limitations. Poor sitting balance can
result in pressure ulcerations on the dependent buttocks
and hip. Further, sitting imbalance can restrict the maximal
capacity of the patient’s upper extremities if the leaning
requires an arm for stabilization. Lastly, cardiopulmonary
function has also been shown to be negatively impacted by
severe spinal deformity. There are no objective studies of the
indications for recommending spinal fusion to mature
patients with SCI.

Fig. 9.1 (a) A 13-year-old male patient sustained a complete spinal cord injury (SCI) at an early age and subsequently developed severe, progressive
spinal deformity. His scoliosis measured greater than 80 degrees, with 22 degrees of pelvic obliquity. (b) The lateral radiograph demonstrates kyphosis
across the thoracolumbar junction, which commonly develops in patients with SCI who are skeletally immature. Postoperative posteroanterior (c) and
lateral (d) images demonstrate excellent correction of the spinal deformity in both the sagittal and the coronal planes after a posterior spinal fusion
from T2 to the sacrum/pelvis. The preoperative pelvic obliquity has been corrected to achieve a well-balanced, level pelvis.
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Growing Instrumentation
Standard spinal fusion is typically avoided in patients under the
age of 10 years, as significant spinal height and chest wall
growth remain in this age group. Two posterior distraction–
based options for progressive curves in this age group are grow-
ing rods and the vertical expandable prosthetic titanium rib
(VEPTR), each of which can be lengthened at regular intervals
during a child’s growth. The growing rods are connected to the
spine at the proximal and distal aspects of the construct with
hooks and/or pedicle screws. The VEPTR differs in part from
growing rods in that its proximal fixation point is laterally on
the rib rather than on the spine. These systems have rods/con-
nectors, which allow progressive lengthening at regular inter-
vals, typically every 6 months, to keep up with the patient’s
spinal growth. Externally driven, magnetically controlled grow-
ing rods and growth guidance rod systems are also an option
for those with early onset scoliosis. Anterior vertebral growth
modulation with a tethering implant may also be considered
for some in the juvenile age group.

However, there are no studies to date that specifically evalu-
ate the use of growing systems in patients with SCI. Unfortu-
nately, these constructs carry a significantly high complication
rate of 25 to 72% in the able-bodied population.12,13,14 In the
authors’ experience, this risk is much higher in the SCI popula-
tion. Children with SCI are already prone to urinary tract and
respiratory infections. This risk is increased with the need for
surgical lengthening procedures of the growing instrumenta-
tion every 6 months. Typically, most patients with growing sys-
tems will eventually undergo a spinal fusion.

Preoperative Workup
The preoperative evaluation includes a rigorous medical and
anesthesia workup. We recommend a 30-minute chlorhexidine
gluconate solution back scrub starting 3 days preoperatively.
Many of these patients are on an every-other-day bowel pro-
gram, and we ensure a bowel movement the day prior to sur-
gery. Patients with SCI may develop deep venous thrombosis
(DVT), and preoperative ultrasound of all four extremities is
performed. These often reveal clinically insignificant, chronic
superficial vein thrombosis, which then provides a baseline for
comparison postoperatively. However, there have been reports
of patients having clots in deep veins that may require treat-
ment before surgery.15

A preoperative evaluation by physical and occupational ther-
apy is also valuable. The purpose of this evaluation is multifold:
first, the therapist can educate the patient and family about the
potential positive and negative functional consequences of a
straighter, yet stiffer, spine. They emphasize the effect on activ-
ities of daily living (ADLs) that the patient currently performs.
Part of this evaluation may include placing a rigid TLSO on the
patient to emulate the lost motion anticipated following a spi-
nal fusion. In addition, the TLSO trial on patients with high tet-
raplegia can predict what happens with loss of compensatory
movement patterns that may affect upper extremity function
following a spinal fusion. The preoperative physical therapy
evaluation also reinforces the postoperative restrictions. Gener-
ally, patients are not allowed to self-propel their wheelchair,
assist in transfers, or flex their hips past 90 degrees for a period

of 6 months. Power wheelchairs may aid in maintaining inde-
pendence in mobility.

The preoperative evaluation includes standard posteroante-
rior/lateral sitting full-spine radiographs (▶ Fig. 9.1a, b) and
supine full-spine bend or traction films. An X-ray of the hips
and pelvis is essential to understand the status of the hip joints
with regard to dysplasia/dislocation. In particular, a high-qual-
ity sitting lateral radiograph is imperative, as these patients rely
on an exaggerated kyphosis to permit the performance of ADLs,
including self-catheterization and feeding. We analyzed the
sagittal profile in 30 patients with SCI at our center and found
that the usually neutral T10–L2 region measured a kyphosis of
19.8 degrees (▶ Fig. 9.1b). Similarly, the lumbar lordosis aver-
aged 9.8 degrees.16 Thus, fusing these patients with a “normal”
sagittal thoracic kyphosis and lumbar lordosis may represent
substantial change and prevent them from performing many
activities at their preoperative level. This is particularly true of
patients with cervical-level injuries and limited upper extrem-
ity functioning. It is very instructive for the surgeon to observe
these patients performing ADLs to truly appreciate the impor-
tance of maintaining their kyphosis. When a patient with tetra-
plegia cannot sit up, the authors will make a temporary TLSO
and see how the patient can function. If the patient does well in
the TLSO, then a lateral radiograph in the TLSO is obtained and
the rods are bent to match.

Intraoperative Management
Similar to other patients with neuromuscular scoliosis, these
patients may benefit from the use of antifibrinolytics, although
this should be weighed against the potential increased risk of
DVT. The surgeon should also consider the use of a central line,
as patients with cervical-level injuries may demonstrate hemo-
dynamic instability secondary to autonomic dysfunction.17 Fur-
thermore, the anesthesia team should refrain from the use of
succinylcholine, as it may cause release of potassium and sud-
den cardiac arrest.18

The infection rate for scoliosis surgery in patients with SCI
has been reported to be 16% in a recent large-volume retrospec-
tive study.19 Intraoperative antibiotics, therefore, should
include coverage of gram-positive and gram-negative bacteria.
We prefer cefazolin and gentamicin, with vancomycin substitut-
ing when there is a penicillin allergy. In addition, many have
begun to mix vancomycin with the bone graft and/or use van-
comycin powder spread on the wound surfaces prior to closure
to decrease the incidence of infection.20,21

Intraoperative neuromonitoring is typically feasible in the
paralytic and neuromuscular scoliosis population, with the
exception of monitoring neurologic function below the level of
a complete SCI.22,23 As such, intraoperative neuromonitoring
with somatosensory evoked potentials and motor evoked
potentials is recommended for all cases with any neurologic
function distal to the levels of planned surgery. Neurologic
injury is a potentially devastating complication to an
already impaired population. Neuromonitoring can also pro-
vide information for the upper extremities that may require
repositioning after being in a prolonged, static position. Fur-
ther (or any) loss of bladder control and protective sensa-
tion can compound the risk of decubiti in patients with
incomplete SCI.

The Patient with Spinal Cord Injury: Surgical Considerations

61



Traditionally, the entire thoracolumbar spine is fused from T1
or T2 to the sacrum/pelvis. This allows for complete control of
the thoracolumbar spine as well as stabilization and correction
of pelvic obliquity, which plays a significant role in sitting bal-
ance. Recent trends in instrumentation have shifted from “unit
rods” and sublaminar wires/hooks to segmental pedicle screws
and iliac wing fixation with large screws. Pedicle screw instru-
mentation provides purchase into all three columns of the ver-
tebra, providing a powerful corrective and stabilizing force24

(▶ Fig. 9.1c, d). Obtaining a DEXA (dual-energy X-ray absorpti-
ometry) scan preoperatively to assess a patient’s bone mineral
density can be considered. This may impact the number and
type (pedicle screws, hooks, wires, hybrid combination, etc.) of
anchors necessary to achieve a stable spinal fusion construct.25

Larger diameter pedicle screws or pedicle screws with both
cortical and cancellous threads can be a good adjunct when
bone density is low.

Intraoperatively, the authors have found the use of a “T
square” as described by Vernon Tolo useful for confirming the
proper correction of pelvic obliquity.26 Two rods are attached in
a perpendicular fashion to form a “T,” with the horizontal rod
overlying the acetabulum bilaterally parallel to the pelvis and
the vertical rod over the center sacral vertical line, with posi-
tioning of both confirmed by fluoroscopy. If the spine and pelvis
are properly balanced, the vertical rod will intersect the center
of T1. If this is not the case, further correction in the form of
compression, distraction, or rod contouring may be indicated
(▶ Fig. 9.2a–e).

The surgeon must also be aware of hip instability in patients
with SCI potentially resulting in hip subluxation or dislocation.
McCarthy et al27 reported hip instability in 100% of patients
injured before the age of 5 years and in 93% of patients injured
before the age of 10 years. The authors typically recommend
treatment of the scoliosis prior to treatment of significant hip
instability, if pelvic osteotomies would be required, as the ori-
entation and alignment of the pelvis may change following spi-
nal fusion. Hip contractures can often occur after spinal fusion
in patients with SCI and may require soft-tissue releases if med-
ication and stretching are ineffective.28 Pelvic fixation screws
placed near the acetabulum may interfere with subsequent pel-
vic osteotomies, of which both the hip and spine surgeons
should be aware.

Postoperative Care
Postoperatively, there are significant forces placed on the fixa-
tion of the spinal implants into the bone, especially with rota-
tion and bending of the trunk. These forces and a lack of
sensation at times will lead to the development of a nonunion.
For this reason, it is important to minimize these forces by
restricting independent transfers and requesting use of a power
wheelchair for 6 months. Patients may be prescribed a brace
(TLSO) postoperatively to minimize motion across the fused
segments and reduce stress within the implants. If a brace is
recommended, a material should be considered that is not too
rigid so the risk to insensate skin is minimized.

Since many of these patients are not continent of urine or
stool, we strictly enforce covering the inferior one-third of the
wound with a Bioclusive dressing at all times for the first 2 to 4
weeks after surgery. The authors recommend initiating DVT

prophylaxis with the use of sequential compressive devices on
the day of surgery until approximately 1 week postoperatively.
At this point, pharmacologic DVT prophylaxis is suggested for a
total of 6 weeks. Given the high risk of developing a DVT, the
authors suggest a postoperative Doppler ultrasound of all four
extremities at 1 to 2 weeks postoperatively.

9.4 Outcomes
The goals for spinal alignment include recreating a comfortable,
functional, and cosmetically pleasing sitting position for the pa-
tient with balanced shoulders and a spine as well aligned in
space as possible. Another important consideration is proper
weight distribution and prevention of pressure sores. Preopera-
tive skin pressure mapping assessment is possible to determine
areas of concern for future skin breakdown. If the pressure dis-
tribution preoperatively is acceptable, then reproducing the
patient’s sagittal alignment should maintain a similar pressure
distribution postoperatively. In a study by Drummond et al,29

weight distributions in normal sitting should be 21% in each
posterior thigh, 18% over each ischial tuberosity, and 5% over
the sacrum. It is valuable to perform pressure mapping after
spinal fusion when the patient first sits up to assure there are
no abnormally high skin pressure areas. It is critical to proac-
tively prevent pressure sores postoperatively not only for the
patient’s overall well-being, but also specifically to prevent
development of decubiti that may also lead to a spinal wound
infection.

9.5 Complications
The risks of major perioperative complications in the patient
with neuromuscular scoliosis and SCI are certainly higher than
in the able-bodied patient with idiopathic scoliosis. A recent
study by Samdani et al30 of 127 patients with cerebral palsy
(CP) reported a 39% incidence of major perioperative complica-
tions following spinal fusion. Surgery for patients with SCI with
spasticity is very similar to surgery for patients with CP and
therefore shares similar risk factors. The magnitude of the spi-
nal deformity was also identified as a risk factor for major com-
plications in a second study of 45 patients with SCI who
underwent posterior spinal fusion.11 There was a significantly
higher rate of major complications in patients with curves 70
degrees or greater (36%) versus curves less than 70 degrees
(21%). The treatment for postoperative spinal fusion infection
typically involves formal operative debridement(s). The need
for complete removal of the implants has been shown to be
reduced in neuromuscular scoliosis with the use of negative
pressure wound dressings after debridement.31 Given the risk
of pseudarthrosis in this population, all attempts should be
made to maintain the spinal instrumentation (or replace it) fol-
lowing a postoperative wound infection.32

9.5.1 Pseudarthrosis
A pseudarthrosis, or nonunion of the spinal fusion, has been
reported in 2 to 29% of pediatric patients with SCI.33 This may
be identified by pain, progression of the deformity, and/or
implant breakage. Treatment of the pseudarthrosis often
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requires revision instrumentation and fusion. Bone morphoge-
netic protein (BMP) has been used in recent years to help obtain
an early fusion or as an adjunct for pseudarthrosis treatment.
The use of BMP may be acceptable for use in patients with SCI
who are several years out from their initial injury. However,
research has suggested that the use of BMP with a recent SCI
may trigger detrimental changes and adversely affect functional
recovery.34 The importance of this is likely more related to the

use of BMP in the acute trauma setting, but further studies with
chronic injuries are needed.

Untreated pseudarthrosis may lead to Charcot arthropathy of
the spine. This phenomenon, unique to patients with SCI, arises
from loss of joint sensation and proprioception. Delay in diag-
nosis of Charcot arthropathy in patients with SCI may lead to
the development of neurologic changes including loss of pre-
vious spasticity. This complication can be devastating to a

Fig. 9.2 Example of the use of an intraoperative T bar placed parallel to the pelvis (a) demonstrates the center sacral vertical line is initially to the left of
T1 (b). Additional correction and placement of a second rod subsequently centers the T bar over T1 (c,d). This correlates with postoperative images
that demonstrate proper coronal balance (e).

The Patient with Spinal Cord Injury: Surgical Considerations

63



patient with SCI, as any loss of their already compromised neu-
rologic function can significantly alter their independence and/
or protective sensation35 (▶ Fig. 9.3a–f).

9.6 Conclusion
The management of spinal deformity in patients with an SCI
begins at the time of their initial treatment. The variety of both
functional and medical challenges that will develop depends
greatly on the level and completeness of the neurologic deficit
as well as the age of onset. A collapsing spinal deformity may
lead to deteriorating independence, increased risk of pressure-
related skin breakdown, and loss of sitting height. The same
concerns may also exist postoperatively for a poorly selected
patient undergoing spinal instrumentation and fusion. Both the
decision-making and technical execution require expertise in
order to ideally manage a child with spinal deformity following
an SCI. A team approach that engages the patient/family is
required so that all of the risks, benefits, and expectations fol-
lowing a generally extensive posterior spinal fusion (T2–pelvis)
can be understood.
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10 The Spine in Duchenne Muscular Dystrophy
Benjamin Alman

Abstract
Duchenne muscular dystrophy (DMD) is a recessive X-linked
disorder resulting in progressive muscle weakness. Untreated
boys develop a relentlessly progressive scoliosis, resulting in
historic recommendations for surgery once a curve progresses.
There is no evidence that bracing alters the natural history. Glu-
cocorticoid treatment results in a substantial modulation in the
progressive decline in muscle strength and results in a decrease
in the incidence of scoliosis and need for surgery. Boys should
be offered this therapy when diagnosed. If surgery is required,
instrumentation and fusion from the upper thoracic spine to
the sacrum is recommended. There is no evidence that one
instrumentation technique (e.g., sublaminar wiring vs. pedicle
screws) is superior over others. While some have suggested
shorter instrumentation and fusion levels, there is no evidence
that longer levels are associated with complications, and given
the progressive decline in muscle function over time, such
approaches should be used with caution. When needed, spinal
surgery should be undertaken before the progressive muscle
weakness leads to a higher chance of perioperative pulmonary
and cardiac complications. New drug therapies are under devel-
opment, and these may further reduce the need for surgical in-
tervention in boys with DMD.

Keywords: Duchenne muscular dystrophy, fusion levels, gluco-
corticoid, muscle weakness

10.1 Introduction
Duchenne muscular dystrophy (DMD) is a recessive X-linked
disorder resulting from mutations in the gene encoding for dys-
trophin. Dystrophin is an intracytoplasmic protein that func-
tions as a component of a large glycoprotein complex whose
function is to stabilize the sarcolemma. When dystrophin is
nonfunctional, the glycoprotein complex is compromised and
the resulting membrane instability and increased mechanical
stress results in myofiber necrosis, which triggers a state of
muscle inflammation. A chronic state of mononuclear cell infil-
tration precedes the onset of weakness in the DMD muscle,1

and this inflammatory state affects state affects the skeleton
and spine.

DMD is the most prevalent form of muscular dystrophy in
children, affecting approximately 1 in 4,700 males.2 While there
is variability in the phenotype of boys with DMD, the clinical
manifestations in untreated children follow a predictable
course. This progressive disorder is characterized by muscle
fiber degeneration causing gradual worsening of muscle weak-
ness. The onset of weakness usually occurs between 2 and 3
years of age, and is subtle at first. Weakness begins in the prox-
imal musculature, and the Gower’s sign, in which children use
their arms to “climb up their body” when standing from the
floor, can be used to suggest this diagnosis in young children.
The weakness is progressive, and walking ability slowly
declines. This decline in ambulatory capability is associated

with hypertrophy of the musculature and the development of
contractures. An infiltration of fatty-fibrous tissue into the
muscles causes hypertrophy and contributes to contracture
development. By the teen years, patients become full-time
wheelchair users. The progressive muscle weakness affects res-
piratory function and eventually cardiac function. There is a
roughly 2% per year decline in predicted pulmonary function
tests. Ultimately, patients succumb to the disease in their third
decade of life from respiratory decline and/or cardiomyopathy.

10.2 Natural History of Scoliosis
Almost all untreated boys with this disorder develop progres-
sive scoliosis. While muscle weakness is the principle cause,
some authors believe there may be other contributing factors.3

For instance, kyphosis associated with full-time wheelchair use
may unlock the facet joints allowing for more lateral motion4;
others have suggested that the chronic inflammatory state
causes contracture of the paraspinal musculature that in turn
could act as a tether.3,5 Spinal deformity starts after boys
become full-time wheelchair users.6,7 The one exception is boys
with a hyperextended spine. However, this is a rare occurrence,
and since studies evaluating the natural history were under-
taken before genetic testing was in widespread use, it is not
clear if these boys did indeed have a mutation in the DMD gene.
There is relentless progression once a scoliotic curve reaches 20
degrees in a nonambulatory child, although the pace of pro-
gression varies from patient to patient.8 A subpopulation of
boys develop very large curves that make seating difficult,
resulting in pain and a rather poor overall quality of life.7 There
is also a progressive decline in pulmonary function, although it
is not clear if the scoliosis progression is directly related to the
pulmonary decline.9,10

10.3 Glucocorticoid Treatment in
Duchenne Muscular Dystrophy
Over the past decade, glucocorticoids, such as prednisone and
deflazacort, have come into widespread use in DMD. These
agents were initially utilized for short time periods in boys
transitioning to full-time wheelchair use. They were found to
slow the decline in strength, but concerns about side effects
and the finding that once the agents were stopped strength
returned to the same level as in boys who did not use the drugs
limited their use. However, starting in the late 1990s, long-term
glucocorticoid treatment was attempted in patients to deter-
mine if the benefits would outweigh possible side effects. The
initial cohort of boys treated with long-term deflazacort now
has been followed for 20 years. Treatment with deflazacort
results in a significant slowing of the progressive decline in
muscle strength and function, pulmonary function, and cardiac
function. This results in continuation of mobility, a decreased
incidence of skeletal deformity, and improved survival.11,12,13

Side effects of therapy, however, do exist, such as cataracts and
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osteoporosis, resulting in long bone and vertebral compression
fractures.11,12,13 These side effects can be managed with appro-
priate ophthalmologic and medical management. Interestingly,
however, a recent population study14 found that steroid use did
not increase fracture incidence, raising the possibility that long-
term suppression of the inflammation associated with the dis-
ease by glucocorticoids may also improve bone health. While
there have been discussions about the relative efficacy of differ-
ent glucocorticoids, there is no comparative data showing the
superiority of one drug over another.

10.4 Nonoperative Management
of Scoliosis
Although there have been attempts to control scoliosis progres-
sion with bracing in DMD, spinal orthosis use has not been
shown to alter the natural history of curve progression.4

Extremity surgery and bracing to keep boys standing longer
was at one time thought to slow scoliosis progression, by keep-
ing the lumbar spine lordotic and “locking” the facets, but this
too has not been shown to alter the natural history of relentless
curve progression.15

Long-term use of glucocorticoids results in a substantial
attenuation in the natural history of scoliosis development.
Early analysis of a cohort of boys treated with glucocorticoids
showed an 80% decline in the chance of developing scoliosis by
age 20 years.16 Long-term follow-up of this cohort showed that
this reduced rate of developing scoliosis persists into adulthood
(▶ Fig. 10.1).17 In addition, data from acquired paralysis suggest
that if the spine remains relatively straight after skeletal matur-
ity, it is unlikely to progress in later life.18,19 Data from more
recent studies confirm a substantially reduced rate of develop-
ment of scoliosis in other cohorts of boys treated with glucocor-
ticoids.12,20,21 Not all these studies found as dramatic a
reduction in the development of scoliosis as in the early
reported cohort. However, taken together, these studies suggest
a dose response effect in the prevention of scoliosis and slowing
its progression rate from over 90% to less than 30%. There is still
much to be learned about the impact of this treatment on
scoliosis, including the duration of treatment needed and

long-term risks. Compliance is likely also an issue, and boys
using the drug intermittently are less likely to show an effect.

10.5 Surgical Management
Because of the relentless progression, surgery is recommended
for boys with progressive curves. Rationale for this is an
improvement in quality of life and the belief that surgery will
slow the decline in pulmonary function. However, the lack of
clinical trials has led to a Cochrane collaborative report22 on
scoliosis surgery in DMD concluding that there is no evidence
on which to recommend surgery. Furthermore, the effect of
surgery on pulmonary function is controversial, with some
studies showing a protective effect of surgery and others show-
ing no effect.10,23,24 Due to the inherent problems identifying an
appropriate control group for pulmonary function studies, it is
likely that the studies showing little or no positive effect on pul-
monary function are accurate. In contrast, multiple studies
show a positive impact on physical function, sitting balance and
tolerance, pain, and quality of life.25,26,27,28 Since curves progress
after 20 degrees, spinal instrumentation and fusion are recom-
mended in nonambulatory patients who have a spinal curve
greater than this magnitude, primarily to prevent further curve
progression and improve/maintain sitting balance. Early sur-
gery is preferable, as the worsening of pulmonary and cardiac
function over time increases the medical and anesthetic com-
plications associated with surgery. While initial recommenda-
tions were for surgery to be performed in boys with pulmonary
function tests above 30% predictive values, using more modern
anesthetic approaches, surgery can be safely performed once
values fall below this range.29

This relatively low Cobb angle threshold for surgery is
selected since the curves are relentlessly progressive.8,30

Patients taking corticosteroids may still develop a scoliosis, but
the progression is less predictable, so waiting until there is evi-
dence of clear progression is a reasonable approach. There are
little data on which to base treatment recommendations in
boys treated with corticosteroids, and as such there are no uni-
versally accepted treatment recommendations. A conservative
approach is to instrument and fuse the spine once the curve
progresses beyond 20 degrees. However, not all these curves

Fig. 10.1 Chance of developing a curve of greater
than 20 degrees in a cohort of patients taking
corticosteroids compared to a control group by
age. There is a substantial reduction in the
development of scoliosis in the group taking
corticosteroids.
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will progress, and since pulmonary and cardiac function does
not deteriorate as quickly when taking steroids, one can reason-
ably monitor the boys’ spines as long as they have pulmonary
function testing above 30% predicted values. Surgery is recom-
mended using the same criteria as for other etiologies of spinal
deformity, primarily based on symptoms, seating difficulty, and
progression. These boys may also develop a collapsing kyphosis
after they become full-time wheelchair users. In a minority of
boys, this may become severe and symptomatic, but this is usu-
ally due to associated vertebral compression fractures. Appro-
priate treatment to optimize bone health/density may help.

Surgical instrumentation should include the upper thoracic
spine and extend into the pelvis in patients with a pelvic obliq-
uity of greater than 15 degrees.31,32,33,34 In those without pelvic
obliquity, fusion to the lower lumbar vertebra is sufficient. It is
important to balance the head over the pelvis, with the goal of

surgical intervention to prevent further progression and
improve sitting tolerance, as this can correlate with quality of
life.25,35 While there are a number of studies analyzing different
instrumentation techniques,30,33,36,37,38,39,40 there is no evidence
that there is an advantage of any particular approach. Impor-
tantly, none of the comparative studies have the power or long
enough follow-up to conclusively recommend one approach
over another. Screws, wires, or hooks to achieve segmental
instrumentation of the spine all can be successfully utilized, as
long as the head can be centered over the pelvis (▶ Fig. 10.2).
However, it makes practical sense that screws provide superior
fixation in the lumbar spine and should be considered if instru-
mentation will stop in the lumbar region rather than extending
distally, and this is supported by data from a comparative ser-
ies.36 Allograft is probably a better source of bone graft than
autologous iliac crest, especially if instrumentation into the

Fig. 10.2 Instrumentation and fusion of the spine in Duchenne muscular dystrophy to balance the head over the pelvis using different approaches. (a)
A preoperative sitting radiograph. (b) A postoperative radiograph showing a balanced spine treated using a unit rod and sublaminar wires. (c) A
postoperative radiograph from a similar case, using pedicle screws and hooks.
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pelvis is used for stabilization to the sacrum.41 The complication
rate in DMD is not significantly different than that of other neu-
romuscular conditions, although hepatic failure has also been
reported.42,43 Anesthetic techniques can be optimized by under-
going careful preoperative assessment and avoiding inhala-
tional agents that can have deleterious effects44,45,46,47 so that
patients ideally can be extubated in the operating room, and
even patients with poor pulmonary function can safely undergo
surgery.27,48 Invasive ventilation with a tracheostomy can pro-
long survival required in more severely affected boys,49 but
end-of-life and palliative care discussions should be held when
making decisions around this treatment approach.50

10.6 Conclusion
The management of the spine in DMD has changed dramatically
in the past 20 years. The more widespread use of corticostero-
ids has substantially reduced the need for scoliosis surgery, and
advances in anesthetic technique and instrumentation have
resulted in substantially improved surgical outcomes. Current
research into improved pharmacologic approaches to DMD will
likely result in even fewer patients progressing to the need for
scoliosis surgery and in improved overall survival rate and qual-
ity of life.
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11 Spinal Muscular Atrophy
Benjamin D. Roye and Michael G. Vitale

Abstract
The incidence of scoliosis in children with spinal muscular atro-
phy syndrome types I–III is 60 to 95%, with severity correlating
directly with disease severity. Surgical management of progres-
sive spinal (especially greater than 50 degrees) and truncal
deformity in these patients is generally recommended to help
preserve respiratory and gastrointestinal function as well as to
facilitate positioning. Complications are not uncommon (aver-
aging one complication per patient in some studies) and
include surgical site infection, pneumonia, and implant fixation
failure. These patients’ myriad medical comorbidities necessi-
tate focused attention and multidisciplinary management to
minimize risks of surgery. Surgical options include insertion of
growth-friendly implants, such as externally controlled mag-
netic growing rods, in the younger patients and spinal fusion in
more mature patients. Surgical treatment of scoliosis has been
shown to improve radiographic parameters, including Cobb
angle, trunk height, space available for lung, and pelvic obliq-
uity. Data regarding the effect of surgery on pulmonary param-
eters are less clear, with some studies showing slowed but not
reversed deterioration of pulmonary function tests and moder-
ate improvements in self-reported pulmonary function. With
the advent of effective pharmacological treatments requiring
intrathecal administration, it is paramount that when fusion is
performed, at least two lumbar levels are skipped (“skip con-
structs”) to allow continued intrathecal access.

Keywords: growing rods, intrathecal drug treatment, spinal
muscular atrophy

11.1 Etiology and Pathogenesis of
Spinal Muscular Atrophy
11.1.1 Introduction and Epidemiology
Spinal muscular atrophy (SMA) is one of a diverse group of neu-
romuscular disorders that presents variably from the newborn
period to much later in life, even as late as the third or fourth
decade.1 The disease usually manifests itself as hypotonia and
weakness.1 This autosomal recessive neurodegenerative disor-
der occurs in as many as 1 of every 10,000 live births, with a
reported carrier frequency between 1.7 and 2.5% of the general
population.1 Currently, there are no preventative therapies, and
the mainstay of treatment after diagnosis is supportive therapy
aimed at addressing specific symptoms.2 Currently, an investi-
gational gene therapy that acts to replace the defective gene
through intrathecal injections holds promise.3

11.1.2 Etiology and Genetics
SMA is caused by the degeneration of the alpha motor neurons
of the anterior horn cells of the spinal cord as well as the motor
nuclei of the brainstem.4 In approximately 99% of patients, the
etiology of this degeneration is thought to be a homozygous

deletion in the survival motor neuron 1 gene (SMN1),5,6 found
on chromosome 5q13.2. The most often reported mutation
within the SMN1 gene is a deletion of exon 7, with approxi-
mately 94% of patients with SMA having a homozygous deletion
of exon 7.7 The SMN1 gene codes for a protein which, when
produced correctly, inhibits neuronal apoptosis.8 In patients
with SMA, it is this loss-of-function mutation that results in the
neurodegenerative aspects of the disease process.8

Disease severity seems to be closely related to the levels of
SMN1 protein deficiency, although the ability to predict SMA
severity from genotype alone is limited and not recommended
in clinical practice.6,9 There is also evidence that survival motor
neuron 2 (SMN2), a gene differing only in the nucleotide change
from C to T in exon 7, affects phenotypical expression of dis-
ease.4,9,10 SMN2 codes for the production of survival motor neu-
rons, albeit in smaller numbers than SMN1, and there is
evidence that increased levels of SMN2 correlate with less
severe forms of SMA11

There are currently two theories as to how the deletion
within SMN1 causes SMA. The first theory asserts that this
deletion impairs the assembly of small ribonucleoprotein (RNP)
subunits of the spliceosome, resulting in disruption of motor
neuron circuitry.6,12 A second theory postulates that the SMN1
deletion inhibits mRNA transport within neurons.6,13

11.1.3 Initial Presentation, Diagnosis,
and Genetic Screening
A diagnosis of SMA should be entertained in any child present-
ing with delayed milestones, symmetric proximal muscle weak-
ness (ranging from mild to flaccid paralysis [greater in the
lower limbs]), or diminished or absent deep tendon reflexes,
with or without fasciculations.14 A weak cry, poor suck and
swallow reflex resulting in excess secretions, and aspiration
may also be indicative of SMA, and should prompt further
investigation.14

Once clinical suspicion is established, genetic testing for a
homozygous deletion in exons 7 and 8 of the SMN1 gene can
confirm the diagnosis.13 In most cases, genetic testing alone can
make a diagnosis, but if an SMN1 deletion is not found, a diag-
nosis can be confirmed through the use of electromyography,
muscle biopsy, and nerve conduction studies.7,13 In those with a
family history of SMA, a prenatal diagnosis can be made,
although population-wide genetic screening is not currently
recommended.1,15

11.1.4 Classification Types and
Pathogenesis
Once a diagnosis is made, it is important to determine the sub-
type of disease. There are currently four subtypes of SMA,
which are defined by age on onset and functional disability.6

SMA type I, or Werdnig–Hoffmann disease, is the most severe
form of this disorder and presents within the neonatal period,
typically before 6 months of age, although some signs may be
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evident in utero, such as decreased fetal movement.13 Neonates
with SMA often present with poor swallowing, loss of deep ten-
don reflexes, poor head control, tongue atrophy, and fascicula-
tions, as well as intercostal muscle weakness.6 They never
develop the ability to sit independently. In the past, this disease
has led to very early death, often within the first year of life.16

However, advances in treatment, including aggressive respira-
tory support that often includes tracheostomy and ventilator
support, has dramatically increased the life expectancy of these
children.13

SMA type II (intermediate) presents between 7 and 18
months. These patients present with delayed milestones,
although most develop the ability to sit independently, with the
defining characteristic of this subtype being the ability to main-
tain a sitting position unsupported.13 Some patients with SMA
type II are ultimately able to stand with the support of a stand-
ing frame or leg braces, although they lack the ability to walk.13

Children with SMA type II also typically suffer from swallowing
difficulty due to bulbar weakness and may have trouble gaining
weight.13 They also have weak intercostal muscles, resulting in
difficulty clearing tracheal secretions.13 Patients also suffer
from joint contractures, scoliosis, and pulmonary comorbidities
that contribute to a decreased life expectancy.6,13

SMA type III (Kugelberg–Welander disease) presents after 18
months of age.6,13 Patients within this subtype achieve inde-
pendent ambulation, although this may deteriorate throughout
life.13 Difficulty with mucociliary clearance and swallowing,
while less common than in SMA type II, is also present in
patients with SMA type III.13 These patients often have less
severe pulmonary manifestations of their disease, and in those
who continue to ambulate, life expectancy may often approach
that of the general population.17 These patients suffer from
musculoskeletal overuse syndromes, scoliosis, hip abductor
weakness (which causes a Trendelenburg lurch), and increased
lumbar lordosis.6

SMA type IV (adult onset), the least severe subtype of this
condition, presents within the second or third decade of life
and results in similar, albeit less severe, symptomatology as
SMA type III.16 Patients are able to ambulate without assistance
and may experience mild motor impairment but do not typi-
cally suffer from respiratory or gastrointestinal manifestations
of disease.13

11.1.5 Relevance to Orthopaedics
In all subtypes of SMA, there are significant comorbidities,
including pulmonary, gastrointestinal, and orthopaedic compli-
cations. Scoliosis, in particular, has been reported in between
60 and 95% of patients with SMA types I–III, with the severity
of scoliosis and degree of progression directly related to SMA
subtype and age of onset.6,18 The prevalence of scoliosis is also
highly influenced by the ambulatory status of the patient.18

Nearly all patients with SMA types I and II will develop scolio-
sis, while the incidence is as low as 50% in those with SMA type
III.7,18 Pelvic obliquity and kyphosis are also associated with
SMA, further complicating the clinical picture.6 Hip dislocations
are ubiquitous in more involved patients, although, as these
patients are not ambulatory, surgical treatment is rarely indi-
cated. Given the extent of orthopaedic complications in SMA,
all patients with SMA should be seen regularly by an

orthopaedic surgeon with experience treating patients with
neuromuscular disease.

11.2 Disease-Specific Deformity
Characteristics and Comorbidities
11.2.1 Patterns of Deformity
The orthopaedic manifestations of SMA include hip disloca-
tions, joint contractures of the upper and lower extremities,
and, perhaps most significantly, scoliosis. While the patterns of
deformity are generally similar to those seen in other neuro-
muscular diseases, there are without question distinct charac-
teristics that are specific to SMA that need to be understood to
properly care for this challenging population. These include
early age of onset, rapid rate of progression, and the unique
severe chest wall deformities.

Spinal Deformity
Scoliosis is nearly ubiquitous in children with SMA types I and
II. Not surprisingly, the pattern of deformity does vary with dis-
ease involvement. For example, while most cases of scoliosis in
this population are long C-shaped thoracolumbar curves
(▶ Fig. 11.1),19 as commonly seen in a variety of neuromuscular
diseases,6 double major curve patterns are more common in
children who are less severely affected. The incidence of double
major curves is approximately 33% in children who can sit (type
II) and only 12% in those who are unable to sit (type I).19 The
laterality of the curves varies significantly and is approximately
2:1 left:right for curves in patients with type II, while it is closer
to 1:1 in patients with type III.19 In addition to the frontal plane
deformity, sagittal plane deformities are common as in other
paralytic disorders such as Duchenne muscular dystrophy.20

The age of onset of scoliosis for these patients is almost always
early in life (4.5 years for type II).21 Pelvic obliquity is common,
which affects sitting balance, and is typically proportional to the
magnitude of scoliosis.22 For children with SMA capable of ambu-
lation (type III), the incidence of scoliosis is lower, with the

Fig. 11.1 (a,b) Typical C-shaped deformities with pelvic obliquity.
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timing of onset typically related to the age at which SMA
becomes manifest. Overall, for children with all types of SMA
type III, the age of onset of deformity is approximately 10 years.21

Chest Wall Deformity
Dr. Robert Campbell helped us recognize that in many cases of
early-onset scoliosis, it was not the spine deformity per se that
causes problems, but rather the resultant deformities of the
chest wall that can be the major source of morbidity.23 In some
cases, there can be chest wall deformities that are secondary to
spinal deformities, while in other cases the primary issue can
be the rib cage such as in cases of rib fusions and some syn-
dromes including Jeune’s syndrome.24 The effect of the thoracic
wall deformity is diminished effective lung capacity because of
decreasing space available for the lung and often chest wall
compliance as well.25 In SMA, there is typically a chest wall
deformity, known as a parasol deformity, that develops inde-
pendently of any underlying spinal deformity (▶ Fig. 11.2). This
is seen in other paralytic neuromuscular disorders, such as
Duchenne muscular dystrophy, and has a negative effect on
lung function that is amplified by any underlying scoliosis.26

11.2.2 Comorbidities
Children with SMA, especially those with types I and II, are
among the most fragile orthopaedic patients. There are multi-
ple issues that need to be tightly managed to minimize compli-
cations in the perioperative period. Many of these factors were
recently delineated in a consensus statement from a group of
medical experts specializing in SMA.13

Respiratory Issues
Pulmonary problems are probably the most significant chal-
lenge in managing patients with SMA. Their profound weakness

impairs coughing, making it difficult to clear secretions.13 The
weakness also results in hypoventilation when sleeping. These
two factors lead to frequent, recurrent infections, both from
aspiration and from more typical airborne pathogens, and the
recurrent infections themselves can exacerbate muscle
weakness.13

Gastrointestinal and Nutritional Issues
Gastrointestinal dysfunction results from both bulbar dysfunc-
tion and gastroesophageal dysmotility.6 They thus have difficul-
ties swallowing and protecting their airway, as well as with
digestion once the food has passed the oropharynx. This results
in a high rate of aspiration pneumonia, which can be deadly in
these patients. The other result of these difficulties is malnutri-
tion. This leads to poor growth, which, combined with their
scant subcutaneous fat, makes prominence of most spinal
implants a potential problem. These issues are most noticeable
in patients with SMA types I and II, and are less of an issue with
less involved type II and type III patients, where excessive
weight can occur.13

11.2.3 Disorder-Specific Techniques
Perioperative Considerations
Surgical management of spinal deformity in children with SMA
begins well before entering the operating room. As discussed
previously, these patients are fragile, and complication rates are
significant. It is critical to optimize these patients prior to sur-
gery to ensure the best possible outcomes. Preoperative evalua-
tion by their pulmonary and gastrointestinal (GI) specialists to
optimize their preoperative status and to obtain guidance on
postoperative management is mandatory. It is important not to
overlook the nutritional status and to consider delaying cases
where nutrition is suboptimal for a given patient.

Fig. 11.2 (a) Chest radiograph of 4-year-old boy
with type I SMA. Scoliosis is clearly present, but
his ribs look to be in good position. (b) Several
years later, there is clear drooping, or “para-
soling” of the ribs, especially on the left. The ribs
are much more drooped despite minimal
changes in the scoliosis.
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When obtaining consent from these families for surgery, one
must make sure the family is aware of the risks involved,
including possible need for prolonged ventilatory support and
the risk of infection and instrumentation-related problems.
There is much literature on the risks of surgery in these fragile
and complex patients, and the number of complications per
patient in many studies exceeds 1 with growth-sparing
techniques.

Infection control is of particular concern as infection rates in
this population can exceed 10 to 15%. Certainly, proper ma-
nagement of the patient’s nutritional status is important in
minimizing infection risk, but also having and following a strin-
gent protocol that includes pre-, intra-, and postoperative inter-
ventions is critical.27

Postsurgical medical management is critical. There are sev-
eral established protocols with recommendations for this
period. In general, most patients with SMA undergoing spinal
surgery should be extubated to BiPAP (bilevel positive airway
pressure) in the pediatric intensive care unit, and this should be
followed by an aggressive program of pulmonary toilet to
include cough assist and chest physiotherapy.28,29,30

Nutritionally, it is important to avoid prolonged fasting after
surgery—many patients may require prolonged intubation or
may be unable to otherwise take enteral feedings. Additionally,
any patient undergoing major surgery suffers a period of rela-
tive stasis of their GI tract, and this is especially true for patients
with underlying dysmotility issues. For this reason, the use of
peripheral parenteral nutrition should be strongly considered
to reduce the likelihood of the patient becoming catabolic and
developing metabolic decompensation.13

Surgical Management
Surgery is almost always indicated for progressive scoliosis in
this population. Orthotic treatment with spine bracing is used
frequently on the hope that it will slow progression of the
curve,31 although there is no evidence for this. The authors
rarely use bracing, except for soft jackets to assist with position-
ing, because of the detrimental effect on respiratory capacity.32

Surgical Indications
Although it sounds obvious, the first consideration in surgical
management is the surgical indication. There are multiple fac-
tors at play here, including the age and size of the patient, his/
her medical fragility, the magnitude of the deformity, the rate
of change of the deformity (i.e., how quickly has it progressed),
and the impact of the deformity on the patient’s health and
quality of life. Clearly, in such a complex setting, there is no one
formulaic approach that works for every patient.

Another factor to consider is what type of surgery to perform
—while growth-sparing surgeries are widely used in this popu-
lation, there are those who make the argument that waiting
until the child is mature enough for a definitive fusion makes
sense, even if that means accepting a relative large deformity in
the interim. There is no published evidence for this in the SMA
population, but this approach does obviate the significant prob-
lems with stiffness and difficulty getting additional correction
in fusion procedures done in the growth-friendly surgical
“graduate.”33

Growth-Sparing Techniques

Soft-Tissue Considerations
As most patients with SMA develop scoliosis early in life, the
initial management of spinal deformity usually utilizes growth-
sparing techniques. These patients are often very small without
much subcutaneous fat or lean muscle mass. This makes metic-
ulous handling of the soft tissues critical. Any skin flaps that are
needed during exposure must be full thickness, and, if possible,
incisions in fascia should not be directly over the anchor points
to help protect the suture line from breakdown. There is some
evidence to suggest that use of plastic surgeons to assist with
opening and closing some difficult wounds may reduce the rate
of infection in patients with neuromuscular disorders.34

Implant Considerations
It behooves the surgeon to use low-profile implants, preferably
one of the few systems designed for this indication. There
are several options for anchor points. For cephalad fixation,
there are hooks and cradles that can be used for rib fixation
(▶ Fig. 11.3) as well as more standard pedicle screws. Other
options include sublaminar fixation with bands, wires, or even
hooks, although the authors prefer other points of fixation due
to the particularly tenuous nature of laminar bone in these
patients. In general, the authors prefer multiple points of rib
fixation with broad up-going hooks (▶ Fig. 11.4a–c), and
pedicle screws are reserved as a backup when rib fixation fails
(▶ Fig. 11.4c). We have found that using at least three points of
fixation per side has reduced our cephalad fixation failure rate,
and there is recent published evidence to support this as well.35

Additionally, we try to achieve some of our rib fixation laterally
to support the rib cage and protect against parasoling of the rib
cage (▶ Fig. 11.5). Although a recent study showed no difference
in rib cage morphology between spine-based and rib-based fix-
ation,26 the study did not seem to utilize lateral attachment of
the rib fixation, which creates a longer lever arm to push up on
the rib.

For caudal fixation, the options are pelvic hooks that sit on
the iliac crest or screws in the lumbosacral spine. Both work
well, but prominence and pain seem to be more common with
pelvic hooks, so we currently tend to utilize screws. In keeping
with our philosophy of three fixation points, we us L5, S1, and
S2 alar-iliac screws when possible. These provide a solid base

Fig. 11.3 Images of hooks (a) and cradles (b) frequently used for rib
fixation in growing constructs.
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and the screws can be used at the time of definitive fusion in
the future.

Definitive Fusion Techniques
While fusing the spine of a child with SMA is similar to the pro-
cedure done in children with other neuromuscular disease,
there is one specific technical aspect to consider. With the
advent of intrathecal medications that have been shown to

reverse the effects of SMA syndrome in many patients,36 access
to the intrathecal space must be maintained when fusing these
spines. That means skipping one to two levels in the fusion by
neither exposing nor instrumenting levels in the mid-to-lower
lumbar spine (e.g., L2–L3, L3–L4). This “skip construct”
(▶ Fig. 11.6) preserves the interlaminar space to permit future
medication administration. There are even some patients who
had their fusions done prior to the advent of this treatment
who are requesting surgery to create access with a laminotomy.

Fig. 11.4 Typical growing constructs with (a) rib hook to pelvic hook fixation, (b) rib cradle to pelvic hook, and (c) proximal rib hooks and screws to
pelvic/sacral screw fixation.

Fig. 11.5 (a-c) Growing constructs with outriggers designed to support the rib cage laterally to help control drooping of the rib cage.
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The same pre- and postoperative medical considerations cer-
tainly still apply, however, and the need for parenteral nutrition
is highlighted to a greater degree as these surgeries take a
major toll and children are likely to be intubated for a longer
period of time.

For the population of children with SMA syndrome who
undergo growing instrumentation, transitioning them from
their growth-friendly implant as they approach maturity is a
challenging problem with more than one answer. One factor to
consider is that the spines of children who have had growing
instrumentation for any period of time become incredibly stiff.
Therefore, if planning to achieve any significant change in the
curve magnitude or balance, then it is usually necessary to plan
on doing osteotomies. This certainly increases the magnitude
and risk of the surgery. The best way to avoid this is to achieve
and maintain good balance with the growing system the child
lives with prior to fusion.

A second consideration would be to not perform a definitive
fusion on a child who has been treated with growing instru-
mentation. These are obviously low-demand patients and, as
we have seen, their spines become to a large degree autofused
over time with growing instrumentation. While there is little
literature to guide us on the ideal way to handle the so-called
“growing instrumentation graduate” leaving the implants in
place may be an option for some patients.

11.3 Evidence-Based Outcomes
There are few outcomes studies evaluating spine surgery specif-
ically in children with SMA. To be sure, there are many
published articles assaying outcomes in children with

neuromuscular scoliosis, but even in the studies that selectively
look at flaccid forms of scoliosis, SMA makes up a small per-
centage of these patient populations.20,37,38,39 This makes it dif-
ficult to draw meaningful conclusions from these studies.
Additionally, the vast majority of the studies here are only level
4 evidence. In this section, we focus on studies specifically
describing outcomes in patients with SMA.

11.3.1 Outcomes of Growing
Instrumentation
Complications
As mentioned earlier, the majority of scoliosis in this population
begins early in life and requires growth-sparing implants. Many
studies have demonstrated the high rate of complications with
this surgery. A preliminary short-term study showed a 20%
complication rate with minimum follow-up of 24 months.40 A
separate study conducted from a database review had a mini-
mum follow-up of 54 months and demonstrated that complica-
tions after surgery occur at double the rate when compared to
idiopathic infantile or juvenile scoliosis treated similarly with
growing instrumentation (1.1 complication per patient vs. 0.5
complications per patient).41 Complications include infection
and implant fixation failure, as well as respiratory problems.

Radiographic and Physiologic Outcomes
There seems to be agreement in multiple studies that good
radiographic outcomes are achievable. Improvements in Cobb
angle ranged from 40 to 60% with little loss at last follow-up.40,
41 Improvements in pelvic obliquity (65%), space available for
lung ratio (9%), and trunk height (8.7 cm) have also been dem-
onstrated.41,42 On the other hand, rib collapse (parasoling) was
shown not to improve in two separate studies.26,41 Finally, while
absolute forced vital capacity (FVC) has been shown to improve,
there is evidence that predicted FVC diminishes over time in
children with type II SMA.42

11.3.2 Outcomes of Spinal Fusion
There are less data on the results of fusion in this population. A
study out of Singapore demonstrated 65% improvement in Cobb
angle and, even more importantly, demonstrated a slowing in
the rate of decline in respiratory function as defined by FVC. In
this study of children with type II and III SMA, with most sur-
geries occurring in the 1980s, FVC declined at 7.7% per year
before surgery and at 3.8% postoperatively (44-month follow-
up).43 A second study of fusion in immature patients with SMA
(open triradiate cartilage) also demonstrated an initial correc-
tion in Cobb angle of 61% and pelvic obliquity improvement of
53%.44 There was loss of correction, and at last follow-up (mini-
mum 5 years), Cobb correction had fallen to 44%. They found
that fusing to the pelvis was protective as all patients who were
not fused to the pelvis had significant progression of their fused
major curve. Two other recent articles, both out of Asia, showed
not only good radiographic results, but also stabilization, and in
some cases improvement, of respiratory function in long-term
follow-up.45,46

Fig. 11.6 “Skip construct” used when doing long fusion in patients
with spinal muscular atrophy.
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12 Other Neuromuscular Conditions: Rett Syndrome,
Charcot–Marie–Tooth Disease, and Friedreich’s Ataxia
Keith R. Bachman and Vidyadhar V. Upasani

Abstract
Rett syndrome, Charcot–Marie–Tooth disease, and Friedreich’s
ataxia are unique neuromuscular conditions which require
special attention. As our understanding of the underlying
etiology for these diseases continues to expand, our treatment
approaches need to be refined to improve patient outcomes.
Ultimately, genetic and medical advances may improve the
musculoskeletal impact of these diseases and lead to improved
quality of life for these patients and their families.

Keywords: Charcot–marie–tooth disease, Friedreich’s ataxia,
Rett syndrome

12.1 Rett Syndrome
12.1.1 Etiology and Pathogenesis
Rett syndrome is a progressive neurodevelopmental disorder. It
was first described by Dr. Andreas Rett1 in 1966 and given the
eponym by Hagberg et al in 1983.2 This condition is thought to
affect approximately 1 in 10,000 females and is often due to a
sporadic mutation of the methyl-CpG-binding protein 2 gene
(MECP2) on the X-chromosome.3,4,5 This gene mutation has
been shown to affect cells in the locus coeruleus, which is
responsible for noradrenergic innervation to the cerebral cortex
and hippocampus.6 In fewer than 10% of cases, mutations in
other genes including CDKL5 or FOXG1have also been identi-
fied in these patients.7 The predominance of females with Rett
syndrome is due to the sex-linked mutation, and males with
MECP2 gene mutations either do not survive to term or die
before the age of 2 years due to a severe encephalopathy.

Children with Rett syndrome typically undergo normal
development in the early stages of growth and then regress in
motor and language function. Four stages of this syndrome have
been described.8,9 During the antenatal period, the child devel-
ops normally for the first 6 to 10 months of life. Between 1.5 to
3 years of age, there is regression of volitional hand movements
and speech, as well as social withdrawal. This is followed by a
plateau phase during which the symptoms stabilize for several
years, until eventually there is late regression of motor function
resulting in progressive scoliosis, dystonia, and spasticity. Due
to this characteristic progression of symptoms, the diagnosis of
Rett syndrome is often based on clinical assessment and is then
verified by genetic testing.10

Females with Rett syndrome can often live up to 40 years or
more. A recent publication from the Australian Rett Syndrome
Database reported a likelihood of survival of 77.6% at 20 years
and 59.8% at 37 years.11 In their cohort of 396 adult female
patients with Rett syndrome, over 50% were ambulating

(most with assistive devices), and two-thirds (64%) were taking
antiepileptic medications. Scoliosis was the most common
orthopaedic condition in these patients, affecting 86% of the
cohort, with 40% of those having undergone corrective surgery.
Bassett and Tolo reported on 258 patients from the Interna-
tional Rett Syndrome Association and identified a 46% inci-
dence of scoliosis in that cohort.12 They reported that bracing
was largely unsuccessful to control curve progression during
adolescence, and surgical correction and fusion was required in
the majority of patients.

12.1.2 Disease-Specific Deformity
Characteristics and Comorbidities
Patients with Rett syndrome typically present with a long C-
shaped thoracolumbar curve in the coronal plane and increased
global sagittal kyphosis similar to the deformity observed in
other neuromuscular conditions. Most patients also develop a
pelvic obliquity with concomitant hip instability. The deformity
can be rapidly progressive during adolescence due to vertebral
growth as well as progressive neuromuscular imbalance and
spasticity as described previously in the fourth stage of this dis-
ease. Some studies have reported deformity progression of 14
to 21 degrees per year,13,14 with continued progression after
skeletal maturity.15 While the spinal deformity remains flexible
during childhood, the curve often becomes structural and rigid
early in adolescence (▶ Fig. 12.1). Brace treatment can be used
as a temporizing measure in patients with a flexible deformity
or in patients with significant medical comorbidities and con-
traindications to surgical treatment.

Patients with Rett syndrome are especially medically labile
and have numerous medical comorbidities that need to be
managed by a multidisciplinary team. Epilepsy is present in up
to 80% of affected individuals.16 Although about 50% of seizures
can be controlled by medications, intractable epilepsy is more
common in girls with decelerated head growth and can be trig-
gered in the perioperative period due to physiologic stresses of
surgery. Irregular breathing and nonepileptic vacant spells
can also occur in these patients due to their immature brain-
stems, leading to sudden death.17 Additionally, a defective
control mechanism of carbon dioxide exhalation leads to res-
piratory alkalosis or acidosis requiring prolonged ventilator
support and intensive care management.18 Some patients also
experience sudden violent screaming that can last for hours
or even days. This behavior may signal extreme pain,
although on examination there does not seem to be any
somatic abnormality.19 This phenomenon has been described
as “brain-pain-crying” and may lead to overmedication and
sedation, further depressing the respiratory drive in these
patients.
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12.1.3 Disorder-Specific Techniques
In 2009, a modified Delphi technique was used to integrate
available published evidence, parental input, and expert opin-
ion to arrive at a general consensus for managing scoliosis in
patients with Rett syndrome.20 This study concluded that sur-
gery should be considered when the deformity magnitude was
approximately 40 to 50 degrees. The primary indications for
surgery were progressive deformity, pain, loss of sitting bal-
ance, deteriorating ambulatory status, and progressive restric-
tive lung disease.20,21 Surgery should also only be considered
after all medical comorbidities are optimized and with close
involvement of specialized anesthesia and intensive care teams

to minimize perioperative complications. Despite these meas-
ures, the incidence of complications after scoliosis surgery in
this patient population remains high, ranging from 50 to
100%.22,23,24 The most common complications were due to pul-
monary (ventilator-acquired pneumonia, pneumothorax, pul-
monary effusion) or gastrointestinal compromise (pancreatitis,
gastric ulceration, superior mesenteric artery syndrome, acute
abdominal distension).

Surgical considerations specific to this patient population
should aim to minimize blood loss, minimize infections, moni-
tor neurologic changes, and optimize fixation in osteoporotic
bone. Lessons learned from other neuromuscular conditions
can be applied to this patient population. Tranexamic acid or

Fig. 12.1 Preoperative sitting posteroanterior
(PA) (a) and lateral (b) radiographs of a 10-year-
old girl with Rett syndrome and a progressive
scoliotic deformity. Four-week postoperative PA
(c) and lateral (d) radiographs after a posterior T2
to pelvis segmental instrumentation and fusion
with iliac bolts. Four-year postoperative PA (e)
and lateral (f) radiographs demonstrating main-
tenance of deformity correction and sitting
balance.
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other antifibrinolytic agents should be considered to decrease
blood loss and transfusion requirements.25 Established oper-
ating room teams with consistent anesthesiologists, surgical
technicians, and two experienced surgeons can be used to
decrease surgical time. Preoperative skin preparation, prophy-
laxis with gram-positive and gram-negative coverage, and
vancomycin powder in the surgical wound may decrease
infection rates.26 Neuromonitoring with somatosensory and
motor evoked potentials is often possible in this population
and should be used to prevent spinal cord injury during sur-
gical correction.27

The spinal deformity in Rett syndrome often requires instru-
mentation and fusion of the entire thoracolumbar spine. The
majority of the patients will require extension to the pelvis if

there is a substantial pelvic obliquity present. We recommend
the pelvic obliquity be corrected with pelvic instrumentation
(iliac bolts or sacroiliac screws) as in the cerebral palsy popula-
tion (see Chapter 16). With the seizure activity, the most rigid
spinal instrumentation should be used (▶ Fig. 12.2). Our prefer-
ence is to use segmental fixation to the spine with pedicle
screws and sublaminar wires/bands as needed to stabilize
osteoporotic bone. Intraoperative traction may be used to facili-
tate deformity correction and instrumentation. Anterior spinal
release/instrumentation and fusion may be rarely required in
very immature patients or with rigid spinal deformities. How-
ever, the underlying cardiopulmonary compromise should alert
the surgeon in exercising caution if considering anterior thora-
cic spine surgery.

Fig. 12.2 Preoperative sitting PA (a) and lateral
(b) radiographs of an 11-year-old girl with Rett
syndrome and a 110-degree thoracolumbar
scoliotic deformity with significant pelvic obliq-
uity. Four-week postoperative PA (c) and lateral
(d) radiographs after a posterior T2 to pelvis
segmental instrumentation and fusion with iliac
bolts. Five-year postoperative PA (e) and lateral
(f) radiographs demonstrating maintenance of
deformity correction and sitting balance.
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12.1.4 Evidence-Based Outcomes
Outcome studies of scoliosis surgery in patients with Rett syn-
drome are primarily case series. They report approximately 50
to 60% correction of the main spinal deformity with a well-bal-
anced sagittal profile and improved pelvic obliquity. Hammett
et al28 published their results in 2014 on 11 patients with Rett
syndrome and average 5-year postoperative follow-up (range:
2–8 years). The mean preoperative spinal deformity measured
71 degrees (range: 44–105 degrees) and was corrected to an
average of 27 degrees (range: 10–46 degrees). Patients were
treated with posterior segmental instrumentation and fusion to
the pelvis with either hybrid (sublaminar wires, hook, and
screws) instrumentation or an all–pedicle screw construct.
Eight patients (73%) had significant complications, primarily
respiratory and wound infections. Similarly, in 2012, Gabos et
al22 reported on 16 patients with mean 4.7-year follow-up. All
patients were instrumented from T1 to the pelvis using unit rod
instrumentation. The coronal deformity improved on average
from 68 degrees (range: 38–100 degrees) preoperatively to 16
degrees (range: 5–40 degrees) at final follow-up. No patients in
this series experienced deterioration in ambulatory status over
the follow-up period despite fusion to the pelvis.

Larsson et al29 reported on postoperative function, seating
position, and self-reported quality of care measures in 23 girls
with Rett syndrome and neuromuscular scoliosis. All patients
were treated with posterior segmental instrumentation and
fusion with hybrid constructs (sublaminar wires, hooks, and
screws), with a majority of patients (83%) being fused to
the pelvis. Seven patients had concomitant anterior instrumen-
tation and fusion with the Zielke apparatus (n = 3) or Aaro
instrumentation (n = 4). Ten patients (44%) experienced post-
operative complications in the short term, requiring pulmonary
support and antibiotics for superficial wound infections, while
three patients experienced deformity progression in the mid-
term with extension of the fusion into the cervical spine (n= 1)
or to the pelvis (n= 2). Preoperative median deformity magni-
tude was 66 degrees (range q1–q3: 51–83 degrees) and at aver-
age 74-month follow-up (range: 49–99 months) was 17
degrees (range q1–q3: 8–33 degrees). The caregivers reported
improvement in seating position, daily activities, time used for
rest, and cosmetic appearance. The authors concluded that sur-
gical intervention was successful in improving posture, which
would decrease the risk for pressure sores, improve pulmonary
function, and improve the general health of the child.

12.2 Charcot–Marie–Tooth
Disease
12.2.1 Etiology and Pathogenesis
Charcot–Marie–Tooth disease (CMT) is one of the most common
hereditary motor and sensory neuropathies with an estimated
prevalence of 0.5 to 1 per 2,500.30,31 This condition was
described by French (Charcot and Marie) and British (Tooth)
neurologists in 1886 as a peroneal muscle atrophy.32 In 1968,

Dyck and Lambert identified the electrophysiologic characteris-
tics of these inherited neuropathies and used them to develop
the first classification system.33,34 The type I neuropathies are
associated with slow nerve conduction velocities with histo-
logic findings of hypertrophic demyelination, while the type II
neuropathies have normal or mildly reduced nerve conduction
velocities with pathologic evidence of axonopathy. More
recently, genetic testing has been used to classify these neuro-
pathies and more than 80 genes have been identified.35 CMT
type I represents about 70% of all inherited neuropathies. It has
an autosomal dominant inheritance and is due to duplication of
the peripheral myelin protein 22 gene (PMP22) on chromosome
17.36 Overexpression of PMP22 results in a toxic aggregation of
this protein, resulting in demyelination of the nerves and pro-
longed conduction velocities.

CMT neuropathy is length dependent, affecting the longest
nerves first and most significantly. Distal limb weakness
and muscle atrophy are the first clinical features of this disease,
and the lower extremities are often affected earlier than the
upper extremities. This diagnosis should be included in the dif-
ferential when examining toddlers with delayed motor devel-
opment, toe walking, or frequent tripping and falling. Patients
also often present with complaints of foot abnormalities includ-
ing flat feet or high arches. CMT is less likely if these findings
are unilateral, and the child should be evaluated for a mono-
neuropathy or another spinal cord disease. Sensory deficits in
CMT are less severe than motor nerve dysfunction and typically
result in decreased vibration or joint position sense instead of
changes in pin-prick or temperature sensation.37

12.2.2 Disease-Specific Deformity
Characteristics and Comorbidities
Previous studies have reported a 10 to 40% prevalence of scolio-
sis in patients with CMT38,39,40; however, certain genetic sub-
types have been associated with a higher prevalence.41,42 Unlike
idiopathic scoliosis, there seems to be a predominance of male
CMT patients with scoliosis. In the series by Karol and Elerson,39

60% of the patients with scoliosis were male. The most common
spinal deformity pattern is also different from the right thoracic
hypokyphotic deformity observed in most patients with idio-
pathic scoliosis. In the series by Karol and Elerson,39 there was a
33% prevalence of left thoracic curves, and nearly 50% of the
curves were hyperkyphotic. They also report that spinal
deformity progression in patients with CMT may be dependent
on the extent of neurologic disease and the magnitude of
hyperkyphosis. Nonambulatory patients all had significant
curve progression requiring surgical treatment.

Comorbidities in this patient population often involve the
musculoskeletal system. Foot and ankle abnormalities are com-
mon, often resulting in pes cavus and claw feet; however, occa-
sionally these patients can also present with pes plano valgus.43

Gait abnormalities are often due to foot and ankle weakness
and contractures resulting in functional compensation as seen
with excessive hip abduction or steppage gait pattern. Upper
extremity involvement initially presents with hypothenar
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atrophy and can progress to finger flexion contractures and
interosseous muscle wasting. Decreased vibration and altered
proprioception may be more difficult to identify.

12.2.3 Disorder-Specific Techniques
Hensinger and MacEwen believed that spinal deformity in
patients with CMT could be managed using the treatment prin-
ciples for adolescent idiopathic scoliosis. They reported on the
effective use of a Milwaukee brace in 50% of the patients in their
series.40 Similar success rates with brace treatment were
reported by Daher et al44 and Walker et al.38 On the other hand,
Karol and Elerson39 reported a lower success rate with brace
treatment. Only 3 of the 16 patients with CMTwho were braced

(19%) did not progress more than 5 degrees, and a majority
(69%) required surgical stabilization for a progressive deformity.
Brace compliance was not evaluated in any of these previous
publications and may likely affect the nonoperative success
rates in this patient population.

Surgical techniques in this patient population are not signi-
ficantly different from those used for managing idiopathic
scoliosis. Posterior spinal instrumentation and fusion is most
commonly used to address the deformities. Often, only the
structural curves need to be addressed; however, minimal data
exist regarding spontaneous lumbar curve correction in this
population. Instrumentation and fusion to the pelvis is rarely
required, and these patients often do not develop significant
pelvic obliquity (▶ Fig. 12.3). The sagittal plane abnormalities,

Fig. 12.3 Preoperative sitting PA (a) and lateral
(b) radiographs of a 12-year-old girl with Char-
cot–Marie–Tooth disease and a progressive dou-
ble major scoliotic deformity. Six-week
postoperative PA (c) and lateral (d) radiographs
after a posterior T3–L4 segmental instrumenta-
tion and fusion. Motor evoked potentials and
somatosensory monitoring was not possible
during the surgical procedure, and a Stagnara
wake-up test was performed. The patient toler-
ated the procedure with no postoperative com-
plications. Three-year postoperative PA (e) and
lateral (f) radiographs demonstrating mainte-
nance of deformity correction and sitting
balance.
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especially thoracic hyperkyphosis, must be addressed when
selecting fusion levels to prevent proximal or distal junctional
kyphosis. Krishna et al45 reported on the difficulties of conven-
tional somatosensory evoked potential monitoring in these
patients due to their demyelinating polyneuropathy. Although
intraoperative monitoring should be attempted in these cases,
the anesthesia team should be prepared to conduct an intra-
operative wake-up test.

12.2.4 Evidence-Based Outcomes
Surgical outcomes in patients with CMT have been reported in
a number of small case series. In the series by Daher et al,44 two
out of four surgically treated patients developed pseudarthro-
sis, and one developed a superior mesenteric artery syndrome.
In a series by Walker et al,38 2 of 37 patients with CMT and sco-
liosis required surgical treatment, and no peri- or postoperative
complications were reported. Karol and Elerson39 reported on
14 surgically treated patients with CMT and also found no post-
operative complications. Recently, a pediatric multidimensional
neuropathy scoring system has been developed and validated
for use in pediatric patients with CMT (http://cmtpeds.org).46,47

This tool is now being used to study the natural history of this
progressive neuropathy as well as the changes to the natural
history with medical and surgical intervention.

12.3 Friedreich’s Ataxia
12.3.1 Etiology and Pathogenesis
Friedreich’s ataxia is a multisystem autosomal recessive condi-
tion first described in 1863 by Friedreich, a German neurologist.
It is the most common inheritable ataxia with an incidence of
approximately 1:20,000 to 1:125,000.48 It is more likely in Cau-
casians with a carrier frequency of 1:60 to 1:110.49,50,51 Frie-
dreich’s ataxia is due to a mutation in the gene FXN (frataxin)
on chromosome 9q13. This results in a reduction in frataxin,
which is a protein involved in iron storage and transport.
Around 1 to 3% of cases represent a compound heterozygous
mutation with a point mutation or deletion of the frataxin
gene.52,53,54 Although the exact role of frataxin in this disease is
unknown, it is thought to result in increased levels of total iron,
which results in degeneration of nerve tissue in the spinal cord.

Patients with Friedreich’s ataxia typically present with symp-
toms around puberty or slightly before with a mean age at
onset ranging from 10.5 to 15.5 years.49,55,56 Patients most com-
monly present with gait ataxia and general clumsiness.49,55,56,57

Some patients may present with a late-onset scoliosis and neu-
rologic signs, but the orthopaedic surgeon needs to include
early-onset cerebellar ataxia, neuropathy, spasticity, and CMT
disease in the differential diagnosis.58,59

12.3.2 Disease-Specific Deformity
Characteristics and Comorbidities
The incidence of scoliosis in Friedreich’s ataxia has been noted
to be 100%60 when using the clinical criteria of Geoffroy et al61

and 63 to 78% when genetic testing was used for diagnosis.57,62

The curve in Friedreich’s ataxia demonstrates several neuro-
muscular scoliosis characteristics: increased kyphosis, more
common thoracolumbar curve apex, and left-sided curves.62 It
does not tend to be a large sweeping collapsing C-shaped curve;
instead, the curve is more similar to idiopathic. Digitized radio-
graphic measurements have demonstrated that the amount of
vertebral axial rotation for the amount of vertebral lateral devi-
ation in this population was more similar to idiopathic curves
than to cerebral palsy curves.63 Cady and Bobechko64 reported 3
out of 38 C-shaped curves; Tsirikos and Smith65 noted 2 out of
31 in their study. Labelle et al60 noted sweeping C-shaped
curves in 14% and demonstrated that not all curves were relent-
lessly progressive. They felt that curve onset before age 10 years
was a large determinant of that trend toward progression. Mil-
brandt et al62 advocated for considering the curves to be neuro-
muscular and incorporating all curves in a fusion, as attempting
selective fusion may have a higher rate of decompensation and
need for revision.

Foot deformity with pes cavus or talipes equinovarus is the
other common skeletal abnormality in genetically proven cases
of Friedreich’s ataxia (74%).57 Abnormality of eye movements is
a common early sign,66,67,68 as are dysarthria and mild dyspha-
gia.55,56,68,69 Hearing difficulties are common,49,56,61,68 and some
investigators feel this is more common than reported,70 with
disordered neural conduction in the central auditory pathways
resulting in impaired speech and understanding, especially
where background noise is present. This impaired hearing may
have been part of what led early investigators to include dimin-
ished IQ as part of the phenotype,61 but later investigators felt it
was more a sign of slowed information processing and impair-
ments in motor, speech, and auditory function.71 Diabetes is
present in about a third of cases,72 and cardiomyopathy is
present in around 66%.57 Death has been found to occur in the
fourth decade of life, with cardiac complications accounting for
the majority.55,73,74

12.3.3 Disorder-Specific Techniques
Labelle et al60 advocated for two groups in Friedreich’s ataxia,
onset of scoliosis before 10 and after 10, thinking that the earlier
onset leads to higher rates of progression, while the later onset
may be able to be observed without significant progression. Tsir-
ikos and Smith presented a series of 31 patients with scoliosis
and Friedreich’s ataxia.65 Seventeen patients had progressive
deformity and underwent posterior instrumented spinal fusion
(▶ Fig. 12.4). Similarly, Daher et al75 reported on 19 patients with
Friedreich’s ataxia and scoliosis, of which 12 required surgical
treatment for a progressive deformity (▶Fig. 12.5).

Bracing is widely considered unsuccessful in Friedreich’s
ataxia. Out of six patients braced in the Daher et al75 series, only
two (33%) were successfully braced through maturity. They
postulated that brace failure occurs at a higher rate because of
brace intolerance due to difficulties with balance and coordina-
tion in the brace. Tsirikos and Smith65 reported bracing nine
patients, with only one successfully braced to maturity. Mil-
brandt et al62 reported failure of bracing in 8 out of 10 patients
but still recommend a trial.
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Surgical techniques involve incorporating all curves as in
most cases of neuromuscular scoliosis.62 Since patients with
Friedreich’s ataxia can maintain ambulation for an average of
15 years after diagnosis,49 fusion levels attempt to avoid fixa-
tion to the pelvis. Cady and Bobechko64 fused 1 out of 25
patients to the sacrum, Daher et al75 1 out of 12, and Tsirikos
and Smith65 1 out of 17. While the authors above did not fre-
quently fuse to the pelvis, they all commented on extending
fusions below L2, thereby incorporating all curves. Others have
reported on fusing to the pelvis; however, these reports are pri-
marily general technique reviews in neuromuscular scoliosis of
a heterogenic population of which patients with Friedreich’s
ataxia were few in number.76,77,78,79,80

Variability in spinal cord monitoring has also been high-
lighted by a number of authors in this patient population.81

Pelosi et al82 included motor evoked potentials with somatosen-
sory evoked potentials and could not record a signal in either
channel in two out of two patients with Friedreich’s ataxia. Mil-
brandt et al62 recommended planning for a wake-up test if
needed.

12.3.4 Evidence-Based Outcomes
Case series make up the surgical outcomes literature for
patients with Friedreich’s ataxia and scoliosis. Cady and
Bobechko64 reported on 11 surgical patients with average cor-
rection of 41% with an average starting curve of 56 degrees.

They had one death at 6 weeks due to congestive heart failure.
Daher et al75 evaluated 12 cases with Harrington or Luque
instrumentation: estimated blood loss was 1,440mL, and 10 of
12 patients were immobilized in a cast or brace for an average
of 9 months with curve correction from mean 49 degrees pre-
op to 26 degrees post-op. Tsirikos and Smith65 reported on 17
patients with instrumentation ranging from Harrington rods to
all–pedicle screw constructs. They had one death early in the
series due to cardiorespiratory compromise, one patient had
rod breakage at the thoracolumbar junction, and four patients
fused to T4 experienced proximal junctional kyphosis that was
asymptomatic and left untreated.

Milbrandt et al62 reported on all patients with Friedreich’s
ataxia at two institutions. Of 49 patients, 16 with scoliosis
underwent surgery with an average of 13.25 levels fused. Esti-
mated blood loss was 1,268mL, and operative time averaged
5.6 hours. They reported one patient with neuromonitoring sig-
nals, but in all other patients the monitoring was ineffective
and they performed a wake-up test in four patients. Initial post-
operative correction was 49%, but this decreased to 39% over a
mean follow-up of 3.7 years. They had one patient each with
multiple complications of infection, junctional kyphosis, adding
on, and instrumentation failure.

There has been interest recently in attempting to chart the
progression of Friedreich’s ataxia with development of several
rating scales. These rating scales are replacing simpler measures
such as time to wheelchair dependence.83,84,85,86,87

Fig. 12.4 Seated PA (a) and lateral (b) radiographs of a 13-year-old girl with Friedreich’s ataxia and a 40-degree scoliosis. One-year follow-up standing
PA (c) and lateral (d) radiographs reveal relatively stable scoliosis with a Cobb angle of 42 degrees. The issues with balance can be appreciated and this
patient will be followed with seated radiographs as she progresses into a wheelchair.
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Fig. 12.5 Preoperative sitting PA (a) and lateral (b) radiographs of a 13-year-old girl with Friedreich’s ataxia and a collapsing C-shaped curve with pelvic
obliquity. Four-week postoperative PA (c) and lateral (d) radiographs after a posterior T2 to pelvis segmental instrumentation and fusion with iliac
bolts. She developed pain with transfers and household ambulation and underwent revision with fixation to the sacrum. Three-year postoperative PA
(e) and lateral (f) radiographs after the revision demonstrating maintenance of deformity correction and sitting balance.
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13 Neurosurgical Causes of Scoliosis
Marie Roguski, Steven W. Hwang, and Amer F. Samdani

Abstract
The most common cause of scoliosis is idiopathic. However, in
infantile and juvenile scoliosis, up to 20% of patients may harbor
an underlying neurologic cause.1,2,3,4 Recognition of a poten-
tially reversible underlying neurologic process is vital in order
to prevent progressive and irreversible neurologic injury. Sev-
eral clinical conditions may predispose to the development and
progression of scoliosis. Neurological signs and symptoms, such
as pain, weakness, sensory changes, gait abnormalities, and
bowel and bladder changes, as well as the presence of ortho-
paedic and cutaneous anomalies, are important indicators that
a neurologic condition may exist.5 Early age of onset, presence
of a left curvature, increased kyphosis, and rapid progression
are additional clinical indicators that should prompt the acquis-
ition of a magnetic resonance image (MRI) of the spine.6 Once a
neurologic cause is identified, treatment is focused toward cor-
recting the underlying pathology, and deformity correction is
reserved for large or progressive curves following treatment.
This chapter will focus on the etiology and pathogenesis, dis-
ease-specific deformity, comorbidities, techniques, and evi-
dence-based outcomes of three specific causes of neurogenic
scoliosis: Chiari I malformation, tethered cord, and split cord
malformation.

Keywords: Chiari I malformation, neurogenic scoliosis, spinal
dysraphism, split cord malformation, tethered spinal cord
syndrome

13.1 Chiari I Malformation and
Syringomyelia
13.1.1 Etiology and Pathogenesis
Although there are four recognized varieties of Chiari I malfor-
mations, they are vastly different pathophysiologic processes,
and patients with both type I and II Chiari’s malformations may
develop scoliosis. Chiari I malformations are generally defined
as cerebellar tonsillar ectopia with descent of the tonsils greater
than 5mm below the foramen magnum.7,8,9 In contrast, Chiari II
malformations involve the herniation of the inferior cerebellar
vermis and are associated with myelomeningocele and fre-
quently hydrocephalus.10,11,12 Although scoliosis is frequently
encountered among patients with spina bifida and Chiari II
malformations, scoliosis is unlikely to be the primary present-
ing sign, and, thus, this chapter will focus largely on Chiari I
malformations. Among patients presenting with pediatric sco-
liosis, Chiari I malformations are the most common neural axis
abnormality detected.2,3,4

Marin-Padilla and Marin-Padilla suggested that a hypoplastic
posterior fossa during fetal development may limit the expan-
sion of the rhombencephalon, resulting in the herniation of the
cerebellar tonsils through the foramen magnum.13 Morphomet-
ric studies demonstrating a small posterior fossa provide fur-
ther support for this theory.9,14 Scoliosis may coexist with a

Chiari I malformation in up to 42% of patients,9 and an associa-
tion exists between those with progressive scoliosis and the
presence of a syrinx.15,16,17 The association of syringomyelia
with progressive scoliosis among patients with Chiari I malfor-
mation has been theorized to result from paresis of the axial
musculature, congenital vertebral structural changes, and inter-
ference of postural tonic reflexes.18

Several theories have been hypothesized to explain the devel-
opment of syringomyelia in the setting of Chiari malformation.
Gardner’s hydrodynamic theory suggests that cerebrospinal
fluid (CSF) pulsations from the choroid plexus normally play a
role in neural tube expansion during fetal development; unbal-
anced CSF pulsations between supratentorial and infratentorial
compartments result in a small posterior fossa, tonsillar ecto-
pia, and forced diversion of CSF into the central canal of the spi-
nal cord due to obstruction of the fourth ventricular outflow
tracts at the foramen magnum.19 Williams postulated that tran-
sient intracranial pressure elevations due to Valsalva’s maneu-
vers resulted in bulk flow of CSF caudally; CSF outflow
obstruction resists flow caudally and creates a differential pres-
sure between the cranial and spinal compartments that con-
tributes to worsening syringomyelia.20 Although these theories
offer insight into the etiology of syringomyelia in the setting of
Chiari I malformation, they provide an incomplete explanation
for the pathogenesis of syringomyelia because syringomyelia is
often acquired and the syrinx does not always directly commu-
nicate with the fourth ventricle. Oldfield et al attempted to
address these inconsistencies by postulating that the move-
ment of the cerebellar tonsils during systole creates a systolic
pressure wave in the spinal CSF that results in the movement of
fluid into the spinal cord via perivascular and interstitial spaces
rather than through the central canal at the obex.21

13.1.2 Disease-Specific Deformity and
Comorbidities
Chiari I malformations are defined by tonsillar ectopia of
greater than 5mm on magnetic resonance images (MRI). How-
ever, the degree of tonsillar descent does not always correlate
with symptom severity, and Elster and Chen demonstrated that
nearly 30% of patients with 5 to 10mm of tonsillar herniation
may be asymptomatic.8 Patients with Chiari I malformations
present with a myriad of symptoms and signs, but they most
commonly present with occipital or cervical headache that is
worsened with exertion or Valsalva. Weakness, paresthesia,
numbness, nystagmus, gait imbalance, ataxia, dysphagia, dys-
arthria, and drop attacks are other symptoms that may result
from Chiari I malformation.5 Children may not portray typical
symptoms and, instead, may present with irritability, opistho-
clonus, or failure to thrive.

In addition to tonsillar ectopia, associated vertebral column
or neural abnormalities are present in between 24 and 50% of
patients with Chiari I malformation, and include Klippel–Feil
deformity and atlantoaxial assimilation.22 Syringomyelia occurs
in between 50 and 75% of patients, is most commonly located
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in the cervical spine, and is associated with progressive scolio-
sis.9,15,16,17,22,23 Overall, scoliosis is present in nearly 42% of
patients.9

13.1.3 Disorder-Specific Techniques
Treatment of Chiari I malformation–associated scoliosis is surgi-
cal and aims to relieve cervicomedullary compression at the
foramen magnum in order to halt progression of scoliosis. Pos-
terior fossa decompression is most commonly performed with
a suboccipital craniectomy. There remains significant contro-
versy regarding whether duraplasty is necessary and whether
coagulation of the cerebellar tonsils should be performed in
order to achieve adequate decompression.24

13.1.4 Evidence-Based Outcomes
Arnautovic et al performed a meta-analysis and systematic
review of 145 publications (8,605 patients) studying the role of
decompressive surgery for Chiari I malformations.25 The vast
majority of included series involved suboccipital craniectomy
with duraplasty. Neurological improvement or resolution
occurred in 72%. Nearly 65% of patients harbored a spinal cord
syrinx, and postoperative improvement in syringomyelia was
noted in 78% of patients. Other series report that nearly 85% of
patients note improvement in headache and neck pain.22,26

These good outcomes, however, must be balanced by a reported
median complication rate of 3.5%. Complications include pseu-
domeningocele, aseptic meningitis, CSF leak, meningitis, and
neurologic injury. Only 11% of the series included by Arnautovic
et al mentioned death as an observed complication of surgery;
among these, the overall mortality rate was estimated at 3%.25

In addition, although syringomyelia commonly improves after
surgery, incomplete resolution or residual paresthesias may be
present in over 50% of patients.27

Several series have demonstrated that suboccipital decom-
pression may halt or improve the progression of scoliosis.15,16,28,
29 A recent systematic review estimated that curve magnitude
improved in 37% and progressed in 45% of patients with Chiari I
malformations following surgical intervention.30 Brockmeyer et
al further demonstrated that curves improved or remained

stable in nearly 91% of children younger than 10 years subocci-
pital decompression and duraplasty.31 Other authors have
linked older age, curves of greater than 40 degrees, double sco-
liosis patterns, kyphosis, and curve rotations with progression
despite foramen magnum decompression.17,31,32,33 The associa-
tion of smaller curves with improvement or stabilization of
curve magnitude highlights the importance of early detection
and treatment in patients with Chiari I malformation and sco-
liosis (▶ Fig. 13.1, ▶ Fig. 13.2).

13.2 Tethered Cord Syndrome and
Spinal Dysraphism
13.2.1 Etiology and Pathogenesis
Tethered cord syndrome (TCS) results from a number of con-
genital conditions and causes progressive neurological decline
due to tension on the spinal cord. The filum terminale is a
fibroelastic structure that extends from the conus to the sacrum
and is theorized to stabilize the conus medullaris during spinal
column movement. Pathological stretch applied to the spinal
cord is associated with metabolic derangements resembling
those seen with ischemia.34 These metabolic changes may be
related to reduction in blood flow to the spinal cord during
flexion movements, impairment of oxidative metabolism, or
physical neuronal damage related to tethering. Given that the
spinal canal length changes by as much as 7% during flexion
and stretch applied to neural tissue results in metabolic
derangements, some authors have hypothesized that the signs
and symptoms of TCS are due to failure of the filum terminale
to alleviate spinal cord stretch during flexion-related changes in
spinal canal length.35 Although tethering by a tight filum termi-
nale may be the causative problem in many patients with TCS,
any pathology that limits spinal cord movement, including spi-
nal dysraphism, may result in pathologic stretch and associated
signs and symptoms. Mild or moderate damage may sometimes
be reversible with alleviation of the pathological spinal cord
stretch via detethering procedures; however, damage due to
severe stretch may be irreversible, highlighting the need for
early recognition and treatment.35,36

Fig. 13.1 An 11-year-old girl with Chiari I mal-
formation and scoliosis. (a) Preoperative sagittal
T1-weighted MRI showing tonsillar descent and a
syrinx. (b) Postoperative sagittal MRI showing
decompression of the posterior fossa and de-
crease in the syrinx size.
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Spinal dysraphism refers to a number of congenital anomalies
of the spine that result from malformation of midline dorsal
neural, mesenchymal, and cutaneous ectodermal structures
during early embryogenesis.37 Development of the spinal cord
occurs via neurulation, canalization of the tail bud, and regres-
sion of the caudal cell mass (CCM). The process begins at
gestational day 18 when differential proliferation of the neuro-
ectoderm is induced by the underlying notochord, resulting in
folding of the flat neural plate into a neural tube (neurulation).
The neuroectoderm and ectoderm then separate and form a
neural tube that is covered by cutaneous ectoderm (dysjunc-
tion). This process begins in the upper cervical region and
extends rostrally and caudally toward L1/L2. This process
results in the formation of the cephalic portion of the spinal
cord. Caudal portions, including the conus medullaris and filum
terminale, develop through canalization of the tail bud and
regression of the CCM. The tail bud or CCM is formed by neuro-
ectodermal cells that are located caudal to the neural tube;
vacuoles form and coalesce within the tail bud to form a central
canal beginning at day 28, continuing through day 48. The cen-
tral canal then connects with the rostral neural tube and forms
the embryologic basis of the lower lumbar, sacral, and coccygeal
spine. Lastly, regression of the caudal portion of the CCM forms
the filum terminale and terminal ventricle, which eventually
forms the conus medullaris.38 Errors in neurulation, dysjunction,
canalization, and regression result in congenital malformations,
including myelomeningocele, meningocele, lipomyelomeningo-
cele, dermal sinus tract, dermoid and epidermoid tumors, and

fatty filum, all of which may result in tethering and caudal trac-
tion on the spinal cord (▶ Fig. 13.3).

TCS is often associated with syringomyelia. Thus, progression
of neurological symptoms may be due to both metabolic
changes within the spinal cord related to stretch and cystic dila-
tion of the spinal cord itself. The syrinx in patients with TCS is
often located in the terminal spinal cord, suggesting that the
traditional pathogenic theories noted previously may not be
relevant to the development of dysraphism- or TCS- associated
syringes.39 The association of TCS with scoliosis was first dem-
onstrated by McLone et al.40 By demonstrating stabilization
or improvement in scoliosis following detethering in patients
who had previously undergone myelomeningocele repair, they
postulated that tethering may cause scoliosis via ischemic spi-
nal cord injury at the site of tethering, dysfunction of sensory
tracts, and asymmetric paravertebral muscle tone.5

13.2.2 Disease-Specific Deformity and
Comorbidities
Patients with TCS present with progressive neurological deteri-
oration, musculoskeletal abnormalities (such as scoliosis and
limb anomalies), cutaneous stigmata, and dysraphic posterior
spinal elements.41,42,43 Neurological symptoms in children with
TCS include gait abnormalities, regression of gait training, uro-
logical symptoms (including recurrent urinary tract infections
and enuresis), or numbness; pain tends to be less prominent
than in adult patients with TCS.44 Cutaneous findings include

Fig. 13.2 (a) Preoperative posteroanterior (PA) radiograph showing a progressive thoracic curve. (b) Postoperative PA X-ray. (c) Preoperative lateral
radiograph showing increased kyphosis. (d) Postoperative lateral X-ray.
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hypertrichosis, pigmented nevi, subcutaneous lipomas, dermal
dimples, and dermal sinuses. Musculoskeletal abnormalities
include vertebral body anomalies, scoliosis, accentuated lumbo-
sacral lordosis, and leg deformities, including hammertoes,
talipes cavus, pes equinus high arched feet, and different leg
lengths.42,45 Up to 29% of patients may present with scoliosis or
kyphosis.46

Radiographic diagnosis is made when the conus medullaris
lies below the level of the second lumbar vertebrae. However,
among patients with myelomeningocele who have previously
undergone myelomeningocele repair, the diagnosis must be
made clinically as there is universally radiographic evidence of
tethering.

13.2.3 Disorder-Specific Techniques
Because patients present with progressive neurological deficits
due to caudal traction from tethering, many neurosurgeons
advocate operative detethering to prevent further progression
of neurological signs.47 The primary goal of surgery is to com-
pletely untether the spinal cord. Procedures to achieve this goal
range from transection of the filum terminale to more extensive
procedures for complex malformations.48 Laser microsurgery
has been used to aid in the resection of spinal lipomas.49

Prevention of recurrent tethering is critical during TCS sur-
gery as recurrent tethering occurs in 5 to 50% of patients.50,51,52

Meticulous hemostasis is needed in order to prevent arachnoi-
ditis. In addition, the use of a duraplasty graft rather than a pri-
mary dural closure is advocated by some in order to enlarge the
subarachnoid space.53,54,55,56 Repeated detethering procedures
have multiple shortcomings related to increased difficulty due
to arachnoid adhesions and scarring. Patients often relapse and
develop progressive neurological deterioration following a
short period of improvement.57 Given the difficulty, increased
morbidity, and poor outcomes associated with multiple
repeated detethering procedures, Grande et al proposed verte-
bral column subtraction osteotomy (VCSO) or spinal shortening

as a possible alternative treatment for patients with progressive
TCS in whom multiple retethering operations have failed.58

13.2.4 Evidence-Based Outcomes
Surgical detethering in TCS is associated with improvements in
neurologic and urologic function in 90% and 50% of patients,
respectively.59 Complications include spinal fluid leak, wound
infection, meningitis, and neurologic injury, and the risk of the
procedure varies according to the complexity of the underlying
pathology. Younger children tend to fare better than older chil-
dren or adults.5,60

Several authors have demonstrated a correlation between
tethering and scoliosis. McLone et al demonstrated stabilization
or improvement in progressive scoliosis after detethering in
patients with myelomeningocele and recurrent tethering.40 By
observing that only one child among six with a curve greater
than 50 degrees improved following detethering, this study
identified degree of deformity as an important predictor of pro-
gression following spinal cord release. In contrast, of 24 chil-
dren with curves less than 50 degrees, nearly all patients had
stable or improved curves at 1 year, and 63% remained stable or
improved at a later follow-up (2–7 years).40 Other authors have
also demonstrated a plateau or improvement in curve progres-
sion following tethered spinal cord release.61,62,63

13.3 Split Cord Malformation
13.3.1 Etiology and Pathogenesis
Split cord malformations (SCMs) are rare congenital malforma-
tions in which the spinal cord is comprised of two hemicords.
Pang and Wilberger proposed a unified theory of embryogene-
sis postulating that the formation of adhesions between ecto-
derm and endoderm leads to the formation of an accessary
neuroenteric canal. An endomesenchymal tract condenses
around the accessory canal and bisects the developing

Fig. 13.3 (a) Sagittal T2-weighted MRI showing a
low-lying conus and a thickened filum in a
symptomatic 3-year-old girl. (b) Axial T1-
weighted MRI showing a fatty filum (white
arrow).
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notochord, leading to the development of two hemicords
(▶ Fig. 13.4).64 This alteration results in variable configuration
and orientation of the hemicords, and median septum and is
associated with vascular, lipomatous, neural, and fibrous
anomalies.

In offering a pathogenic theory, Pang and Wilberger also clas-
sified SCMs into two types based on the orientation of the two
hemicords. In type I SCM, each hemicord is contained in a sepa-
rate dural tube and is separated by a rigid osseocartilaginous
septum. In type II SCM the two hemicords are contained within
the same dural tube separated by a fibrous median septum.64

13.3.2 Disease-Specific Deformity and
Comorbidities
SCMs present with a constellation of cutaneous, musculoskele-
tal, and neurological signs. Nearly 80% of 254 patients with SCM
presented with sensorimotor and autonomic disturbances in a
series reported by Mahapatra and Gupta.65 Symptoms included
motor deficits, atrophy, gait disturbance, dysesthetic pain, tro-
phic ulcers, and bowel and bladder disturbances. Furthermore,
orthopaedic lower limb deformities and scoliosis were present
in 43 and 52% of patients, respectively. Cutaneous findings were
present in 59% of patients and included hypertrichosis, dimple,
dermal sinus, hyperpigmented patch, capillary hemangiomas,
and subcutaneous lipoma. The septum of the SCM is most com-
monly located in the lumbar spine, and the anomaly often coex-
ists with another abnormality that may also cause spinal cord
tethering.5,65

13.3.3 Disorder-Specific Techniques
The technique of detethering is similarly described above. How-
ever, once the fibrous band is removed, a caudal laminectomy
should be performed to transect the filum. Classically, patients
were recommended for detethering prior to correction of spinal
deformity to theoretically minimize the risk of spinal cord

injury. However, recently a series of 247 patients with diaste-
matomyelia without neurological symptoms or signs of TCS
clinically underwent deformity correction without prior dete-
thering. Approximately 4% had nerve root complications, but
none developed complications from spinal cord injury.66

13.3.4 Evidence-Based Outcomes
The risk of progressive neurological decline in the setting of an
SCM and spinal cord tethering has been estimated to be greater
than 50%.67 As such, surgical release of the tethered hemicords
by resection of bone spurs, fibrous septa, or fibrous bands
(meningocele manqué) is recommended by many authors prior
to development of neurological signs and symptoms.5,65,68

With regard to neurological status, Pang reported that 89% of
patients with SCM improved or stabilized following surgery for
SCM.67 Transient deterioration in neurological status is com-
mon (7%) postoperatively.65 Although no study exists examin-
ing the effect of detethering of SCM on associated spinal
deformities, it is possible that detethering of SCM may have a
similar effect on stabilization or improvement of progressive
scoliosis as detethering in other pathologic entities.

13.4 Conclusion
Recognition of a potentially reversible underlying neurologic
process is vital in order to prevent progressive and irreversible
neurologic injury. A low index of suspicion to obtain an MRI
when atypical features are present can be very helpful to
identify these neurological etiologies causing scoliosis, such
as Chiari malformations, syringomyelia, spinal dysraphisms,
TCS, congenital abnormalities, and spinal cord tumors. Once
identified radiographically, neurosurgical consultation can
help determine the optimal treatment for these patients, as
their care can be tailored to balance our understanding of
the natural history, surgical complications, and the clinical
picture.

Fig. 13.4 (a) Axial T2-weighted MRI showing a
split cord malformation with two dural sheaths
(type 1). (b) Axial CT showing associated calcifi-
cation across neuroenteric band.
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14 Sagittal Plane Spinal Deformity in Patients with
Neuromuscular Disease
Kirk W. Dabney

Abstract
Isolated sagittal plane spinal deformities (kyphosis and hyper-
lordosis) are uncommon in neuromuscular disease but can
interfere with proper sitting and standing in this patient popu-
lation. Scoliosis accompanied by sagittal plane deformity is
common. Mild and some moderate deformity can be treated by
wheelchair modifications and bracing. Symptomatic moderate
and severe deformity may require surgical treatment. More
flexible kyphosis and hyperlordosis can be corrected by poste-
rior spinal fusion and segmental instrumentation alone, while
more rigid deformity may require posterior osteotomies (for
kyphosis) or anterior diskectomies (for hyperlordosis). Instru-
mentation and correction techniques vary from screw/rod con-
structs using distraction/compression correction to wire or
screw/rod constructs using cantilever correction. Overall, out-
comes literature focused on sagittal plane deformity in the pa-
tient with neuromuscular disease is limited and somewhat
inconsistent; however, authors who do measure function report
improvements in pain, sitting balance, head and neck control,
breathing, and hand use. Patients with kyphosis undergoing
spinal fusion with instrumentation are at risk for loss of proxi-
mal and/or distal fixation.

Keywords: hyperlordosis, kyphosis, neuromuscular disease,
spinal deformity, spinal fusion

14.1 Introduction
Neuromuscular diseases are heterogeneous and are due to a
vast number of pathologies involving the brain, spinal cord,
peripheral nervous system, and muscle. The prevalence of spi-
nal deformity is typically proportional to the severity of neuro-
logic impairment. While scoliosis is the most commonly treated
neuromuscular spinal deformity, sagittal plane deformities
(excessive kyphosis or lordosis) can occur in combination with
scoliosis or in isolation. Deterioration in pulmonary status is
generally not an issue in isolated sagittal plane spinal deform-
ities; however, they can cause difficulty with seating as well as
pain, especially when the deformity is greater than 70 degrees.1

In addition, some authors have identified hyperlordosis as a
cause of superior mesenteric artery syndrome in a small num-
ber of patients.1,2 Indications for corrective surgery include pain
and difficulty with seating. Surgical methods for correcting sag-
ittal plane spinal deformities require specific strategies, and it is
also important to recognize the associated comorbidities in
order to optimize the outcomes of treatment.

14.2 Etiology/Pathogenesis/
Natural History
Similar to neuromuscular scoliosis, neuromuscular sagittal
plane deformities are a consequence of muscle imbalance

and may occur in patients with a wide variety of neuromuscular
diseases that includes: cerebral palsy; poliomyelitis; myelo-
meningocele; spinal muscle atrophy; muscular dystrophies;
myopathies; and infectious, metabolic, and traumatic
encephalopathy.

In cerebral palsy, there is felt to be a correlation between loss
of lumbar lordosis or even frank lumbar kyphosis with ham-
string contracture3 that may cause a posteriorly tilted pelvis
with a prominent vertically oriented sacrum. Alternatively,
iliopsoas contracture can result in lumbar hyperlordosis, severe
anterior pelvic tilting, and a horizontal sacrum. Lumbar hyper-
lordosis may result in a sacral pressure sore as the weight-bear-
ing load during seating is shifted posterior onto the sacrum.
Poor head control and truncal hypotonia may also result in a
postural thoracic kyphosis that may gradually evolve into a
more rigid deformity over time. Like scoliosis, the cause of sag-
ittal plane deformity appears to be related to the severity of the
neurological deficit. Understanding whether the neuromuscu-
lar disease is static or progressive is helpful in determining the
rationale for treatment of spinal deformity, including sagittal
plane deformity.

The natural history of specific neuromuscular diseases caus-
ing spinal deformity is critically important so that the surgeon
can understand the impact that the sagittal plane deformity
will have on the child’s quality of life. In addition, the natural
history of the disease impacts the associated comorbidities, sur-
gical timing, and the subsequent risks associated with surgery.
Sagittal plane kyphotic deformity was noted in 62% and lumbar
hyperlordosis in 38% of patients with Duchenne muscular dys-
trophy not receiving steroid treatment.4 Unlike scoliosis, how-
ever, little is known about the natural history of kyphosis and
hyperlordosis within specific neuromuscular diseases.

14.3 Patient Assessment and
Preoperative Considerations
With an informed decision by the family to proceed with sur-
gery, an adequate preoperative evaluation must ensure that all
associated comorbid conditions are medically optimized. All
children with neuromuscular conditions should have a detailed
preoperative assessment. Patients with neuromuscular disease
often have associated medical comorbidities, which correlate
strongly with postoperative complications and include cardiac
disease, gastroesophageal reflux, reactive airway disease,
restrictive lung disease, aspiration pneumonia and reactive air-
way disease, heart disease, poor nutrition, seizure disorders,
and low bone mineral density.5 These should be identified in
the medical history preoperatively and comanaged medically.5

Physical examination should assess sitting and/or standing
balance, coronal, sagittal, and any rotational deformity of the
pelvis, and stiffness of the kyphosis (assessed on physical exam
and bending films over a bolster). Curvatures that are stiff in
both the coronal (scoliosis) and sagittal planes (severe
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hyperlordosis and hyperkyphosis) may require anterior release
or preoperative traction.6,7,8 Sagittal plane stiffness should be
assessed by physical examination with an attempt to reduce the
deformity in the supine position over a bolster. Additionally,
one may observe the flexibility of a hyperlordotic deformity by
hyperflexing both hips and the pelvis in the supine position.
Supine sagittal bend radiographs can also be performed by
using these same maneuvers while the radiograph is
performed.

It is also important to assess and distinguish the coexistence
of a hip flexion contracture and adduction contracture in high-
tone neuromuscular conditions (e.g., cerebral palsy) with spinal
deformity. This can be done by stabilizing the pelvis in a neu-
tral position (flexing the opposite hip to level the pelvis to
detect hip flexion contracture and assessing hip adduction
contracture by the amount of abduction achieved with the pel-
vis in neutral obliquity). If these contractures are present, the
parents should be warned that muscle releases may be neces-
sary 4 to 6 months after spinal surgery. In addition, an assess-
ment for hip subluxation should always be done in patients
with spinal deformity.

The surgeon must also assess the need for fusing to the pelvis
especially when the pelvis is included in the kyphosis. In the
patient with cerebral palsy, this is almost always necessary to
prevent distal extension of the deformity. Also, in patients with
poor head control, the surgeon should consider instrumenting/
fusing up to T1 or T2 to prevent a junctional kyphosis in routine
cases and in those with more proximal kyphotic deformities
even into the cervical spine. In addition, great care should be
taken to preserve the posterior longitudinal ligament to prevent
proximal falloff. Finally, the child should also have a detailed
neurological examination that includes sensory and motor test-
ing as well as reflexes including abdominal reflexes to establish
baseline neurological function and the need to look for any
undiagnosed intraspinal pathology such as tumor, tethered
cord, and syringomyelia.

14.3.1 Nonoperative Treatment
Postural (flexible) kyphosis in neuromuscular disease may ini-
tially be managed utilizing wheelchair modifications such as a
tilt-in-space wheelchair with an adequate chest harness to pre-
vent the trunk from leaning forward (▶ Fig. 14.1a). In addition,
a wheelchair tray table is also helpful in preventing forward
lean, and a Hensinger or cervical soft collar may assist with
trunk and head control (▶ Fig. 14.1b). As thoracic kyphosis
becomes more rigid, bracing with a clam-shell orthosis that is
high in the front of the trunk and lower in the back (usually
below the scapulae) (▶ Fig. 14.1c) may provide some assistance
with upright seating. Larger patients and/or those with stiff
kyphotic deformities are generally not amenable to bracing but
can be treated nonoperatively with a custom-molded seat-back
if the kyphosis is not causing pain, recognizing that this only
accommodates the kyphotic deformity. On the other hand,
hyperlordosis is generally not amenable to bracing. Problems
with bracing patients with neuromuscular disease may include
discomfort, excessive sweating in warm weather, pressure
sores, restriction of the child’s breathing ability, and abdominal
restriction when feeding the child. The latter can be alleviated
by simply removing the orthosis during and for an hour after
feeding.

14.4 Surgical Treatment
The principles of spinal deformity correction are to: (1) correct
pelvic deformity (both coronal and sagittal) by leveling the pel-
vis with the sitting or standing surface and restoring anatomic
sagittal alignment of the pelvis (average sacral slope of approx-
imately 40 degrees, pelvic tilt of 13 degrees, and lumbar lordo-
sis of 40–60 degrees); (2) restore trunk balance; (3) center the
head over the trunk and pelvis; (4) restore sagittal balance
(lumbar lordosis and thoracic kyphosis—including the correc-
tion of anterior and posterior pelvic tilt, respectively);

Fig. 14.1 Nonoperative methods for flexible kyphosis. (a) Tilt-in-space chair can be used to reduce a flexible neuromuscular kyphosis by tilting the
chair back. (b) In children with flexible kyphosis, the tray table prevents the child from leaning too far forward. (c) Clam-shell brace used for kyphosis
with high anterior extension.
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(5) maximize segmental fixation in the face of what is often
osteoporotic bone; and (6) minimize operative time in this
patient population who often have multiple comorbidities
and excessive bleeding, and who are at greater risk for
wound infection.9,10

14.5 Preoperative Planning
Three main technical preoperative considerations deserve care-
ful consideration: (1) Is fusion to the pelvis necessary? (2) Is
there a significant rotational component to the spinal deformity
that is contributing to difficulty in seating? (3) Is the rigidity of
the deformity severe enough to warrant halo-femoral traction,
posterior osteotomy, or total vertebral resection? In addition,
strut graft can be added in severe/rigid kyphotic deformity.

The only treatment that has made a definitive impact on the
correction of neuromuscular spinal deformity is instrumenta-
tion and fusion. The standard surgical procedure for neuromus-
cular sagittal plane deformity is a posterior spinal fusion with
segmental instrumentation from T1 or T2 down to the sacrum
if the pelvis is part of the deformity. In hyperlordosis, the pelvis
and lumbar spine are almost always involved. Even if the pelvis
is not involved in a severely involved nonambulatory patient or
an ambulatory patient with poor balance, the surgeon should
consider fusion to the pelvis to prevent the development of late
pelvic deformity. The gold standard in the past for the correc-
tion of neuromuscular scoliosis11,12,13 had been Luque rod
instrumentation (with Galveston instrumentation to the pelvis),
cross-linkage to prevent rod shift and rotation, and sublaminar
wires; however, this approach has not been nearly as successful
in managing hyperkyphosis.14

14.6 Author’s Preferred Surgical
Method of Treatment
14.6.1 Intraoperative Positioning
The patient is positioned prone on a Jackson table (a Relton-Hall
frame can also be used) with the abdominal area free
(▶ Fig. 14.2). We have adapted special radiolucent posts for the
Jackson table that can be spaced at a narrower distance com-
pared to the standard posts. In lumbar hyperlordosis, the hips
and knees are bent and left to hang freely (reducing the exces-
sive lordosis), which helps to optimize insertion in the case of
unit rods. In addition, it helps to minimize the stress on the
wire or screw/bone interface during the reduction of the hyper-
lordosis. All bony prominences should be well padded. Many
children with cerebral palsy have significant contractures, mak-
ing their extremities hard to position. Minimal tension should
be placed on the joints. Urinary catheters should be free flow-
ing, especially in children with neurogenic bladder with a vesi-
costomy or other bladder reconstruction.

Newer methods of instrumentation allow modularization of
the unit rod concept and cantilever correction by combining
wires and/or pelvic screws, precontoured rods, and a proximal
connector (▶ Fig. 14.3a, b). Both the unit rod and the precon-
toured rods (in the modular construct) have prebent sagittal
contour. With the modular system, precontoured rods are con-
nected with a proximal connector, in addition to a pelvic screw

with diameter (7–10mm) and length (65–100mm) that can be
selected according to pelvic size. Achieving proper sagittal bal-
ance is critical, particularly in those who are ambulatory. Pre-
contoured rods typically place slightly more lumbar lordosis in
order to shift weightbearing onto the posterior thigh muscula-
ture in wheelchair ambulatory patients, while ambulators
should have a balanced thoracic kyphosis/lumbar lordosis con-
tour. Dearolf et al15 have described allowing greater thoracic
kyphosis in patients with spinal cord injury in order to main-
tain activities of daily living. Many surgeons use pedicle screws
instead of wires for segmental fixation, especially if there is a
severe kyphotic component to the deformity, whereas sublami-
nar wires/tapes may be efficient at pulling a hyperlordotic lum-
bar spine into more normal alignment.6 Caution should be
taken to prevent pedicle screw pullout when the bone is

Fig. 14.2 (a,b) Positioning of the patient should allow the abdomen to
be free, and in the case of hyperlordosis, the hips are flexed to 90
degrees with the trunk and the legs hanging freely to allow as much
passive correction of the hyperlordosis as possible.

Fig. 14.3 This modular system consists of (a) two rods with a sagittal
contour which are (b) connected by a close connector proximally and a
cross-link at the thoracolumbar junction. The pelvic screws are
anchored into the pelvis separately, which allows easier pelvic
placement than the unit rod.
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severely osteopenic. If significant sagittal plane stiffness exists
as assessed by the physical and radiographic examination with
the inability to reduce the deformity, anterior diskectomy
should be considered in hyperlordosis and halo-femoral trac-
tion or posterior osteotomy with or without anterior diskec-
tomy considered in hyperkyphosis.

14.6.2 Medical/Anesthesia
Considerations
In patients with neuromuscular disease, the general medical
condition of the child should always be assessed prior to under-
taking the surgical correction. Many children with neuromus-
cular conditions will have comorbidities such as pulmonary
disease, cardiac disease, seizure disorder, gastrointestinal
reflux, poor nutrition, osteoporosis, and so forth. Samdani et
al16 reported a major complication rate of 39.4% in a multicen-
ter study of 127 patients with cerebral palsy. These major com-
plications prolonged both the length of intensive care unit and
hospital stays. Perioperative pulmonary complications were the
most frequent. Risk factors of major perioperative complica-
tions included a greater preoperative kyphosis, staged proce-
dures, lack of antifibrinolytic use, and greater intraoperative
blood loss. Accordingly, all patients with complex preoperative
medical conditions should undergo the appropriate preopera-
tive medical workup.

The surgeon and anesthesiologist should plan for the possi-
bility of large intraoperative blood loss.17 Jain et al9 reported
higher intraoperative blood loss in patients undergoing spinal
fusion with cerebral palsy and other neuromuscular diagnoses
compared to idiopathic scoliosis and Scheuermann’s kyphosis.
In our own experience, this is especially true in hyperlordosis
where the surgical dissection is often more difficult, especially
exposing sublaminar spaces if sublaminar wires are being used.
Type and cross-matched blood (up to twice the patient’s blood
volume), fresh-frozen plasma, and platelets should be available.
In addition, the use of cell-saver blood should be considered.
Currently, tranexamic acid is used to decrease fibrinolysis,
decreasing overall blood loss.18 Good vascular access is
required, often through a central venous catheter, in patients
with poor peripheral access. For good access and the purposes
of possible postoperative hyperalimentation for nutrition, we
place a central venous catheter in all patients with neuromus-
cular disease.

Another consideration in the treatment of neuromuscular
spinal deformity is neurologic risk and the use of spinal cord
monitoring. Rigid thoracic lordosis may cause the cord to dis-
place more posteriorly, which places it more at risk while
exposing sublaminar spaces for sublaminar wiring. Correction
of a rigid thoracic kyphosis may result in stretching the anterior
spine, resulting in an anterior cord syndrome. In cases where
there is rigid deformity, multiple level diskectomies with ante-
rior osteotomies, which shorten the spinal column, may help
lessen the risk of spinal cord stretch. While somewhat unclear
in patients with neuromuscular spinal deformity, most children
with neuropathies, myopathies, and mild-to-moderate cerebral
palsy (without severe motor cortex involvement) can be moni-
tored using a combination of somatosensory and motor evoked
potentials.19 However, in one study, approximately 40% of chil-
dren with severe quadriplegic cerebral palsy and poor motor

function could not be monitored.19 In addition, it is difficult to
justify completely removing implant instrumentation if there
are signal changes in the child with minimal motor function,
since the risk of repeat operation to reimplant instrumentation
is quite high in this population. As a general rule, somatosen-
sory and motor evoked potential monitoring should be
attempted for any child with ambulatory or functional standing
(able to assist with standing transfers). There may also be some
efficacy in monitoring neuromuscular patients with intact sen-
sation and bowel and bladder control. Any child with neuro-
genic bladder should be carefully evaluated for urinary tract
infection preoperatively and, if present, should be treated to
clear the urine prior to surgery.

Bone density of the child undergoing spinal fusion should
also be considered. The child who is nonambulatory, poorly
nourished, and on seizure medication is at highest risk. Chil-
dren with low bone density may be difficult to instrument
owing to the possibility of sublaminar wires pulling through or
pedicle screws pulling out of osteopenic bone. Any nonambula-
tory child with low-impact long bone fracture should be
checked for low bone density using dual-energy X-ray absorpti-
ometry scan. Children on seizure medication should have cal-
cium, phosphorous, and vitamin D levels measured. Patients
with bone density two or more Z-scores below the mean with
frequent fracture should be considered for treatment using
intravenous pamidronate.20

Another important preoperative and intraoperative consider-
ation is the prevention of infection after spinal fusion. The
range of infection has been shown to be from 4.2 to 20%.21

Sponseller et al22,23 reported on two multicenter analyses of
infection risk factors and treatment in cerebral palsy. High pre-
operative white blood cell count, older age, higher preoperative
curve magnitude, longer operative time, the presence of a gas-
trostomy or gastrojejunostomy tube, and the use of a unit rod
were associated with deep wound infection. Final curve correc-
tion was lower for patients with infections. Several infected
patients required intensive and prolonged irrigation/debride-
ment and antibiotic therapy. At our institution, prophylactic
intravenous antibiotics cover staph species with intravenous
cefazolin. Consideration of prophylactic dosages of vancomycin
or clindamycin should be given in patients with methicillin-
resistant Staphylococcus aureus (MRSA)-positive nasal swabs
(which should be considered in all institutionalized patients).
We also give one preoperative dosage of gentamycin for gram-
negative coverage to patients with stool incontinence, gastro-
stomy tubes, and a history of gram-negative urinary tract infec-
tions. In addition, we mix allograft bone graft with gentamycin
and/or vancomycin.24 Mohamed et al21 showed that skin break-
down was one of the most significant predisposing factors to
deep wound infection. Careful attention is placed on meticulous
fascial closure to prevent leakage, covering the skin surface
external to the subcuticular closure with a surgical glue barrier,
and covering the wound dressing with a plastic stick-on barrier
to prevent stool and urine from getting into the wound. Best
practice guidelines for pediatric spine surgery have been
recently proposed for high-risk pediatric spine surgery patients
relevant for the majority of neuromuscular patients: (1)
patients should have a chlorhexidine skin wash the night before
surgery; (2) patients should have preoperative urine cultures
obtained; (3) patients should receive a preoperative patient
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education sheet; (4) patients should have a preoperative nutri-
tional assessment; (5) if removing hair, clipping is preferred to
shaving; (6) patients should receive perioperative intravenous
cefazolin; (7) patients should receive perioperative intravenous
prophylaxis for gram-negative bacilli; (8) adherence to periope-
rative antimicrobial regimens should be monitored; (9) operat-
ing room access should be limited during scoliosis surgery
(whenever practical); (10) UV lights need not be used in the
operating room; (11) patients should have intraoperative
wound irrigation; (12) vancomycin powder should be used in
the bone graft and/or the surgical site; (13) impervious dress-
ings are preferred postoperatively; and (14) postoperative
dressing changes should be minimized before discharge to the
extent possible.25

14.7 Specific Surgical Techniques
14.7.1 Pelvic Fixation
Fixation and fusion to the pelvis should be considered in every
neuromuscular patient with a sagittal plane deformity that
extends into the pelvis. Cantilever correction is a powerful
method to correct both anterior and posterior pelvic tilt in the
sagittal plane. It requires instrumentation that can firmly
anchor into the pelvis and can then be used as a lever arm to
bring the pelvis into a corrected position that is perpendicular
to the longitudinal axis of the spine. Traditionally, the unit rod
is ideal for pelvic fixation; however, it can be difficult to place
the pelvic limbs of the rod in cases of severe lumbar lordosis
because it must be placed into the pelvis in one unit
(▶ Fig. 14.4). Cantilever correction using pelvic screws con-
nected to dual precontoured rods connected to one another by
a proximal connector (▶ Fig. 14.3) can also accomplish this and
is easier to place than the unit rod. The pelvis is exposed by dis-
secting up over the sacroiliac joint onto the lumbar muscle
attachment on the inner table of the pelvis. It is important not
to dissect into the sacroiliac joint subperiosteally as one can
encounter significant bleeding here. By dissecting over the joint
itself, little bleeding is encountered. The muscle is then sharply
and bluntly dissected up over the iliac crest apophysis. The

overlying fascia is then divided and the outer wing of the ilium
is then subperiosteally exposed from the posterosuperior iliac
spine (PSIS) forward along the posterior one-third of the pelvis
and down to the sciatic notch. A guide which hooks into the sci-
atic notch is then utilized to aim a drill hole from the PSIS start
point to just anterior and superior to the sciatic notch. If a guide
is not available, the pedicle probe alone can be used and aimed
just above the sciatic notch by direct palpation or by using int-
raoperative fluoroscopy (▶ Fig. 14.5a–d). This is the region

Fig. 14.4 Placement of the pelvic limbs of the
unit rod is difficult in hyperlordosis due to the far
anterior start point required for the pelvic limbs
to enter the pelvis. The drill hole and rod limbs
(the latter of which must be crossed in order to
enter the pelvis properly) must aim just in front of
the sciatic notch and aim distal and posterior.
Failure to do so may cause the rod limb to
penetrate the inner pelvic table as shown.

Fig. 14.5 Intraoperative anteroposterior (AP) (a, b), and oblique (c, d)
views showing proper placement of pelvic screw. The AP view shows
the trajectory of the pedicle probe from the posterior superior iliac
spine (PSIS) to just superior and adjacent to the sciatic notch and the
final screw position at least 1 cm lateral to the notch. The oblique view
is taken parallel with the probe and shows the probe and the final
screw position between the inner and outer cortex just superior to the
sciatic notch, which appears as a “teardrop.”
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where the pelvis is most dense for pelvic screw fixation.26 Intra-
operative anteroposterior and oblique fluoroscopic views are
taken to confirm the placement of the drill or probe to make
sure that there is no penetration through the inner or outer pel-
vic table, or into the sciatic notch. Pelvic screw fixation in the
largest diameter possible (usually 7–10mm) is placed in this
trajectory and should be of sufficient length to pass the sciatic
notch by at least 1 cm. The author prefers to use a closed poly-
axial screw head to maximize the rigidity of the final rod–pelvic
screw construct. Typically, pelvic screws alone are used; how-
ever, when additional fixation is needed to improve the rigidity
of pelvic fixation, S1 screws can be added to the construct. I
prefer this over sacral screw fixation alone, because pelvic
screw fixation provides a better lever arm to correct both pelvic
obliquity and sagittal plane pelvic deformity.

Alternatively, pelvic screws can be placed using the medial
portal (S2-iliac approach) as described by Chang et al27 and
Sponseller et al.28 Advocates for this method state that there is
less exposure time and less bleeding and that the screw head is
less prominent. While we have not found bleeding or exposure
time to be less in our hands, the screw is less prominent using
this approach and lines up more directly with the rods, obviat-
ing the need for lateral rod connectors. If the PSIS start point is
used, notching the ilium at the entrance point with a rongeur
and countersinking the screw prevents screw head prominence.
A fixed lateral rodded connector (usually 10 or 20mm) is used
to connect each pelvic screw to a precontoured rod. Critical to
the correction is to attach and secure each of the precontoured
rods to the iliac screws with the fixed lateral connectors so that
each of the rods is perfectly perpendicular to the horizontal axis
of the pelvis and that the sagittal contour of the rods is aligned
with the sacrum (▶ Fig. 14.6a, b). The sagittal bend should be
identical on each rod and should also be aligned so that the
contour matches from proximal to distal. If these steps are not
meticulously adhered to, the pelvic obliquity will not be opti-
mally corrected with the cantilever maneuver. Once this is
done, the set screws on both the pelvic screws are tightened
and torqued down onto the rod. A proximal connector is added
at the top of the construct, which strengthens the proximal
construct. A drop entry cross-connector can be added in the
lumbar spine to augment the stability of the construct.

Only if the patient has a level pelvis, adequate sagittal pelvic
position, and adequate balance should the surgeon consider
ending fixation more proximal (e.g., at the L4 or L5 vertebral

levels). If fixation to the pelvis is not done, pedicle screw fixa-
tion in the lumbar spine at a minimum of four levels is recom-
mended. Cantilever correction and fixation to the remainder of
the spine using pedicle screws or sublaminar wires can then be
utilized.

14.8 Kyphosis
14.8.1 Lumbar/Thoracolumbar Kyphosis
Cantilever correction is very effective in correcting neuro-
muscular kyphosis. Lumbar and thoracolumbar kyphosis is
effectively corrected utilizing a distal-to-proximal cantilever
correction beginning with fixation to the pelvis.6 Once pelvic
screws are placed, precontoured rods are anchored to the pelvic
screws and then cantilever correction can begin (▶ Fig. 14.7). It
is important to progressively push the rod down to each verte-
bra and then secure each rod at each vertebral level using sub-
laminar wires or screws and not to use the fixation to pull the
rod to the spine, which may cause loss of fixation (either wires
cutting through the laminae or pedicle screw pullout). This
process of securing the rod to the fixation at each level begins
at the L5 vertebral level and progresses gradually up to the T2
or T1 vertebral level. The pelvis, which is typically posteriorly
tilted, is also corrected during cantilever correction.

Fig. 14.6 Pelvic fixation is performed first with
any distal-to-proximal cantilever correction. (a)
The pelvic screws are placed as shown in this
anteroposterior radiograph. (b) The construct is
then assembled from distal to proximal, securing
the rods to the pelvic screws using the rodded
connectors shown if using a traditional PSIS
entrance into the pelvis. A proximal closed
connector and cross-link at the thoracolumbar
junction connect the two precontoured rods,
which should parallel one another.

Fig. 14.7 In lumbar and thoracolumbar kyphosis, a distal to proximal
cantilever correction is performed, first fixing the rod to distal
vertebrae and then pushing down (anterior) on the rod after the rod is
anchored to the apical vertebrae. The sagittal placement of the rod
should initially parallel the precorrected sagittal alignment of the
sacrum, which is tilted posterior along with the pelvis in kyphosis. As
the rod is moved to the spine using cantilever correction, the sagittal
alignment of the pelvis and spine will correct to the sagittal contour of
the rod.
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14.8.2 Thoracic Kyphosis
Kyphosis in the thoracic region is more difficult to correct with
distal-to-proximal cantilever correction. In such cases, starting
distally at the pelvis or in the lumbar spine leaves a short lever
arm above the apex at the proximal end of the rod by the time
one reaches fixation in the thoracic spine. This makes it very
difficult to adequately correct a more proximal kyphosis.
Accordingly, this type of curvature is very difficult to correct
with the traditional unit rod since the unit rod requires distal
fixation into the pelvis first. With this type of curvature, a
reverse cantilever (proximal to distal) can be performed using
the more modular system (▶ Fig. 14.8). After exposing the spine
and pelvis, pelvic screws and sublaminar wires are placed as
previously described. The precontoured rods are connected
using the proximal closed rod connector at the top and placing
a cross-connector in the lumbar region. The rods should be par-
allel from proximal to distal with respect to their contour. Next,
the top of the rod construct is secured using sublaminar wires
from T1 down to the apex of the curvature. After the apical ver-
tebrae is secured to the rod, cantilever correction can be per-
formed by gradually pushing the rod down to the next more
distal vertebrae, tightening the sublaminar wire or securing to
the pedicle screw, performing the same maneuver progressively
down the spine until the pelvic screws are reached. The fixed,
rodded lateral connectors are then utilized to connect the rod
to the pelvic screws in patients who are nonambulators. In
some ambulatory patients without pelvic deformity, the instru-
mentation and fusion can be stopped short of the pelvis and
secured to pedicle screws, usually at the L4 or L5 vertebra
(▶ Fig. 14.8). Using this “proximal-to-distal” cantilever correc-
tion allows for a better lever arm to correct thoracic kyphosis.
In thoracic kyphosis, it is critical that fixation be completed up
to at least the T1 vertebral level and occasionally the C7 level to
prevent “drop-off” at the cervicothoracic junction. Firm fixation
at the proximal-most end with two wires, hooks, or screws is
recommended.

14.8.3 Hyperlordosis
Neuromuscular lumbar hyperlordosis does occur in isolation
but is more frequently seen in combination with scoliosis or

thoracic kyphosis. Pedicle screws with reduction posts are
placed in the region of the hyperlordosis (usually the lumbar
spine) (▶ Fig. 14.9a, b).6 After securing the precontoured rods to
the pelvis with pelvic screws as described, the rods are pushed
down into the reduction posts and secured with the set screw.
Reduction of the hyperlordosis is achieved by gradually screw-
ing down the set screws (▶ Fig. 14.9a, b). Great care is taken to
notice any evidence of posterior plowing of the screws. Maxi-
mizing the diameter of the screws may help with improved
pedicle fixation. In addition, the supplementation of sublaminar
wires can be placed at the same level for additional fixation to
reduce the risk of screw pullout. Once the hyperlordosis is
reduced, the remainder of the spinal instrumentation is com-
pleted more proximally.

14.8.4 Rigid Hyperkyphotic and
Hyperlordotic Deformity
Rigid thoracic and thoracolumbar kyphosis, like other rigid spi-
nal deformities, are difficult to correct using posterior spinal
fusion with instrumentation alone. Multiple level posterior-
only (Ponte, vertebral, or Smith-Petersen) osteotomies with
posterior instrumentation with or without anterior diskecto-
mies as a first stage in the area of maximum deformity decrease
excessive forces to correct the deformity and allow for

Fig. 14.8 It is difficult to cantilever thoracic
kyphosis using the unit rod due to insufficient
lever arm. This diagram shows a proximal-to-
distal cantilever technique that can be used for
thoracic kyphosis. The rod is preassembled and
secured proximally and then delivered into
lumbar pedicle screws if there is no pelvic sagittal
malalignment. Preoperative and postoperative
radiographs are shown.

Fig. 14.9 (a) Correction of hyperlordosis can be achieved using pedicle
screws with reduction posts in the hyperlordotic region of the
deformity after pelvic fixation of the rod is done. (b) Preoperative and
postoperative photographs are shown.
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shortening of the vertebral column.7,29,30,31 Halo-femoral trac-
tion has also been recommended instead of anterior release in
rigid spinal deformities, specifically scoliosis.32 Little is written
about halo-femoral traction and its use in sagittal plane
deformity. However, it should be noted that if a flexion contrac-
ture of the hip exists, traction on the lower extremities may
accentuate the lumbar lordosis. Rigid hyperlordotic deformity
may require staged anterior release (multiple anterior diskecto-
mies) around the rigid apex of the deformity followed by poste-
rior spinal fusion with instrumentation.1,6 In severely rigid
hyperlordotic and hyperkyphotic deformity, vertebral column
resection can produce excellent curve correction and restora-
tion of sitting balance33,34 (▶ Fig. 14.10a–c).

14.9 Evidence-Based Outcomes
Lipton et al1 described 24 patients with cerebral palsy who had
isolated sagittal plane spinal deformity (8 with hyperlordotic
deformity, 14 with kyphotic deformity, and 2 with both) and
underwent posterior spinal fusion and cantilever correction
with unit rod instrumentation. Indications for surgery included
seating problems despite wheelchair modifications, severe back
pain, and superior mesenteric artery syndrome refractory to
conservative treatment (in two patients with hyperlordosis).
The mean preoperative hyperkyphosis of 93.8 degrees was cor-
rected to a mean postoperative kyphosis of 35.8 degrees in chil-
dren with kyphosis, while the mean preoperative hyperlordosis
of 91.8 degrees was corrected to a mean postoperative lordosis
of 43.6 degrees in children with hyperlordosis. Caregivers
reported improvements in physical appearance, sitting balance,
head control, and pain relief. All seating problems and back
pain improved or resolved postoperatively. Both cases of supe-
rior mesenteric artery syndrome resolved postoperatively.

Karampalis and Tsirikos2 described 13 patients with lumbar
hyperlordosis and lordoscoliosis who underwent posterior spi-
nal fusion with instrumentation. The mean lumbar lordosis was
corrected from 108 to 62 degrees postoperatively. Sacral slope
(horizontal sacral inclination) improved from 79 to 50 degrees.
Sagittal imbalance was improved from a mean of ‒8 to ‒1.8 cm.
Preoperative lumbar lordosis and sacral slope were associated
with increased perioperative morbidity. Reduced lumbar lordo-
sis and increased thoracic kyphosis were each associated with
improved sagittal balance at follow-up. Postoperative question-
naires at final follow-up indicated improvements in physical
appearance, function, and relief of severe preoperative back

pain. There were also improvements in head control, breathing,
and hand use.

Sink et al14 looked at a retrospective case series of 41 patients
with spinal deformity, of whom 24 patients had preoperative
hyperkyphosis, focusing on who maintained sagittal plane spi-
nal correction. Preoperative thoracic, thoracolumbar, and lum-
bar hyperkyphosis were risk factors for loss of proximal and
distal sagittal correction. As these authors state, increased
forces at the proximal- and distal-most ends of the instrumen-
tation during kyphosis correction result in the greatest poten-
tial for failure. Reinforcing these ends with stronger fixation is
recommended. Distal loss of correction included loss of the pel-
vic portion of Galveston fixation. We prefer to use the largest
diameter pelvic screw fixation, which, in our experience, is less
likely to pull out compared to the unit rod or Galveston fixation.
Proximal loss of correction occurred in 11 patients who devel-
oped a junctional kyphosis. As mentioned earlier, securing fixa-
tion proximally with two wires, screws, or hooks may provide
more secure proximal fixation.
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15 Spinal Deformity Associated with Neurodegenerative
Disease in Adults
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Abstract
Neurodegenerative disease is an important, though often over-
looked, etiology of spinal deformity in adults. Due to the com-
plex etiology of their deformity and presence of comorbidities,
these patients often have high complication and failure rates
when surgical intervention is pursued. This chapter provides an
overview of the clinical features and management strategies
used to treat spinal deformity in patients with neurodegenera-
tive conditions such as Parkinson’s and Alzheimer’s diseases.

Keywords: adult spinal deformity, Alzheimer’s disease, antecol-
lis, camptocormia, Parkinson’s disease, Pisa syndrome

15.1 Introduction
Neurodegenerative diseases represent a small but important
portion of patients undergoing spinal deformity surgery. From
2001 to 2010, there were 1,347,359 patients who underwent
thoracolumbar spinal fusion surgery (ICD9 8104–8108, 8134–
8138) in the U.S. National Inpatient Sample (NIS) database,
representing 20% of weighted U.S. hospitalizations. Of these
patients, 146,268 (10.9%) were diagnosed with Parkinson’s dis-
ease, just one of the myriad of neurodegenerative disorders.
Degenerative diseases of the central nervous system are charac-
terized by a progressive loss of neurons with associated secon-
dary changes in white matter tracts. The pattern of neuronal
loss is selective, and symptoms can arise in patients with no
history of neurologic deficits and without any clear inciting
event.1 Neurodegenerative diseases encompass a wide range of
pathologies and thus are often grouped by affected anatomic
regions of the central nervous system.

Degenerative diseases affecting the cerebral cortex manifest
with dementia, a loss of cognitive function independent of the
state of attention. These include Alzheimer’s disease (the most
common neurodegenerative disease in adults), frontotemporal
dementias including Pick’s disease, progressive supranuclear
palsy, corticobasal degeneration, frontotemporal dementias
without tau pathology, multi-infarct dementia, Creutzfeldt–
Jakob disease, and neurosyphilis. Degenerative diseases of the
basal ganglia and brainstem are characterized by pathological
movements including rigidity, abnormal posturing, and chorea.
These include Parkinson’s disease, multiple system atrophy, and
Huntington’s disease. Spinocerebellar degenerative diseases are
characterized by motor and sensory ataxia, spasticity, and sen-
sorimotor peripheral neuropathy. This heterogeneous group of
diseases includes spinocerebellar ataxias. Finally, degenerative
diseases affecting motor neurons result in muscle denervation
from loss of lower motor neuron input, including amyotrophic
lateral sclerosis (ALS), bulbospinal atrophy (Kennedy’s syndro-
me), and spinal muscular atrophy.

Management of spinal deformity in patients with neurodege-
nerative disease, be it medical or operative, differs significantly

from that of a patient with chronic degenerative disease.
Patients with neurodegenerative disorders such as Parkinson’s
and Alzheimer’s diseases present unique challenges and consid-
erations to all aspects of care, including medical optimization,
operative intervention, and rehabilitation. Given the complexity
and importance of tailoring treatment to each patient, the goal
of this chapter is to highlight the overarching principles and
considerations when approaching spinal deformity in patients
with neurodegenerative disease.

15.2 Etiology and Pathogenesis
A common deficiency among patients with neurodegenerative
disease is a loss of the normal cellular mechanisms of degrada-
tion,1 resulting in the development of cytotoxic protein aggre-
gates characteristically recognized as inclusion bodies. In
Huntington’s disease, an expanded polyglutamine repeat
results in an aberrant form of the huntingtin protein. In Alz-
heimer’s disease, abnormal aggregates of the transmembrane
protein Aβ elicit neurotoxic responses from astrocytes and
microglia. Parkinson’s disease is characterized by an unex-
plained alteration of a normal cellular protein (α-synuclein)
forming the hallmark protein aggregates known as Lewy’s
bodies. In ALS, dysfunction of copper–zinc superoxide dismu-
tase gene results in periodic acid–Schiff (PAS)-positive cytoplas-
mic inclusions of autophagic vacuoles. Each of these disease
processes ultimately results in the loss of neuronal transmis-
sion, causing muscular spasticity or atrophy. The subsequent
loss of muscular balance caused by these disorders finally cul-
minates in those axial skeletal changes diagnosed as coronal
and sagittal deformity.

15.3 Disease-Specific Deformity
Characteristics and Comorbidities
A wide range of spinal deformities are seen in neurodegenera-
tive conditions, including antecollis, lateral axial dystonia
(LAD), camptocormia, and scoliosis.

15.3.1 Antecollis
In 1817, James Parkinson first described the disease that bears
his name as “a propensity to bend the trunk forward” along
with the following physical exam finding: “the chin is now
almost immovably bent down upon the sternum.”2,3,4 Later in
1886, Gerlier used the term “vertigeparalysant” to refer to the
phenomenon of a dropped head associated with torticollis and
pain of the occipital muscles that spread to the shoulders.5

Meanwhile, in Japan, Miura in 1897 described “kubisagari,” or
attacks of dropped head with weakness of the upper and lower
extremities.4 These represent the earliest descriptions of
antecollis.

Diagnosis Specific

104



Antecollis is defined as significant (minimum of 45 degrees)
neck flexion which may be partially overcome by voluntary or
passive movement. Severity is variable, with some patients pre-
senting with an inability to fully extend the neck against gravity
but able to exert force against the resistance of the examiner’s
hand.6,7 Antecollis occurs in Parkinson’s disease resulting from
dystonia of flexor neck muscles or weakness of extensor neck
muscles.4 Antecollis develops in 5 to 6% of patients with Parkin-
son’s disease,3,4,8 yet it is also occasionally a component of mul-
tiple system atrophy, with shorter intervals between the onset
of motor symptoms and antecollis.7

15.3.2 Lateral Axial Dystonia
LAD is a general term used to describe the laterally flexed pos-
ture caused by extensor truncal dystonia, also known as pleuro-
thotonus and Pisa syndrome.9,10 First described by Ekbom et al
in 1972 as a constellation of physical exam findings associated
with neuroleptic therapy,11 Pisa syndrome, reminiscent of the
well-known Italian structure, is defined by significant (mini-
mum of 10 degrees) lateral flexion, often with a component of
backward axial rotation, that can be alleviated by passive mobi-
lization or supine positioning.12 LAD is characterized by contin-
uous electromyography (EMG) activity of ipsilateral paraspinal
muscles while standing or seated, though EMG activity is
absent while recumbent.9 Despite the often interchanging use
of these terms, there is some controversy among authors
regarding the etiology of these conditions (i.e., tardive neuro-
leptic syndromes vs. idiopathic primary dystonia) and possibil-
ity that they represent more than one clinical entity.

Pisa syndrome has been described among patients with Alz-
heimer’s disease,13,14 multiple system atrophy,15 Parkinson’s
disease,6,16 and ALS,17 as well as in patients with dementia
treated with cholinesterase inhibitors.9,18 One series of 1,400
patients with Parkinson’s disease demonstrated 1.9% with clas-
sic features of Pisa syndrome,9 which may be a precursor to the
development of scoliosis in these patients.6,9 Though there are
documented cases of idiopathic Pisa syndrome, most cases are
associated with the use of neuroleptic medications and respond
well to adjustments or withdrawal of offending agents.19,20

15.3.3 Camptocormia
In 1818, Sir Benjamin Collins Brodie described a “functionally
bent back,” referring to what would later be called bent spine
syndrome.21,22,23 Camptocormia, derived from the Greek words
“camptos” (bent) and “kormos” (trunk), is also known as the
bent spine syndrome.21,24,25 Camptocormia is defined as signifi-
cant (minimum of 45 degrees) thoracolumbar flexion in the
sagittal plane, with almost complete resolution in the supine
position.26,27 These patients frequently report a gradual, though
occasionally subacute, sensation of being “pulled forward” with
worsening of posture and pain after prolonged activity. Origi-
nally thought to be a psychogenic disorder, camptocormia is
now considered to be of idiopathic origin or secondary to neu-
romuscular disease, including Parkinson’s disease, ALS, poly-
myositis, inclusion body myositis, muscular dystrophies,
myasthenia gravis, and cervical dystonia. An associated condi-
tion is proximal myotonic myopathy characterized by progres-
sive painful paraspinal muscle weakness exaggerated by

exercise.28 Other unusual cases of camptocormia have been
reported in the literature and observed by these clinicians as
well (▶ Fig. 15.1a, b). In a 2010 Japanese case report, for exam-
ple, a patient is illustrated with postherpetic abdominal wall
paresis resulting in pseudohernia and 40-degree right convex
deformity from T12 to L4.29

Camptocormia in Parkinson’s disease is caused by myopathy
resulting in axial dystonia,30 resulting in an imbalance of spinal
flexion and extension. Camptocormia secondary to neurodegener-
ative or neuromuscular disorder can be diagnosed by EMG, which
reveals weakness of the paravertebral muscles and elevated crea-
tinine kinase levels. Muscle biopsy in patients with Parkinson’s
disease reveals disorganized myofibrils with intrafascicular fibro-
sis and fatty degeneration.31 Magnetic resonance imaging (MRI)
findings include early edema and swelling followed by fatty infil-
tration of paravertebral muscles.32,33 Camptocormia occurs in 3 to
17.6% of patients with Parkinson’s disease.24,25,34,35

15.3.4 Scoliosis
The earliest identification of spinal deformities including scolio-
sis dates back to Hippocrates, who described spinal curves in

Fig. 15.1 (a) Postherpetic scoliosis (preoperative). (b) Postherpetic
scoliosis (postoperative).
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his book On Bones and Joints.36,37 Traditional definitions of sco-
liosis summarize the vastly encompassing term as “lateral flex-
ion not relieved by voluntary or passive movement, and lateral
curvature of the spine of at least 10° as measured by the Cobb
method with evidence of axial vertebral rotation on radio-
graph.”38 Scoliosis should be differentiated from the previously
described postural deformities including camptocormia, ante-
collis, and Pisa syndrome as a rigid deformity.

The vertebral column serves to provide support and balance
to the human body. Specifically, the spine is the primary means
by which the body maintains an upright posture and a horizon-
tal gaze. Dubousset described a theoretical conus within which
the whole body maintains an upright posture. His conus ranges
from the narrower “cone of economy,” representing minimal
exertion, to the “cone of maximum work,” which is the upper
limit of energy expenditure.39,40 Dubousset visualized a conus
of balance for the standing position, in which the feet are
located within a zone referred to as the “polygon of sustenta-
tion,” and the body, under the influence of muscle function and
ligamentous support, can move in a conical fashion without
moving the feet. The body adapts to changes in balance in order
to regulate the center of gravity over the smallest perimeter
possible.41 This fundamental tendency toward equilibrium is
what drives compensatory changes in the spine as it attempts
to adapt to pathological processes either inherent to the spine
or external to the spinal column such as neurodegenerative
diseases.

Antecollis, camptocormia, and lateral truncal dystonia are
postural deformities that can lead to rigid deformities including
scoliosis. Specifically, the use of the term scoliosis pertaining to
adult patients with neuromuscular diseases such as Parkinson’s
disease is restricted to those spinal deformities not related to
medical treatment such as L-dopa and not related to any clinical
manifestations of the neuromuscular or neurodegenerative dis-
ease. Additionally, the direction of the convexity must not be
related to the laterality of initial parkinsonian symptoms.42 Sco-
liosis is more common in patients with Parkinson’s disease
(ranging from 43 to 90%42,43,44) compared to an age-matched
population (ranging from 6 to 30%45,46).

While sagittal alignment reflects how the anatomic shape of
the spine permits an economical standing position, sagittal bal-
ance is a dynamic parameter and corresponds to the ability of
the subject to maintain stability of the standing position.
Patients with Parkinson’s disease have characteristically poor
stability, often presenting with greater oscillations in the stand-
ing position and a significantly greater risk of fall.47 In 2005,
Sinaki et al demonstrated that patients with hyperkyphosis also
present with significant loss of spinal erector muscles (erector
spinae) and a compromised gait, leading to trunk shift and a
higher risk of falling.48

With regard to spinopelvic malalignment, patients with Par-
kinson’s disease present with a pattern of flexion of the spine,
hips, and knees. Abnormal neuromuscular activation patterns
can result in a greater tendency to forward bend, which can
lead to global sagittal malalignment, a powerful driver of pain
and disability.49 Oh et al evaluated the incidence of sagittal
malalignment in a series of patients with Parkinson’s disease
and found that 42% had a sagittal vertical axis (SVA) measure-
ment of greater than 50mm. Furthermore, 51% of patients had
spinopelvic mismatch (pelvic incidence minus lumbar lordosis

[PI-LL]) greater than 10 degrees, suggesting that the severity of
the Parkinson symptoms affects the ability to compensate with
pelvic retroversion.50,51 Lastly, it is important to note that some
patients with Parkinson’s disease may present with de novo or
progression of idiopathic scoliosis independent of their neuro-
degenerative pathology.

An emerging concept with respect to the etiology of spinal
pathologies is that there are subclinical changes in the neuro-
muscular quality of the soft tissues that cause progressive
deformity through a mechanism that has not yet been
elucidated.

It is not known whether muscle degeneration leads to sagit-
tal imbalance, or whether sagittal malalignment is the premise
for muscle degeneration that then drives pain and disability.
Further study of the role of “soft tissues” would improve our
understanding of compensatory mechanisms (knee flexion, pel-
vic retroversion, hip hyperextension) that are used to maintain
posture in adults with spinal deformity. Future aims to surgi-
cally address deformity must take into account this complex
pathophysiology in addition to each of these compensatory
mechanisms. In summary, understanding the nonbony factors
that drive adult neurodegenerative disease will deepen our
understanding of adult spinal conditions and optimize treat-
ment strategies.

15.4 Disorder-Specific Techniques
15.4.1 Nonoperative Treatment
An appropriate history, physical exam, and imaging workup
must be obtained for any patient with a neurodegenerative dis-
order prior to treatment of a spinal deformity. Caution must be
taken to rule out other disorders, such as inflammatory myopa-
thies, that are capable of resembling neurodegenerative disor-
ders such as Parkinson’s disease. Moreover, these conditions
can similarly be related to the development of spinal deformity,
though their responses to treatment differ enormously. This
possibility demands the accurate diagnosis prior to interven-
tion. Accordingly, consultation with a neurologist is reasonable
to ensure the diagnosis whenever in question and to optimize
medical treatment.

Conservative treatment begins with treatment of the primary
neurodegenerative condition. While there are no curative treat-
ments for neurodegenerative diseases, various medications
have been developed to temporize symptoms and maximize
function in these patients.1 As consultant physicians, spine spe-
cialists must appreciate the risks and benefits of proposed med-
ications with respect to spinal pathologies. For example, L-dopa
is effective for the treatment of Parkinson symptoms such as
rigidity and akinesia but may exacerbate camptocormia.25,26

With respect to treating spinal pathology, nonoperative treat-
ments may include bracing, physical therapy, and injections,
with possible adjunctive use of more recently developed tech-
nologies such as deep brain stimulation (DBS).

15.4.2 Operative Treatment
Traditionally, the goals of surgical correction of scoliosis involve
restoration of coronal and sagittal alignment.52 Specific correc-
tion of sagittal malalignment can offer major improvements in
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quality and functionality in adult spinal deformity patients53,54,
55; however, there are many considerations when contemplat-
ing surgical treatment in these patients. Moreover, the manage-
ment of deformity in adult patients with neuromuscular
diseases such as cerebral palsy remains challenging with little
empiric evidence to support guidelines for operative treat-
ment.56 Despite the absence of studies suggesting optimal
spinopelvic parameters in patients with neurodegenerative dis-
ease, experience of these clinicians suggests goals similar to
those of degenerative scoliosis as follows: pelvic tilt (PT) < 25
deegrees,57 C7–S1 SVA<50mm,49,58 PI-LL < 10 degrees,54,57,59

and T1 pelvic angle < 20 degrees.60

Technical Considerations
Patients with neurodegenerative disease often have major
deformities localized to the thoracolumbar region. These
deformities make alignment goals more difficult to define in
the setting of limited reserve, combined with both coronal and
sagittal malalignment. These patients have a limited ability to
compensate through pelvic retroversion or thoracic hypoky-
phosis,61 thereby highlighting the importance of obtaining opti-
mal SVA, PT, and PI-LL with correction. On the other hand, long
fusions of the spine may create an unfavorable biomechanical
state with the introduction of a long lever arm that may com-
promise the compensatory mechanisms used to recover the
center of mass above the feet. This can reduce the width of the
cone of stability of these patients and contribute to fall risk. A
long fusion in patients with an intrinsic loss of stability, such as
in cases of neurodegenerative disease, can result in correct
alignment but poor balance and gross instability, ultimately
leading to repeated falls. This sacrifice of stability should be
taken into account when treating neurodegenerative patients
with sagittal malalignment.51

Perioperative and Postoperative
Considerations
Surgeons must carefully consider the risks involved in pursuing
operative intervention in patients with neurodegenerative sco-
liosis. These medically fragile patients are susceptible to the
most common risks of surgery, in addition to higher rates of
medical complications such as postoperative delirium, epidural
hematomas, pulmonary emboli, cardiac events, and transfu-
sion-related events as well as surgical complications such as
instrumentation failure, proximal junction kyphosis (PJK), and
adjacent segment disease. Because of the numerous risks and
potential complications associated with operative treatment in
the setting of neurodegenerative disorder, indications for sur-
gery are generally limited to highly motivated patients who are
capable of participating in rehabilitation. In some instances,
patients with progressive myelopathy or severe radiculopathy
failing nonoperative interventions are indicated for surgery.
Nonetheless, the decision to proceed with operative interven-
tion is one that must carefully balance the patient’s medical sta-
tus and response to pharmacologic therapy as well as potential
for disease progression. Risk of perioperative and postoperative
complications, for example, increases with deformity severity,
further complicating the decision making regarding timing of
intervention. The surgical indication then often defaults to

progression of curvature and pain, often in tandem. Lastly, the
decision to perform short versus long fusions with or without
decompression must consider comorbid conditions and other
patient factors that will undoubtedly impact efficacy and risk.

Due to inherent fragility of these patients, it is important to
define perioperative monitoring guidelines to optimize out-
comes. For example, Bourghli et al recommend the use of trans-
cranial motor evoked potentials, somatosensory evoked
potentials, free running EMG of the lower extremities, and
evoked EMGs with pedicle screw stimulation.62

In addition, patients with Parkinson’s disease are more sus-
ceptible to immobility, postoperative dysphagia, respiratory
dysfunction, and urinary retention.63 These issues lead to
higher rates of pneumonia, urinary tract infections, decondi-
tioning, and falls compared to patients without Parkinson’s dis-
ease, as well as prolonged hospital stays and a greater need for
posthospitalization rehabilitation. With these rates in mind,
Katus and Shtilbans recommend limiting nil per os (NPO) status
duration, alternative routes of drugs administration during
NPO, careful avoidance of drug interactions and medications
that can worsen Parkinson’s disease, assessing swallowing abil-
ity frequently, encouraging incentive spirometry, performing
frequent bladder scans, avoiding indwelling catheters, and pro-
viding aggressive physical therapy.64 In a similar effort, Bourghli
et al recommend close monitoring in the ICU for at least 48
hours to minimize the risk of postoperative pulmonary and car-
diac complications.62

Furthermore, in light of the increased risk of postoperative
complications, patients with Parkinson’s disease who undergo
spinal fusion surgery require long-term rehabilitation. These
patients are well known to have an inherent festinating gait,
making postoperative rehabilitation difficult. Patients and
physicians report a lack of motivation to ambulate in this popu-
lation.62 Nevertheless, aggressive physical therapy and ambula-
tion in the postoperative period is advisable to allow for
acclimation to new spinal alignment and to maximize recovery.
Exercise has the potential to benefit both motor (gait, balance,
strength) and nonmotor (depression, apathy, fatigue, constipa-
tion) aspects of Parkinson’s disease as well as secondary com-
plications of immobility (cardiovascular, osteoporosis).64 The
increased prevalence of osteoporosis within this patient popu-
lation,45 however, must be considered before initiating aggres-
sive rehabilitation. Bourghli et al, for example, recommend
bracing with a thoracolumbosacral orthosis for 3 months to
avoid screw pullout.62

Finally, exacerbation of primary neurodegenerative pathol-
ogy can occur at any point during the postoperative course.
Appropriate consultation with neurology and intensive care
services is required not only to optimize these patients preop-
eratively but also to appropriately manage neurodegenerative
exacerbations and comorbidities throughout the postoperative
course.

Despite these risks, operative treatment can offer significant
functional benefits. Operative treatment is generally divided
into long versus short thoracic fusion. Long decompression and
fusion may be indicated in patients with camptocormia with
myelopathy or radiculopathy without motor fluctuations.62

Longer constructs may also be necessary in older patients with
osteoporosis as mentioned previously. Short decompression
and fusion is recommended in select cases. Upadhyaya et al, for

Spinal Deformity Associated with Neurodegenerative Disease in Adults

107



example, recommend short fusion for unmotivated patients
with camptocormia without motor fluctuations.65

15.5 Evidence-Based Outcomes
15.5.1 Nonoperative Treatment
Despite the summaries of evidence-based outcomes that follow,
these authors agree on the necessity to preface the findings
with a note on their limitations. While most spine clinicians
recognize the modest but important proportion of patients
affected by neurodegenerative diseases, the diversity of disor-
ders and complexity of their treatment is reflected in the scar-
city of literature on the topic. The literature regarding postural
deformity in patients with neurodegenerative disease is sparse
with very few poorly powered studies, most of which are retro-
spective utilizing patients with Parkinson’s disease. In the
future, we hope for an increase in interinstitutional collabora-
tion in order to produce more robust studies including larger
sample sizes, more uniform methods of comparison, and pa-
tient populations that span the full spectrum of neurodegener-
ative disease.

Bracing
Bracing for neurodegenerative deformity has been attempted in
an effort to emulate the success in idiopathic scoliosis but with
moderate efficacy at best. In a recent Korean case report of a pa-
tient with camptocormia associated with Parkinson’s disease,
investigators report resolution of symptoms, improved ambula-
tory ability, and overall improved patient satisfaction in just 3
months with the use of a cruciform anterior spinal hyperexten-
sion (CASH) brace combined with exercise. According to this
study, after 5 months of CASH bracing, the patient was able to
maintain corrected posture even without the brace.66 Similarly,
in one prospective case series of 15 patients (6 of whom were
diagnosed with Parkinson’s disease) with camptocormia treated
with a thoracopelvic anterior distraction orthosis, patients
benefited from a decrease in mean SVA from 18.3 to 7 (p <0.01),
a reduced visual analog scale (VAS) of 70% (p < 0.01), and an
increased VAS scale of 92% (p <0.01) at 90 days.67 Likewise, a
French prospective study of 15 patients with camptocormia
treated with orthosis and exercise found an average increase in
lumbar lordosis of 10.1 and 12.5 degrees after 30 and 90 days,
respectively (p < 0.05), a 7-degree increase in thoracic kyphosis
after 90 days (p <0.05), and an average of 70% reduction in pain
after 90 days.68 Despite reported benefits of bracing, patients
often have difficulty with compliance.

Rehabilitation
Although the role of rehabilitation for the treatment of postural
disorders is rarely investigated, a number of therapies such as
physiotherapy, hydrotherapy, yoga, Pilates, and intensive exer-
cise have been proposed as potential strategies.6 In a 2014 study
of patients with Parkinson’s disease with postural abnormal-
ities, patients were randomized to one of two treatment groups
receiving a prescribed postural rehabilitation program with
or without kinesio taping and a control group. At the conclusion
of the study period, all patients treated with postural

rehabilitation showed a significant improvement in global sag-
ittal alignment with respect to baseline. Furthermore, treated
patients demonstrated improved gait and balance, as illustrated
by enhanced functional measures Timed Up and Go and Berg
Balance Scale, supporting the role of the rehabilitation protocol
in the treatment of neurodegenerative postural deformities.69

Botulin Toxin Injections
Early studies of patients with primary or tardive neuroleptic
dystonia treated with botulinum toxin demonstrate substantial
improvement in pain and range of motion with minimal
adverse risk70,71; however, similar trials for camptocormia,72

LAD,9 and antecollis73 show variable results. In a series observ-
ing 16 patients with Parkinson’s disease and camptocormia, 4
of 9 patients who received botulinum toxin A into the rectus
abdominis demonstrated notable improvement in camptocor-
mia; however, a quantitative change in posture is not pro-
vided.74 In a 2007 blinded crossover trial of nine patients with
LAD related to Parkinson’s disease, six (67%) patients treated
with botulinum toxin A demonstrated improvement in func-
tion, pain, and grading of LAD, while no adverse outcomes were
observed.9 Finally, in another study evaluating efficacy of botu-
linum toxin injection for the treatment of antecollis, investiga-
tors report a subjective patient response of “excellent” in 13.3%
of cases, “good” in 33.3%, “mild” in 26.7%, and no response in
26.7% of cases.73

Similar studies have attempted to deliver botulinum toxin
more accurately using imaging modalities such as ultrasound
and CT guidance. In a 2009 study by Fietzek et al, injection of
iliopsoas or rectus abdominis muscles of patients with campto-
cormia associated with Parkinson’s disease failed to reach any
patient-identified therapeutic goals despite confirmation of
muscular atrophy by ultrasound examination.75 In a separate
study evaluating the efficacy of ultrasound-guided botulinum
toxin A injection of the iliopsoas, assessment of all patients
failed to show improvement in posture and, in fact, resulted in
complaints secondary to hip flexor weakness.76 Given the con-
flicting response to treatment and few rigorous studies, the use
of botulinum toxin in the management of camptocormia is des-
ignated a level “U” recommendation (Level U: inadequate or
conflicting data; treatment is unproven).77

Lidocaine Injections
Previous attempts to reduce abnormal truncal flexion using
lidocaine injection have shown modest success.78,79 In the pre-
mier study of five patients with camptocormia treated with
lidocaine injections, Furusawa et al demonstrated improved
posture following injection of the external oblique muscles, but
improved posture was not observed with injection to the rectus
abdominis or internal obliques.78 In their follow-up study, 12
patients with Parkinson’s disease and camptocormia were
treated with repeated lidocaine injections into the external
oblique, beginning with a single injection, followed by repeated
injections (once a day for 4–5 days). Despite subsidence of effect
after several days, 8 of 12 patients demonstrated significant
improvement (as exhibited by a decrease in mean flexion angle
from 62.1 to 54 degrees, p =0.018) in posture after a single
injection. Meanwhile, 9 of 12 showed improvement (mean
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flexion angle decreased with repeated injections from 62.1 to
49 degrees, p = 0.005) over a 90-day observation period follow-
ing repeated injections.79

Deep Brain Stimulation
Deep brain stimulation (DBS) is accomplished through the sur-
gical implantation of electrodes that modulate specific targets
in the brain for the treatment of various neurologic diseases.
Successful use of DBS has been demonstrated for a number of
movement disorders, most notably Parkinson’s disease and
dystonia, resulting in significant improvements in functional
status.80 Targets of DBS electrodes include the thalamus, sub-
thalamic nucleus (STN), and the globus pallidus internus,
depending on the disorder of interest.81

In one review of 67 patients with Parkinson’s disease and
camptocormia treated with DBS (from 13 studies), 61% of
patients were observed to have an effective outcome.30 Given
the inconsistent results of DBS in this population, study authors
Schulz-Schaeffer et al sought to identify prognostic factors for
the effect of DBS on camptocormia. Multifactorial analysis of 25
patients who underwent bilateral neurostimulation of the STN
revealed the duration of camptocormia prior to neurostimula-
tion to be the relevant factor in predicting outcome. For exam-
ple, of 13 patients who demonstrated an improvement of at
least 50% of bending angle, all were determined to have camp-
tocormia for less than 1.5 years. Concomitantly, patients who
demonstrated symptoms between 1.5 and 3 years prior to neu-
rostimulation showed mixed results, while no patients suffer-
ing from camptocormia for longer than 40 months showed
improvement following DBS.30 In light of these optimistic
results and the comparatively low risks associated with DBS,
several authors recommend that all patients meeting criteria
for DBS be considered for neurostimulation prior to operative
intervention for postural deformity.65

15.5.2 Operative Treatment
Mechanical Outcomes
Multiple challenges and outcomes have been addressed in the
surgical treatment of patients with neurological disease and
scoliosis, though additional technical challenges exist. Bone
anchorage is often an issue due to a high rate of osteoporosis;
one study found that 34% of patients with Parkinson’s disease
were osteoporotic.45 Instrumentation failure may be due to any
combination of the iatrogenic effect of the fusion, age-related
osteoporosis, and disk degeneration, and/or the neuromuscular
disease itself.62 Studies show that 29 to 33.3%62,82 of these
patients may experience this complication. PJK may be due to
any combination of elderly age, osteoporosis, and/or the neuro-
muscular disease itself. This complication may be experienced
by 16.7 to 17.6% of patients with Parkinson’s disease.61,62 To
reduce the risk of PJK, authors suggest particular care in pre-
serving the supraspinous and interspinous ligaments between
T1 and T2 to avoid destabilization of the cervicothoracic junc-
tion following long posterior fusion.83

When considering the surgical approach to postural deform-
ity in a patient with neurodegenerative disease, one must con-
sider that these patients can suffer from a range of postural or
fixed deformities including scoliosis. Additionally, the estimated

etiology of these deformities must be considered. For example,
in a patient found to have camptocormia in the presence of
truncal dystonia, the muscular pathology is more likely to place
additional stress on instrumented levels and adjacent segments
compared to a similar patient with extensor muscle weakness.
Moreover, when considering alignment objectives as men-
tioned previously, postural goals may differ significantly
between patients with varying degrees of deformity and
severity of neurodegenerative disease.

Given these challenges, revisions may be performed for non-
fusion, instrumentation failure or pullout, PJK, adjacent level
instability, epidural hematomas, and infection. Based on these
indications, 50 to 79% of these patients may require reopera-
tions.61,62,82 These issues are highlighted in a retrospective
review by Babat et al of 14 patients with Parkinson’s disease
who underwent lumbar/lumbosacral (8), thoracolumbar (2),
and cervical (4) spinal surgery. The authors reported a very
high reoperation rate associated with technical complications.
Of the 14 patients, 12 (86%) required additional surgery, either
for instability and/or implant failure or pullout.82 Despite these
findings, the development of modern techniques and instru-
ments, combined with added operative experience, is likely to
yield more favorable outcomes in future studies.

Medical Outcomes
Patients with neurological disorders are especially susceptible to
the already high risks of major spine surgery. Koller et al con-
ducted a retrospective review of 23 patients with Parkinson’s
disease treated surgically for spinal disorders. Medical complica-
tions were seen in 30.4% during the perioperative course and
included appendicitis (1), postoperative delirium (3), liver
decompensation with temporary hepatic encephalopathy (1),
pneumothorax (1), akinetic crisis indicating intensive neurologic
care (1), decompensation of insulin-dependent diabetes mellitus
(1), and decompensation of kidney insufficiency (1). Postoperati-
ve complications included adjacent segment collapse or fractures
(17.6%), PJK (17.6%), and reoperation (58.8%).61

Neurodegenerative pathology can expectedly complicate the
postoperative surgical course. For example, postoperative delir-
ium is a common and potentially serious condition within this
patient population. In a study evaluating patients with Parkin-
son’s disease undergoing T2–pelvis posterior fusion, 66.7%
developed postoperative delirium62 compared to an incidence
of 8.4 per 1,000 lumbar spine procedures performed in the gen-
eral population.84 To illustrate the potential implications of this
complication, one study reported that in the general population
postoperative delirium increases risk of postoperative compli-
cations (p =0.01), resulting in worse postoperative mood and an
increased length of stay by about 1.5 days in patients under-
going orthopaedic procedures.85 Another study found that
delirious patients are less likely to improve in function at 6
months when compared with preoperative baseline HAQ
(t = 6.43, p < 0.001).63

Operative Benefits
Despite the risk of complications reiterated previously, there
are also many benefits derived from operative treatment. In a
2015 review of the literature, Sarkiss et al identified 95 patients
with Parkinson’s disease who underwent spinal surgery across
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six studies published between 2000 and 2013. From this subset
of patients, 63% were judged to have satisfactory results.86 In a
retrospective review by Bourghli et al, investigators analyzed
12 patients with Parkinson’s disease with spinal deformity
undergoing long segment posterior spinal fusion (T2–sacrum)
with iliac screws and autologous graft (with bone morphoge-
netic protein if revision surgery).62 In this analysis, patients
demonstrated improved global alignment: SVA decreased from
15.2 to 0.5 cm, C7 PL decreased from 8.9 to 3.2 cm, PI-LL
decreased from 34 to ‒3 degrees, and PT decreased from 31.6
to 19.1 degrees.64 Additionally, functional results were assessed
postoperatively with the SRS-30 demonstrating a mean func-
tion score of 24/35, mean pain score of 24/30, mean patient sat-
isfaction score of 12.5/15, and mean total score of 114/150
(76%). Similarly, from the Koller et al review of postoperative
outcomes among 23 patients with Parkinson’s disease who
underwent spinal surgery, 11 patients were satisfied, 6 were
very satisfied, 2 were neither satisfied nor dissatisfied, and 2
were not satisfied (in 2 patients clinical outcome data were not
available).61

15.6 Case Presentation
A 64-year-old woman with Parkinson’s disease presents with
leg pain (left worse than right) along with back pain for many
years. Her pain is worse with standing, better with sitting. To
date, the Parkinson’s disease has been well managed with med-
ications and DBS. On exam, she had weakness of the left quadri-
ceps and diminished reflexes at the left patella and Achilles.
Romberg’s test was positive and tandem gait walking was
unsteady. She had a left lumbar trunk shift. Full-body X-rays
and MRI (▶ Fig. 15.2a, b) revealed lumbar scoliosis with left-
sided concavity, anterior sagittal malalignment, and nerve root
compression at the left L3 and L4 foramina with lateral listhesis
at several levels.

She underwent T10–pelvis posterior spinal fusion with L5–S1
transforaminal lumbar interbody fusion, L3–L4 and L4–L5 hem-
ilaminectomy and foraminotomies for decompression of the L3
and L4 nerve roots, and iliac fixation (▶ Fig. 15.2c, d).

Postoperatively, she developed arrhythmias, which were man-
aged medically, as well as deep vein thromboses and pulmo-
nary emboli, for which she was treated with inferior vena cava
filter placement. Her hospital course was also complicated by
episodes of confusion and hallucinations that were managed
medically. She was discharged on postoperative day 9 to an
acute rehab facility.

At 1-month follow-up in the office, the patient reported
improvement in back and leg symptoms and was able to walk
up to half a mile. At 3- and 6-month follow-up visits, she con-
tinued to have nearly complete resolution of pain with some
residual numbness around the left knee. At 10-month follow-
up, the patient reported recurrence of right leg pain with limi-
tation in walking and balance. X-rays (▶ Fig. 15.2e, f) showed
adequate alignment across the fused segments with maintained
PI-LL but increased thoracic kyphosis above the fusion, poten-
tially representing PJK. The patient was managed medically
with adjustment of pain medications after consultation with
her primary neurologist. In summary, this case illustrates
that good clinical results can be achieved in patients with Par-
kinson’s disease; however, these patients are prone to the
development of perioperative and long-term postoperative
complications as well as progression of degenerative spinal
pathology.

15.7 Conclusion
The complex pathophysiology of neurodegenerative diseases in
adults makes surgical treatment of spinal deformity challeng-
ing. An appreciation of the complications in the peri- and post-
operative period is required. Based on the nonoperative and
operative strategies presented here, intervention by spine sur-
geons can afford improved functionality and quality of life. To
optimize outcomes for these patients, seamless cooperation
from the entire health care team including nursing, neurology,
anesthesiology, rehabilitation, and internal medicine is of
utmost importance. Future work lies in robust prospective
studies that can guide the development of treatment guidelines
and protocols in these challenging cases.

Fig. 15.2 (a, b) (Preoperative lateral and PA) A
64-year-old woman with Parkinson’s disease
presents with lumbar scoliosis with left-sided
concavity, anterior sagittal malalignment, and
nerve root compression at the left L3 and L4
foramina with lateral listhesis at several levels. (c,
d) (Postoperative PA and lateral) T10–pelvis
posterior spinal fusion with L5–S1 transforaminal
lumbar interbody fusion, L3–L4 and L4–L5 hemi-
laminectomy and foraminotomies for decom-
pression of the L3 and L4 nerve roots, and iliac
fixation. (e, f) (PA and lateral at 10 months
postoperative) Adequate alignment across the
fused segments with maintained PI-LL but in-
creased thoracic kyphosis above the fusion,
potentially representing PJK.
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16 Sacropelvic Fixation Techniques
Suken A. Shah

Abstract
Considerable flexion moments and cantilever forces at the tran-
sitional area of the lumbosacral junction necessitate strong dis-
tal fixation to allow control and correction of deformity and
avoid pseudarthrosis and implant failure. This chapter will dis-
cuss the biomechanics and various techniques of sacral and pel-
vic screw fixation with an emphasis on contemporary
techniques to achieve better fusion rates, improve fixation, neu-
tralize forces, and avoid failure and other complications.

Keywords: iliac screws, sacropelvic fixation, S2 alar iliac screw
fixation

16.1 Introduction
Indications for sacropelvic fixation include long spinal fusions
for scoliosis, high-grade spondylolisthesis, pelvic obliquity cor-
rection, sagittal plane deformity correction, sacral fractures,
and lumbosacral fusions in patients with poor bone quality and
osteoporosis. Each of these indications requires strong distal
fixation to resist significant flexion moments and cantilever
forces in this transitional area. Despite many advances and
developments in spinal instrumentation techniques, fixation
failure at the lumbosacral junction continues to be a challenge.

Due to the significant biomechanical forces across this junc-
tion and relatively poor sacral cancellous bone quality, fusion at
the lumbosacral junction has been associated with rates of
pseudarthrosis as high as 33 to 39%,1,2 loss of lordosis,1,2 and
instrumentation failure, especially with historical methods such
as body casting and Harrington and Luque instrumentation.
Cotrel–Dubousset (CD) instrumentation and the Galveston
technique were introduced in the 1980s, and although pseu-
darthrosis rates were lower, there were instrumentation-
related complications with the CD system3 and technical diffi-
culties with rod contouring, insertion in the ilium, and rod loos-
ening with the Galveston technique.

16.2 Biomechanics
McCord et al pointed out the importance of the lumbosacral
pivot point, which was defined as the point at the middle
osteoligamentous column between the last lumbar vertebra
and the sacrum. The farther the implants extend anterior to this
point, the greater the stiffness of the construct. Various instru-
mentation models (iliac fixation, S1 fixation, and S2 fixation)
were tested. The two constructs that withstood the greatest
load before failure had caudad iliac (rod or screw) fixation, and
they concluded that crossing the sacroiliac (SI) joint is war-
ranted if instrumentation extends anterior to the pivot point.4

O’Brien identified three distinct zones of the sacropelvic re-
gion: zone 1 consists of the S1 vertebral body and the cephalad
margins of the sacral alae; zone 2 consists of the inferior mar-
gins of the sacral alae, S2, and the area extending to the tip of
the coccyx; and zone 3 consists of both ilia. Fixation strength

improves progressively from zone 1 to zone 3. Zone 3 offers the
greatest biomechanical fixation strength to counter the pullout
forces and bending moments at the lumbosacral junction. Also,
in agreement with McCord, iliac fixation with pelvic screws or
iliac rods allows placement of implants more anteriorly beyond
the lumbosacral pivot point than any other implant type.5

Lebwohl and colleagues performed a biomechanical compari-
son of lumbosacral fixation in a calf spine model and noted that
supplementary fixation distal to S1 pedicle screws provides a
benefit over S1 fixation alone, and iliac fixation was superior to
a second point of fixation in the sacrum.6

Cunningham et al studied ex vivo porcine spines biomechani-
cally to ascertain the value of anterior column support com-
pared with that of iliac fixation in lumbosacral fusions. When
tested to failure, the authors found that iliac screws significantly
reduced lumbosacral motion, particularly with axial rotation,
flexion–extension, and lateral bending. Iliac fixation was found
to be more protective of S1 screws and more resistive of motion
than anterior interbody cages.7

However, other investigators have argued in favor of anterior
column support, particularly at L4–L5 and L5–S1, in long
fusions to the sacrum.8,9 Anterior lumbar interbody fusions
place the bone graft ventral to the instrumentation and the
lumbosacral pivot point, and the graft is placed in compression
to optimize fusion and stability.9 This procedure improves
the overall chance of fusion, decreases the strain on caudad
pedicle screws, and has a definite role in long fusions to the
sacrum, especially in adults and other patients at risk for
pseudarthrosis.

Various contemporary techniques of sacropelvic fixation have
been described to achieve better fusion rates, improve bone
purchase, neutralize forces, avoid pullout, ease difficulty, and
reduce complications. In this chapter, we will cover the key
components of surgical techniques for the majority of iliac fixa-
tion options. This will include the following: (1) Galveston and
unit rod technique; (2) iliac bolts/screws with and without off-
set connections to the longitudinal rods; (3) double iliac bolts;
(4) iliac screws in an alternative, anatomic pathway; and (5) S2
alar iliac (S2AI) screw fixation

16.2.1 Galveston and Unit Rod
Technique
The Galveston technique allows for the incorporation of the
ilium into the foundation of the construct via the insertion of
rods between the inner and outer tables of the ilium, which
provides a broader base and a more biomechanically advanta-
geous position.1,4 The transverse portions of the rods are
inserted under a large muscle flap and enter the ilium at the
posterosuperior iliac crest. The orientation is approximately 30
to 35 degrees caudally and 20 to 25 degrees laterally. The rods
may cross the SI joint, and contouring can be difficult.10 The
technique lowers the pseudarthrosis rate of long fusions to the
sacrum,11,12 but it is also associated with a moderate incidence
of loosening secondary to micromotion at the rod tips within
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the ilium, despite lumbosacral fusion.13 Radiographically, this
is described as a windshield-wiper effect and may be associ-
ated with pain and the need for implant removal,13,14 but in
our long-term experience of unit rod fixation in patients
with cerebral palsy, this has not been a common sympto-
matic issue requiring reoperation.15 Lonstein and his col-
leagues published their results and complications of 93
patients with cerebral palsy and scoliosis who underwent
posterior-only spinal fusion with Luque–Galveston instru-
mentation with an average follow-up of 3.8 years.14 Coronal
curve correction was 50% and pelvic obliquity correction was
40% at latest follow-up. The late complication rate was 47%
and included the windshield-wiper sign, junctional kyphosis,
pseudarthrosis (7.5%), and implant problems including break-
age, dislodgement, and prominence. Seven patients required
reoperation, most commonly for pseudarthrosis and/or failed
implants.

The unit rod, by virtue of its precontoured unibody construc-
tion, provides rigid control of spinal deformities involving pel-
vic obliquity and allows for a cantilever mechanism to correct
the pelvic obliquity and the scoliosis simultaneously.16 See
▶ Fig. 16.1 for an example of a patient with severe thoracolum-
bar scoliosis and pelvic obliquity treated with a unit rod. The
rods are available in various lengths with corresponding thora-
cic, lumbar, and pelvic contours. The specific technique of unit
rod insertion follows.17

At the inferior margin of the incision, the outer wing of the
ilium is subperiosteally exposed down to the sciatic notch and
sponges packed out over the pelvis to maintain hemostasis. The
right and left drill guides for the unit rod are placed in the
respective sciatic notch; care should be taken to ensure that the
drill guide is as inferior as possible along the posterosuperior
iliac spine (PSIS). The handles of the drill guide are the reference
points for alignment: the lateral handle should be parallel with
the pelvis and the axial handle parallel with the sacrum. The
drill hole is next made utilizing the guide using a 3/8-inch drill
to the predetermined depth directed toward the anteroinferior
iliac spine (AIIS); the hole is then palpated with a ball-tipped
feeler to confirm that there has been no breach of the cortical
bone of the inner or outer pelvic table. Alternatively, after
establishing the landmarks, the pedicle gearshift can be used to
cannulate the cancellous bone of the iliac pathway, either free-
hand or with fluoroscopic guidance. Gelfoam should be
inserted into the drill holes to control cancellous bone bleeding.
After the proper length unit rod is selected, the pelvic limbs of
the rod are crossed and inserted into their respective drill holes.
Each limb should be advanced alternatively in 1-cm increments
with an impactor. Care must be taken to maintain control of the
rod and insure that it does not penetrate either table of the pel-
vis. In the setting of hyperlordosis, the marked anterior inclina-
tion of the pelvis increases the risk of the pelvic limb
perforating the inner cortex during insertion. The pelvic ends of
the rod need to be directed in a more posterior direction to
accommodate this angulation; rod placement is facilitated by
manual correction of the lordosis prior to rod insertion. In
instances of marked lordosis, the pelvic limbs of the rod may be
cut and inserted separately and then attached to the rod with
rod-to-rod connectors.

In our series of surgical correction of scoliosis in pediatric
patients with cerebral palsy using unit rod instrumentation,15

241 patients were observed for more than 2 years and had an
average coronal curve correction of 68% and pelvic obliquity
correction of 71% with a very cost-effective implant system. Int-
raoperative complications with pelvic fixation occurred in 17
patients; sagittal plane deformities, especially lumbar hyperlor-
dosis, were a risk factor. Late postoperative complications
occurred in 12 patients: 3 pseudarthroses, 3 deep infections,
and 6 prominent proximal implant issues.

Although the unit rod provides excellent correction of pelvic
obliquity and resistance to flexion moments, there is little
resistance to axial pullout and torsion by virtue of the rods
being smooth and immediate micromotion of the iliac construct
after insertion. These concerns can be mitigated by adding a
transverse connector distally to improve torsional rigidity and
adding lumbar pedicle screws distally at L5 to significantly
improve axial pullout, strength, and stiffness.18

Fig. 16.1 (a, b) Preoperative sitting X-rays of a patient with severe
thoracolumbar scoliosis and pelvic obliquity. (c, d) Postoperative sitting
X-rays of the patient after posterior spinal fusion with the unit rod.
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16.2.2 Iliac Screws—Standard Technique
The difficult learning curve associated with rod contouring and
insertion into the ilium using the Galveston technique has been
resolved with the use of iliac screws, which permits screws of
variable length and diameter to be inserted into each ilium sep-
arately. Simpler fixation to the pelvis with screws may also mit-
igate the potential complications of the Galveston technique,
which was up to 62% in Gau et al’s series11 and 47% in Lonstein
et al’s series.14 The screws can then be connected to the main
construct by various connectors. This technique has simplified
the process of obtaining iliac fixation, especially in patients with
significant pelvic asymmetry or hyperlordotic lumbar deform-
ities while improving pullout strength through better interdigi-
tation of the threaded implant within the iliac cortical and
cancellous bone.19,20 See ▶ Fig. 16.2 for an example of a patient

with severe thoracolumbar scoliosis and pelvic obliquity
treated with segmental instrumentation and iliac screws.

When placing iliac screws in lieu of smooth Galveston pelvic
fixation, the starting point is similar—1 to 2 cm inferior to PSIS.
To decrease implant prominence, a notch in the ilium can be
used to bury the head of the screw below the contour of the
cortical bone. A pedicle gearshift or drill is used to cannulate
the cancellous bone between the inner and outer tables of the
ilium, directed toward the AIIS, 1 cm above the sciatic notch.
The pathway is then palpated with a ball-tipped probe and
tapped to increase purchase and size the diameter and length
of the screw. The exposure of the PSIS can be made through the
same incision, elevating the paraspinal lumbosacral muscula-
ture and soft tissues, with a subperiosteal dissection of the PSIS
and a portion of the outer table or through a separate, small
oblique fascial incision by retracting the skin over the iliac crest.
Alternatively, using a technique described by Wang and col-
leagues21 with the Viper Screw System (DePuy Synthes Spine,
Raynham, MA), iliac screws can be inserted with a fluoroscopi-
cally guided percutaneous technique to avoid the morbidity
and complications associated with such a large muscle dissec-
tion and soft-tissue devitalization.

Every effort should be made to insert the largest diameter,
longest screws that can be safely accommodated to achieve
favorable biomechanics. Screws should extend past McCord’s
sacropelvic pivot point at the anterior edge of the L5/S1 disk at
a minimum.4 The farther anteriorly and laterally the screws
extend, the better control of pelvic flexion, extension, obliquity,
and rotation. Even in smaller patients, we have been successful
in implanting screws of 7.5 to 8mm in diameter and 65 to
80mm in length. Larger patients can accommodate screws of
up to 10mm×100mm. Large taps are available to enlarge the
entry site and size the screws by using insertional torque. These
various options are all available in the Expedium Neuromuscu-
lar and Pelvic Fixation Set (DePuy Synthes Spine, Raynham, MA)
in closed and open screw head options along with offset con-
nections that will allow modular, rigid connections to the longi-
tudinal rods up to the spinal implants. Since the typical iliac
pathway starting at the PSIS is 1 to 2 cm lateral to the pedicular
line, offset connectors are frequently needed and options in the
set are fixed or variable axis, open or closed connectors that can
be customized for length, or short-throw rod contour and
attached to the rod with slip strengths equal to Expedium
pedicle screw connections. Alternatively, the longitudinal rods
can be contoured laterally in the coronal plane distal to the L5
or S1 screws to connect directly to the iliac screws either prior
to rod insertion or with in situ benders.

A retrospective, single-center cohort study comparing two
groups of 20 patients (flaccid and spastic paralytic scoliosis)
each with Luque–Galveston constructs and iliac screws showed
similar maintenance of pelvic obliquity and scoliosis correction,
but the iliac screw techniques avoids the complex lumbosacral
three-dimensional rod bends and had less haloing around the
pelvic implants with minimal implant complications. The Gal-
veston group had four broken rods and two reoperations and
the iliac screw group had one broken screw and no
reoperations.22

A larger multicenter retrospective study of 157 patients with
virtually equal distribution compared the unit rod to “custom-
bent” rods with iliac screw fixation and found that although the

Fig. 16.2 (a, b) Preoperative sitting X-rays of a patient with severe
thoracolumbar scoliosis and pelvic obliquity. (c, d) Postoperative sitting
X-rays of the patient 3 years after posterior spinal fusion with
precontoured rods and a proximal transverse connector from the
Expedium Neuromuscular Set and iliac screws with offset connectors
from the Sacropelvic Collection (DePuy Synthes Spine, Raynham, MA).
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unit rod had better pelvic obliquity correction, mean surgical
time, blood loss, hospital stay, infection rate, and proximal fixa-
tion problems were significantly higher in the patients with
unit rods.23

16.2.3 Double Iliac Screws
Occasionally, double iliac screw fixation is needed to overcome
challenges of osteoporosis, fractures involving the sacropelvis,
or tumor resections/reconstructions to impart better biome-
chanical stability. Phillips et al provide an overview of their
technique and experience in 50 patients with neuromuscular
scoliosis who were treated with Luque instrumentation techni-
ques modified with the addition of iliac screw anchorage, 20 of
whom had 2 iliac screws in each pelvic wing (4 in total). The
patients with two screws in each ilium had a lower complica-
tion rate; conversely, patients with single iliac screws had a 2.5
times greater incidence of rod disengagement and sevenfold
greater prevalence of implant failure cephalad to the pelvis.24

Their technique involves a muscle-splitting approach to the
standard PSIS starting point, exposure of the outer table of the
pelvis to the sciatic notch to identify the trajectory, and cannu-
lation of the cancellous bone between the inner and outer
tables, aiming for the AIIS. The first screw is placed approxi-
mately 2 cm superior to the PSIS, with a second screw placed
2 cm further superiorly. Average curve correction was 48% and
average pelvic tilt correction was 59%.24

16.2.4 Iliac Screws—Anatomic
Technique
Placement of iliac screws using the traditional standard techni-
que described earlier requires the use of offset connectors and
may devascularize and denervate the iliac muscles. An alterna-
tive technique described by Harrop et al provides for the screw
heads to be inserted in a more anatomic position aligning with
the rods without the detachment of the erector spinae
muscles.25 The erector spinae muscles are carefully dissected
medial to lateral, but are not detached distally to maintain
muscle viability. The authors point out that disconnection of

the midline muscles on exposure with the ensuing dissection of
the medial iliac crest causes the muscles to contract, leaving a
void; consequently, this can result in a hematoma, possible
infection, and morbidity. A second fascial incision is made over
the soft tissues that attach to the lateral iliac crest wall; gluteal
muscle is subperiosteally dissected off the lateral ilium to allow
finger palpation of the sciatic notch. The starting point for this
screw is located along the medial border of the PSIS at its junc-
tion with the sacrum. A pedicle probe is used to develop the
screw path 20 degrees lateral to the midsagittal plane and 30 to
35 degrees caudal to the transverse plane toward the anterior
superior iliac spine, 1.5 to 2 cm above the sciatic notch. This pla-
ces the iliac screw tulip head in line with the longitudinal rods
without the need for an offset connector, does not require bone
resection, and is less prominent than a screw starting at the
PSIS.

16.2.5 S2 Alar Iliac Screws for Pelvic
Fixation
The S2AI technique, described by Chang et al,26 Kebaish,27 and
Sponseller et al28 has become my preferred technique for vari-
ous reasons. Since the starting point is 1.5 cm deeper than the
traditional iliac entry from the PSIS, decreased implant promi-
nence is the main advantage. The starting point and, conse-
quently, the screw head are in line with L5 and S1 pedicle
screws, thus avoiding an offset connection from the longitudi-
nal rod (see ▶ Fig. 16.3). This point is easily found, requires little
muscle dissection, and can even be performed in a minimally
invasive fashion.29 The starting point for the screw is 2 to 4mm
lateral and 4 to 8mm inferior to the S1 foramen; minimal
muscle stripping and dissection are needed (see ▶ Fig. 16.4). A
sharp awl or burr is used to mark the starting point and pene-
trate the cortical bone. Then, a drill or pedicle gearshift is used
to enter the cancellous bone of the sacrum directed toward the
dorsal aspect of the SI joint, into the ilium. Even in osteopenic
bone, the screw can obtain decent fixation, since multiple corti-
cal layers are penetrated. I find palpation of the ipsilateral
greater trochanter of the proximal femur as a valuable virtual
target (see ▶ Fig. 16.5). The trajectory is lateral (approximately

Fig. 16.3 (a) The S2AI pathway allows the iliac
screw to line up with the lumbar and sacral
pedicle screws so no offset connection is needed
when securing the longitudinal rods. (b) Intra-
operative photos of the screw arrangement and
alignment.
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40 degrees to the horizontal plane) and 20 to 30 degrees caudal
(this depends on pelvic tilt), and fluoroscopy is helpful to guide
this trajectory. The anteroposterior projection shows the pelvis
and sciatic notch. The teardrop view helps ensure that the path-
way is in the thickest part of the ilium without a cortical breach
(see ▶ Fig. 16.6). Once in the ilium, the pathway is 1 to 2 cm
above the sciatic notch directed toward the AIIS. A polyaxial
screw, typically 80 to 90mm long, is used and adults can
accommodate diameters of 8 to 10mm; screw diameters of 7 to
8mm can be used in smaller patients.

The Expedium SAI screw (DePuy Synthes Spine, Raynham,
MA) has novel features that are desirable for use in this
capacity: a favored angled polyaxial head for added tilt and ease
of rod attachment, a smooth shank for enhanced outer diameter
and strength at the proximal part of the screw, large thread
form for cancellous bone purchase, and a diverse variety of sizes

for all types of patients. Kebaish and colleagues reported on a
group of 52 patients (adult and pediatric) followed over 2 years
using this technique and reported lower complication rates
than other techniques with no adverse effect on the SI joint and
only one patient that required implant removal.30 Sponseller et
al described excellent results in a cohort study of pediatric
patients (predominantly with scoliosis secondary to cerebral
palsy) with the S2AI technique compared to screws inserted
into the ilium from the traditional starting point of the PSIS.
Patients with S2AI screws had better restoration of pelvic obliq-
uity and fewer complications: no deep infections, prominent
implants, or anchor migration compared to three patients with
infections and three instances of implant prominence, skin
breakdown, or anchor migration in the PSIS group.28

The S2AI screw technique can also be performed minimally
invasively using existing Expedium instruments and its cannu-
lated components (see ▶ Fig. 16.7 and ▶ Fig. 16.8). This techni-
que saves operative and fluoroscopy time after placement of
the guidewire down the pathway with either a drill or cannu-
lated gearshift.

16.3 Complications and Avoidance
Complications associated with sacropelvic fixation include inju-
ries to the adjacent structures (bladder, colon, iliac or gluteal
vessels) due to misplacement, cortical bone breach, implant
prominence and loosening, wound problems, infections, and
implant failure and nonunion.

S1 pedicle screws placed in a convergent manner may injure
the middle sacral artery or veins. Diverging S1 screws or alar
screws that are placed bicortically and are too long may cause
injury to the common or internal iliac artery/vein or lumbosac-
ral trunk. S2 screws that are too long placed in a convergent
trajectory may injure the inferior hypogastric plexus or colon.
Iliac screws violating the sciatic notch may injure the superior
gluteal artery and those that violate the medial ilium may
injure the internal iliac artery/vein or lumbar plexus, causing an
iliacus hematoma, or violate the hollow viscera of the pelvis.
Iliac screws that are too long anteriorly may violate the acetab-
ulum. Misplacement can be avoided by becoming familiar with
the anatomy at risk, cadaver experience, the use of blunt
probes, confirmation of bony end point at all steps of screw
placement, and knowledge about the fluoroscopic X-ray views
to confirm proper screw placement.

Fig. 16.4 The starting point of the SAI screw is a point between the S1
and S2 foramen, along the lateral border, in line with an S1 pedicle
screw.

Fig. 16.5 From the starting point, one should aim for the AIIS,
palpating the tip of the ipsilateral greater trochanter.

Fig. 16.6 (a–c) Intraoperative photos illustrating use of a cannulated
gearshift from the VIPER SAI Screw Set (DePuy Synthes Spine,
Raynham, MA) used to cannulate the S2AI pathway under fluoroscopy
and then use of a guidewire to tap and implant the SAI screw. Minimal
muscle dissection is required and the technique is very efficient. (d)
Illustration of guidewire placement in the S2AI pathway.
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Implant prominence is cited as a frequent cause of removal;
for example, in one series of 36 patients with iliac screw fixa-
tion, 8 required subsequent removal,31 but this can be mitigated
by resecting the top of the iliac crest, forming a notch for the
screw head to lie deeper within the ilium, or using the S2AI

technique, which allows the screw head to be almost 15mm
deeper than traditional iliac screws.26 Kebaish et al’s series of
52 adult patients with S2AI fixation listed only 1 patient that
needed subsequent removal.30

Fig. 16.7 (a,d) Pre- and postoperative sitting X-rays of a patient with neuromuscular scoliosis after posterior fusion and instrumentation with
precontoured rods and a proximal transverse connector from the Expedium Neuromuscular Set and pelvic fixation using the VIPER SAI screw via the
S2AI pathway.

Fig. 16.8 (a,b) Postoperative sitting X-
rays of a patient with neuromuscular
scoliosis after posterior fusion and
pedicle screw instrumentation and
pelvic fixation using the VIPER SAI
screw via the S2AI pathway.
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The infection rate seems lower with this technique as well,
perhaps since less dissection is needed for this technique, and
combined with soft-tissue preservation and lower profile, this
technique seems ideally suited even for our malnourished neu-
romuscular patients. In Sponseller et al’s report of 32 patients
with cerebral palsy and scoliosis and 2-year follow-up from sur-
gery, there were no infections, prominent implants, or failures
of the S2AI screws.28 The infection rate associated with iliac fix-
ation alone is difficult to compare from the literature because
iliac fixation is performed in conjunction with other proce-
dures. However, in a thorough 2-year follow-up study of
patients treated with iliac fixation, Kuklo et al19 reported an
infection rate of 4% (3 of 81 patients). Those authors also noted
iliac screw back-out in three patients, all of whom had spondyl-
olisthesis; however, no pseudarthrosis occurred in these
patients.

Nonunion and implant failure typically occur together and
host biology as well as strength of fixation may play a role.
Proper workup to rule out a pseudarthrosis must be under-
taken prior to implant removal to allow for proper preparation
in the operating room. Again, consideration of anterior inter-
body support is important, especially in the face of pseudarth-
rosis. At L5/S1, an anterior structural graft is biomechanically
favorable since it is loaded in compression and anterior to the
pivot point; this can optimize fusion and stability.9

16.4 Conclusion
Many sacropelvic fixation techniques have been described his-
torically to aid surgeons in long constructs to the sacrum, but
only a few are still widely used, including sacral screws, the Gal-
veston technique, iliac screws, and S2AI screws. S1 pedicle
screws are most effective when placed with “tricortical” fixa-
tion, angled medially and upward toward the sacral promon-
tory. Sacral ala and S2 pedicle screws have been used to
improve the strength of the construct, but studies have shown
no significant biomechanical alteration or improved clinical
results. Iliac screws (bolts) have been shown to protect S1
screws, have superior pullout strength, and high fusion rates.
Offset connectors are used to connect the screws to the longitu-
dinal rods with the traditional PSIS starting point. S2AI screws
have the advantages of decreased implant prominence since the
insertion point is up to 15mm lower than the prominent part
of the posterior iliac crest, and the use of an offset connector is
avoided since the point of insertion is in line with the S1 screw
and longitudinal rods. Some of these techniques are associated
with complications, which can be minimized by paying close
attention to the regional anatomy, minimizing soft-tissue dis-
section, and choosing low-profile implants and techniques. To
add anterior structural support, anterior fusions should be con-
sidered in long fusions that extend to the thoracic spine, which
will offload some of the stresses from the posterior implants
and allow early bony union.
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17 Comparison of Unit Rods with Modular Constructs in
Cerebral Palsy
Mark Shasti and Paul D. Sponseller

Abstract
This chapter compares unit rods with modular instrumentation
constructs for neuromuscular scoliosis surgery. Unit rods and
modular or “custom-contoured” systems are both frequently
used for surgery, but each method has its own risks and bene-
fits. Unit rods cost less than precontoured products and yield
nearly “automatic” correction of pelvic obliquity, but can be
quite difficult to tailor for use in patients with lumbar hyperlor-
dosis and intrapelvic rotation. They work by cantilever moment
arm correction and transverse approximation. Modular systems
allow incorporation of additional correction mechanics, includ-
ing compression, distraction, derotation, and separate pelvic
obliquity correction. The corrective maneuvers can be adjusted
as needed, and asymmetry of the pelvis can be accommodated.
This greater versatility has resulted in increased use of modular
systems and a relative decline in the use of unit rods. Neverthe-
less, the standards for complete pelvic obliquity correction, as
well as the power of the cantilever maneuver, are permanent
lessons taught by the unit rod. Both historical data and contem-
porary results are presented in this chapter to provide the
reader with an in-depth understanding of both techniques.

Keywords: modular construct, pedicle screw, pelvic obliquity,
posterior spinal fusion, scoliosis, sublaminar wires, unit rod

17.1 Introduction and Background
The unique nature of scoliosis in children with cerebral palsy
(CP) presents many challenges for treatment. Instrumented spi-
nal arthrodesis effectively corrects spinal deformity and spino-
pelvic obliquity in these patients.1,2 The decision to pursue
surgical correction in children with CP can be difficult. The indi-
cations for surgical correction are: (1) scoliosis that exceeds 50
degrees; (2) major impairment (current or predicted) of the
patient’s ability to function; or (3) presence of substantial pain.3

The goal of operative management should be to achieve the
greatest improvement of scoliotic deformity and pelvic obliq-
uity possible without compromising safety. Sitting posture can
be improved dramatically with simultaneous correction of pel-
vic obliquity by including the pelvis in the fusion.4 Techniques
for posterior spinal fusion have evolved over the past 30 years:
early Harrington instrumentation and the later development of
Luque rods, modified for the Galveston technique, have been
major achievements in the operative treatment of neuromuscu-
lar scoliosis. However, the problems associated with each of
these techniques led to development of the unit rod and modu-
lar constructs.

17.2 Unit Rod Construct
Galveston rod fixation consisted of paired Luque rods bent so
they could be anchored in the ilium.5 Differential migration of

the two rods was partially solved by adding cross-links and,
later, by joining the two rods together at the top as one unit in
an inverted “U.” This innovation by Moseley, in 1989, resulted
in a one-piece, precontoured system of instrumentation that,
when combined with sublaminar wires, followed the principles
of the Luque–Galveston technique.6 It allowed for stable, seg-
mental fixation of the spine and pelvis. This produced better
correction of spinal and pelvic deformity, as well as restoration
of coronal and sagittal trunk balance.6 Once the distal ends had
been inserted and seated into the iliac wings, the proximal end
of the rod could be cantilevered toward the midline, forcing the
pelvis into a horizontal position. The curve of the spine could
then be further corrected by transverse approximation of the
apex of the curve to the rod with tightening of the sublaminar
wires into the fixed vertical plane of the rod (▶ Fig. 17.1).7

In their review of the literature on degree of correction
obtained using the unit rod, Tsirikos et al2 analyzed a series of
287 children and adolescents with severe CP treated with the
unit rod technique. They reported an excellent major curve cor-
rection of 68% and pelvic obliquity correction of 71%, with good
lateral balance of the spine and a low rate of complications. The
authors stated that the unit rod was the preferred system for
the treatment of patients with CP for several reasons: its rela-
tive ease of use, lower cost compared with all–pedicle screw
instrumentation, comparable deformity correction, low rate of
loss of correction, and low rates of reoperation and complica-
tions. An earlier study by Bulman et al7 found similar results,
validating the use of the unit rod.

The unit rod produces near-automatic correction of pelvic
obliquity. However, several drawbacks are notable. First, it is
not optimal for correction of proximal thoracic curves because
insertion must start from the pelvis and the cantilever mode of
correction becomes less efficient the more proximal the
deformity. Second, it is unable to compress the posterior col-
umn and correct major thoracic kyphosis for the same reasons.
Third, developmental asymmetry of the pelvis in patients with
CP may not match the typical pelvic anatomy on which the unit
rod relies. Fourth, the many required laminotomies and passage
of sublaminar wires contribute to increased bleeding. Fifth,
lumbar hyperlordosis virtually necessitates that the unit rod be
cut, recontoured, and reconnected with multiple connectors at
the thoracolumbar junction. Because of these limitations, other
modular systems developed to treat neuromuscular scoliosis
have gained popularity.

17.3 Modular Constructs
All–pedicle -screw constructs have been used extensively in
patients with adolescent idiopathic scoliosis. The convex rod
can be placed first, and alignment is achieved through a canti-
lever maneuver combined with vertebral compression, transla-
tion, and derotation using the screws and the rods. The concave
rod is placed second to augment the construct. Or, alternatively,
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the concave rod can be placed first, the apex translated medi-
ally and dorsally, distracted to obtain kyphosis in the thoracic
spine, and the convex rod placed to cantilever the apex to the
midline and correct the rib prominence. The correction can be
individually tailored to the patient. The development of modu-
lar constructs using screws, wires, and hooks has been advanta-
geous in treating patients with neuromuscular scoliosis
(▶ Fig. 17.2).

Tsirikos and Mains8 reviewed 45 consecutive patients with
severe CP (Gross Motor Function Classification System [GMFCS]
level 5) who underwent spinal arthrodesis using pedicle screw/

rod instrumentation. They reported mean correction of 74% for
scoliosis and 83% for pelvic obliquity, with loss of only 2.5
degrees of correction at a mean 3.5-year follow-up. None of
their patients treated by posterior or anteroposterior spinal

Fig. 17.1 A 13-year-old boy with cerebral palsy and scoliosis treated
with unit rod. Radiographs showing (a) preoperative anteroposterior
view; (b) preoperative lateral view; (c) postoperative anteroposterior
view; and (d) postoperative lateral view. (These images are provided
courtesy of the Harms Study Group database.)

Fig. 17.2 A 15-year-old girl with spastic quadriplegic cerebral palsy and
scoliosis treated with modular construct. Radiographs showing (a)
preoperative anteroposterior view; (b) preoperative lateral view; (c)
postoperative anteroposterior view; and (d) postoperative lateral view.
(These images are provided courtesy of the Harms Study Group
database.)
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arthrodesis developed the “crankshaft” phenomenon, possibly
because of the three-column fixation provided by segmental
pedicle screws. (The crankshaft phenomenon, described by
Dubousset et al,9 occurs when posterior spinal fusion stops lon-
gitudinal growth in the posterior elements but the vertebral
bodies continue to grow anteriorly and result in progressive
angulation and rotation of the spine.) They reported no prob-
lems related to positioning of the iliac bolts or pelvic fixation of
the construct, in contrast to the unit rod technique. Placement
of the iliac screws was always performed after exposure of the
pelvis and under direct visualization. They reported that, in
patients with lumbar hyperlordosis and marked anterolateral
pelvic tilt, it is easier and safer to place iliac screws than the pel-
vic legs of the unit rod, which can cut out from the osteopenic
iliac bed. In their study, complications included one deep and
five superficial wound infections treated with surgical debride-
ment and antibiotics. There were no detected pseudarthroses
and only one reoperation for prominent instrumentation. Their
results compared favorably with their previous unit rod study,2

in which 3 nonunions requiring revision surgery and 12 reope-
rations for prominent implants occurred more than 3 years
after combined anteroposterior spine arthrodesis in 45
patients. In their 2012 study, Tsirikos and Mains8 concluded
that spinal correction using segmental pedicle screw/rod con-
structs can be performed safely and with fewer major complica-
tions and a lower reoperation rate compared with the
traditional unit rod. After 3.5 years of postoperative follow-up,
they reported that correction of spinopelvic imbalance was
maintained.

In a similar study, Modi et al10 reported on 52 patients with
CP and various degrees of neurological involvement who
underwent scoliosis correction through posterior-only spinal
arthrodesis with pedicle screw instrumentation and mean fol-
low-up of 3 years. Mean scoliosis correction was 63%. Overall
correction of pelvic obliquity was 56% postoperatively and 43%
at 3 years of follow-up. Compared with the study by Tsirikos
and Mains,8 in which all patients had quadriplegia with major
pelvic obliquity, in the study by Modi et al, 20 patients had
diplegia or hemiplegia, which explains the smaller degree of
pelvic deformity.10 They reported a 33% complication rate,
including two perioperative deaths, one neurological deficit
caused by screw penetration in the canal, one prominent pelvic
screw that required removal, and several respiratory complica-
tions but no deep wound infections.

17.4 Pelvic Fixation
Progressive pelvic obliquity with an unbalanced spinal deform-
ity adversely affects sitting balance, skin pressure, and quality
of life.11,12,13,14,15 Pelvic fixation is used in spinal deformity sur-
gery for three purposes: (1) to improve correction of deformity,
especially if the apex is in the lumbar spine; (2) to stabilize the
lumbosacral junction to facilitate arthrodesis; and (3) to pre-
vent add-on of the deformity in the lumbosacral area and
improve sitting posture in a neurologically compromised pa-
tient with poor truncal control. Screws in the sacral vertebrae
can provide fixation but these anchors cannot always withstand
the loads applied, since the sacrum is largely cancellous bone.
The use of long anchors projecting into the ilium past the “pivot
point” has been shown by McCord et al16 to provide the most

mechanically effective form of pelvic fixation because the
moment of the anchors extends far anterior and lateral to the
spine. Galveston and unit rods, as described earlier, were early
applications of this. Recently, “modular” assemblies have
become more popular, with screws individually placed into the
ilia and joined to long rods, sometimes with connectors. This
technique requires subfascial dissection to the posterior supe-
rior iliac spine, which may compromise the muscle flap. In addi-
tion, the anchors inserted through the posterior superior iliac
spine are more prominent than those in the remainder of the
implant and can loosen. For this reason, Chang et al17 developed
a trajectory to insert iliac screws through a sacral starting point
using the widest screw possible (▶ Fig. 17.3). This starting point
is immediately caudal to the starting point of S1 screws, at the
top of the S2 ala, extending into the thickest portion of the
ilium just above the sciatic notch. It traverses the fibrous or the
articular portion of the sacroiliac joint (▶ Fig. 17.4). The trajec-
tory allows a length nearly equal to that of traditional iliac
screws, and the more oblique angle prevents them from back-
ing out. The implant is in line with all of the other spinal
anchors so that no connector is needed. The length and width
of the implant allow pelvic obliquity to be corrected even in the
presence of osteopenic bone. In a study with minimum 2-year
follow-up, Sponseller et al18 reviewed 32 consecutive pediatric
patients who underwent sacral–alar–iliac (SAI) screw fixation
compared with 27 patients with traditional pelvic fixation
using sacral or iliac screws. In the SAI group, pelvic obliquity
was corrected to less than 10 degrees in most cases. There were
no cases of vascular or neurologic complications, deep infec-
tions, implant prominence, late skin breakdown, or anchor
migration with SAI screw insertion. With the use of SAI or
buried iliac screws, technical complications of pelvic fixation
have become less common.

Fig. 17.3 Intraoperative fluoroscopic image of the starting point of
sacral–alar–iliac screw insertion, which is immediately caudal to the
starting point of S1 screws, at the top of the S2 ala.
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17.5 Blood Loss
Blood loss is a major risk in scoliosis surgery for patients with
CP. This risk is especially high in patients in a hypocoagulable
state caused by comorbidities or medication. Thomson and
Banta19 reported that patients taking antiseizure medications
have greater blood loss perioperatively when undergoing sco-
liosis corrective surgery compared with patients not taking
antiseizure medications. When comparing unit rod with modu-
lar construct fixation, Sponseller et al20 reported that patients
undergoing unit rod surgery did not have significantly more
blood loss (2,124 vs. 1,885mL, p = 0.3). Tsirikos and Mains,8 in
their prospective series of patients with CP treated with pedicle
screw/rod instrumentation, compared surgical outcomes
against a historical series of patients treated with unit rods or
third-generation instrumentation and found that greater pre-
operative curve magnitudes correlated with greater intraopera-
tive blood loss (r = 0.56). Furthermore, greater intraoperative
blood loss was correlated with longer stays in the hospital
(r = 0.44) or intensive care unit (r = 0.53). They also reported
that greater preoperative pelvic obliquity was correlated with
longer surgical time (r =0.58), greater intraoperative blood loss
(r = 0.34), and longer stays in the hospital (r = 0.22) or intensive
care unit (r = 0.44). Teli et al21 reported that blood loss was cor-
related with the degree of pelvic obliquity (r = 0.29) and number

of operated levels. Various strategies employed by surgeons to
reduce intraoperative bleeding are the following: reduced mean
arterial pressure during the exposure only, antifibrinolytic use,
and decreased operative time with two surgeons.
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18 Halo-Gravity Traction: An Adjunctive Treatment for
Severe Spinal Deformity
Joshua M. Pahys and Amer F. Samdani

Abstract
Halo-gravity traction (HGT) has evolved from halo-femoral and
halo-pelvic traction to become a safe and effective adjunctive
tool in the treatment of severe spinal deformity in ambulatory
and nonambulatory patients. HGT has been shown to poten-
tially reduce the need for vertebral column resections as well as
provide a means of optimizing a patient from a medical and
nutritional standpoint prior to spinal surgery. HGT can be
applied either before spinal surgery or between stages of a mul-
tistage procedure, with traction weight calculated based on a
patient’s total body weight. The timing and duration of HGT is
surgeon-specific and is typically based on curve severity and
rigidity, as well as the health of the patient. The indications for
pre- and/or perioperative HGT include severe scoliosis or
kyphosis > 100 degrees with limited flexibility (< 20%). Relative
contraindications are cervical kyphosis and/or stenosis, liga-
mentous laxity, and open fontanelles. Complications during
HGT are typically minor and include pin site irritation or infec-
tion, which can be treated with pin care, antibiotics, or pin
removal. Neurologic injury, although extremely rare with HGT,
has been reported. Studies on patients with HGT commonly
involve a heterogeneous patient population; thus, it is challeng-
ing to reach a definitive consensus on indications and treat-
ment protocols. However, a growing number of reports are
substantiating the potential benefits of HGT for severe spinal
deformity.

Keywords: halo-gravity traction, kyphosis, scoliosis, severe spi-
nal deformity, vertebral column resection

18.1 Overview
Since the late 1950s, various forms of halo traction have been
utilized as an adjunctive form of treatment in spinal deformity.
Perry and Nickel1 revised Bloom’s fascial traction device to an
aluminum tiara fixed to the skull with threaded pins. This was
initially indicated for cervical paralysis related to poliomyelitis,
but was later expanded to include severe scoliosis.2 Several
forms of halo traction have been described to date including
halo femoral,3,4 halo tibial,5 halo pelvic,6 and, more recently,
halo gravity.7,8,9

Halo-femoral traction was utilized by Kane and colleagues3

in 30 patients with scoliosis in whom the average curve was
reduced from 112 to 58 degrees after final correction. Bonnett
and colleagues4 later reported a 53% correction with halo-fem-
oral traction for patients with paralytic scoliosis. However, 28
of 37 patients sustained fractures after treatment was com-
pleted, 17 of which involved the femurs during simple range-
of-motion exercises posttreatment. This study highlighted the
potential significant complications associated with halo-femo-
ral traction and bed rest as it relates to the loss of bone mineral
density.

Halo-gravity traction (HGT) was then introduced building on
work by Klaus Zielke and Pierre Stagnara.7 HGT offers a distinct
advantage over the previous treatments in that it affords signif-
icantly more versatility. HGT may be applied in a bed, a wheel-
chair, and/or a walking frame, allowing the patient to be
upright and out of bed during treatment8 (▶ Fig. 18.1).

There are several published series on HGT for severe spinal
deformity.7,8,9,10,11,12 The study by Sponseller and colleagues9 is
the lone level III study of the existing literature on HGT in which
a retrospective, multicenter, nonrandomized comparison study
of pediatric patients with severe scoliosis was performed. In
this study, patients were treated with or without HGT based on
surgeon preference. The study found no statistically significant
difference between the HGT and the non-HGT groups with

Fig. 18.1 Patient in a halo-gravity traction walker with free weights
applied through a pulley system. A fold-down seat allows the patient to
be seated while remaining in upright traction for rest and during
mealtimes. A similar setup is utilized in wheelchair for nonambulatory
patients.
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regard to final curve correction, spinal length gain, blood loss,
operating time, or complications. However, in this study,
patients who underwent HGT required significantly fewer ver-
tebral column resection procedures compared to patients who
did not undergo HGT (3 vs. 30%, respectively; p = 0.015).

Rinella and colleagues8 retrospectively reviewed 33 patients
with severe scoliosis at a single center and demonstrated a 46%
curve correction after HGT and spinal fusion with no neurologic
deficits. No mention was made of curve correction while the
patients were in HGT. Sink and colleagues7 retrospectively
reviewed 19 pediatric patients with severe scoliosis treated
with HGT for 6 to 21 weeks and reported an average Cobb’s
correction of 35%. Watanabe and colleagues10 reported a
single-center retrospective review of 21 consecutive pedia-
tric patients with scoliosis > 100 degrees. The study reported
the greatest improvement in Cobb angle correction after 1
week of HGT (17.5%) and plateaued at 23.3% correction after
3 weeks of HGT. The reported final curve correction after
fusion and HGT was 51.3%. No significant improvements
in correction of the Cobb angle were noted with > 3 weeks
of HGT.

Koller and colleagues13 retrospectively reviewed 45 adult and
pediatric patients with severe scoliosis and/or kyphosis treated
with HGT. An improvement of only 8 and 7 degrees, respec-
tively, was achieved in the coronal and sagittal planes with pre-
operative HGT, while a 9% improvement in forced vital capacity
(FVC) was noted during preoperative HGT. Bogunovic and col-
leagues11 reported an average deformity correction of 35%, with
the majority of the correction occurring in the first 3 to 4 weeks
of HGT (average HGTweight: 35.4% of total body weight [TBW]).
Pulmonary function (FVC and forced expiratory volume 1
[FEV1]) similarly improved an average of 9% during HGT in this
study.

Nemani et al12 reported on 29 patients with an average coro-
nal curve of 131 degrees who underwent HGT for an average of
107 days prior to definitive posterior spinal fusion or placement
of growing rods. They reported an average major curve correc-
tion of 31% after HGT and a final correction of 56% postopera-
tively, with deformity correction plateauing at 63 days.

18.2 Preprocedure Planning
18.2.1 Indications and
Contraindications for HGT
Radiographic indications for consideration of HGT vary consid-
erably among studies and institutions; however, a coronal and/
or sagittal Cobb angle of ≥90 to 110 degrees is typical. Curve
flexibility has also been shown to play a role in consideration of
HGT. Sponseller et al9 utilized HGT for curves > 90 degrees
with < 25% flexibility, while Watanabe et al10 used the criteria
of a Cobb angle > 100 degrees and <20% curve flexibility as an
indication for HGT. True contraindications have also not been
fully agreed upon, but generally cervical kyphosis, cervical
stenosis, ligamentous laxity, and/or open fontanelles are con-
sidered relative contraindications to HGT.

A head computed tomography (CT) or skull radiograph can
be performed prior to halo placement, although this is not the
standard practice at the authors’ institution unless there are

specific concerns. Approximately 50% of respondents in a sur-
vey of spinal deformity surgeons obtain pre–halo placement
imaging of the skull.14 One must be acutely aware of prior sur-
gery, especially the placement of ventriculoperitoneal (VP)
shunts, as fracturing of these devices has been reported in
HGT.15

18.2.2 Equipment
Halo Application
At our institution, we do not typically obtain studies prior to
halo placement for evaluation of the skull. However, if the pa-
tient has undergone any cranial surgery (VP shunt), has poor
bone density (osteogenesis imperfecta), or is very young
(potentially open fontanelles), a head CT scan or skull radio-
graphs should be obtained prior to halo placement.16

The most common determining factor for the number of pins
used in HGT is the patient’s age, followed by underlying diagno-
sis. Typically, in children younger than 8 years, four anterior
pins are used, and for children 8 years and older, two anterior
pins are used. Similarly, six posterior pins are utilized for chil-
dren younger than 5 years, four to six pins for children 6 to 8
years of age, and four pins for children older than 8 years. In
patients who have reached skeletal maturity, a total of four pins
(two anterior and two posterior) may be sufficient.

The halo is applied under conscious sedation with local anes-
thesia in the operating room or procedure room. The halo is
placed slightly below the equator of the skull, but above the
orbits and superior aspect of the pinnae.12 The ideal pin torque
is also based on patient age and underlying diagnosis. We rec-
ommend the use of an adjustable torque wrench during halo
placement starting at 2 inch-pounds (in-lb) and progressing in
1 to 2 in-lb increments. A goal of at least 4 in-lb is ideal. The
greater the skull density, the more torque may be applied, to a
maximum of 8 in-lb. If only a lower amount of torque is toler-
ated, the surgeon must then place additional pins to distribute
the forces. The surgeon must be aware of avoiding the medial
half of the orbits anteriorly so as not to injure the supraorbital
nerve. Furthermore, avoiding pin placement in the temporal
fossa is critical as this can injure the temporalis muscle, and the
bone of this portion of the skull is relatively thin16,17,18

(▶ Fig. 18.2).

Halo-Gravity Traction Apparatus
A modified walker for ambulatory patients or wheelchair for
nonambulatory patients is utilized when the patient is out of
bed. The walker device ideally has a fold-down seat so that the
patient may remain in the traction walker for the entire day
including meals and limit the number of necessary traction
devices. The authors utilize free weights with a pulley system
(▶ Fig. 18.1). Other institutions have reported the use of a cali-
brated spring/tension device (e.g., fish scale). A similar traction
setup is used when the patient is in bed. The head of the bed
should be elevated and/or the patient will need to be placed in
reverse Trendelenburg to minimize cephalad migration over-
night. The authors do not typically reduce the traction weight
during sleeping hours,12 but reducing the nighttime HGT
weight by up to 50% has been reported.11,19
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18.2.3 Setup
Halo Weight Application and Management
The typical starting weight for HGT is 5 to 10 pounds based on
the patient’s age and weight. The goal HGT weight ranges from
33 to 50% of the patient’s TBW.9,11,12 Some studies have
reported increasing the HGT weight until the patient is “barely
touching” or “slightly off” the chair of their traction walker/
wheelchair.8

The HGT weight can be increased once or twice a day. An
increase of 2 to 5 pounds per day is typically reasonably well
tolerated by patients. The authors have found that adding a
smaller amount of weight, but doing so twice per day (e.g., 1–3
pounds added morning and afternoon) has improved patient
comfort and decreased the timing to achieve the goal traction
weight. Increases in HGT weight is dependent on patient com-
fort and continued thorough neurologic examinations. Goal
traction weight can typically be achieved in 1 to 2 weeks, but
may take as long as 4 weeks for larger patients.12,14

Duration of HGT
There are no clear guidelines or agreement regarding the opti-
mum length of HGT. The decision is multifactorial and based on
patient diagnosis and curve size/rigidity as well as pulmonary
and nutritional status. The duration of HGT has been reported
to be between 2 and 28 weeks.7,9,11,12,19 Several studies have
also reported on the efficacy of an additional 2 to 8 weeks of
perioperative HGT if a staged release (anterior or posterior)
procedure is performed.8,10,19 Watanabe et al10 reported a pla-
teau in curve correction with HGT after 3 weeks. Park et al20

found that 66% of the maximal coronal correction was achieved
by 2 weeks of HGT, 88% by 3 weeks, and 96% by 4 weeks. Bogu-
novic et al11 demonstrated maximal curve correction after an
average of 42.6 days of HGT. Finally, Nemani et al12 did not see
a plateau in correction until 2 months of HGT. These differences
are all likely due to the significant heterogeneity of the patients
that are included in these studies as well as variations in techni-
que and traction weight. The authors typically utilize HGT for 3
to 6 weeks prior to surgical intervention. If a staged procedure
with anterior or posterior releases is planned, we typically do
not utilize perioperative HGT for longer than 3 weeks between
stages (▶ Fig. 18.3a–g).

Several studies7,10,11 state that the duration of HGT was also
dependent on the maximization of the patient’s pulmonary and
nutritional status. Bogunovic et al11 reported an improvement
in pulmonary function in 19 of 22 patients during HGT prior to
surgical correction. Koller et al13 demonstrated a 9% improve-
ment in FVC% with HGT and recommended definitive surgical
intervention after FVC% has improved or plateaued, typically
around 2 weeks of HGT. Rizzi et al21 noted a strong positive cor-
relation between degree of curve correction and improvement
in pulmonary function, while Zhang et al22 demonstrated a
trend toward increased postoperative complications in patients
with poorer preoperative pulmonary function.

Imaging During HGT
The authors obtain weekly full-length biplanar radiographs
from skull to pelvis during periods of HGT. This allows for
assessment of the sagittal and coronal deformity as well as eval-
uation of the cervical spine. Dedicated cervical spine radio-
graphs can be performed if there are any changes in the
neurologic examination or if the patient’s cognition limits his
or her ability to undergo a complete neurologic examination.

18.2.4 Challenges and Complications
Patient Discomfort and Achieving Goal
Traction Weight
Increasing HGT weight can be challenging for pediatric patients
and families who are understandably going through physical
and emotional discomfort as they acclimate to the treatment.
As stated earlier, the authors prefer to spread out traction
weight increases to twice a day to allow for less weight added
at one time, reducing the potential that the patient will be
cognizant of any changes. Patients typically complain of neck

Fig. 18.2 The proper placement of halo pins is in the lateral one-third
of the orbit anteriorly and above the pinnae posteriorly. The halo ring
sits just below the equator of the skull.
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discomfort initially with HGT. This has been well managed at
our institution with small doses of benzodiazepines and/or
low-dose narcotics. The authors have found that limited medi-
cations, if any, are required for discomfort after 1 to 2 weeks of
HGT. The authors also stress the importance of involving addi-
tional hospital resources such child life services to assist the pa-
tient and family during the often-lengthy treatment time.

Neurologic Examinations
Scheduled formal neurologic examinations including cranial
nerves as well as extremity motor and sensation are paramount
during HGT. The frequency of exams in the literature ranges
from every 4 to 24 hours during periods of HGT weight
increase. After goal HGT weight is achieved, most studies agree

that neurologic examinations can be performed on a daily basis.
The authors perform neurologic checks every 8 hours during
periods of HGT weight increase. Only after the patient is com-
fortable at their goal HGT weight and demonstrates a stable
neurologic examination do we reduce the frequency of neuro-
logic checks to once daily.11,12 The authors also regularly meas-
ure the distance from the pinnae and the tip of the nose to the
halo ring to assess for migration of the device.

Pin Care
Pin care is performed at our institution once per day with soap
and water. In a survey of surgeons who use HGT, pin care was
performed by 83% of respondents, and five different solutions
were used.14 Diluted hydrogen peroxide has also been

Fig. 18.3 Preoperative posteroanterior (a) and lateral (b) of a 13-year-old girl with severe progressive juvenile idiopathic scoliosis with 142 degrees of
scoliosis and 102 degrees of kyphosis. The patient underwent 4 weeks of HGT and the coronal curve improved to 115 degrees (c). This was followed
by anterior diskectomies from T5–T11 and an additional 2 weeks of HGT with a subsequent coronal curve reduction to 100 degrees (d) and modest
improvement in kyphosis (e) prior to the final surgery. Final postoperative posteroanterior (f) and lateral (g) radiographs after T2–L4 instrumented
posterior spinal fusion with a main coronal Cobb of approximately 67 degrees and thoracic sagittal Cobb of 63 degrees.
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described as a common pin care solution.7,19 Several studies
have also reported that they do not use any pin care during
HGT.8,10,11

Pin Site Infection
Pin site infection and/or loosening is the most frequently
reported complication for HGT, ranging from 19 to 38%.11,12,19

This is typically treated with local wound care with or without
the addition of oral antibiotics. For pin tract infections that con-
tinue despite conservative measures, the pin should be
removed and relocated if an additional safe insertion site is
available. The pin sites should also be assessed to determine if
any loosening has occurred, as the pins may need to be retight-
ened. Some studies retorque the pins on a weekly basis during
HGT,12 while others retorque the pins only if there is evidence
of loosening.11

Neurologic Injury
As stated earlier, it is critical to perform regular cranial nerve
and motor/sensory examinations during HGT. Neurologic
changes including transient nystagmus, oral numbness, cranial
nerve palsies (notably cranial nerves VI and XII), brachial plexus
palsy, and paralysis have been reported with HGT.7,8,23,24,25 It
has been felt that the most common problem leading to neuro-
logic injury was excessive traction applied too rapidly. The ben-
efit of HGT is that it allows for the gradual correction of the
spinal deformity and stretching of the spinal cord in an awake
patient who can provide continuous feedback.12

If any neurologic deficits arise, the first step is to reduce the
traction weight immediately to the previous weight that was
well tolerated by the patient. If there is no immediate improve-
ment in the neurologic deficit, the weight is reduced by 50%,
and then to zero if the deficit persists. Imaging of the spine with
magnetic resonance imaging (MRI) and/or CT of skull is then
necessary. While catastrophic complications such as paralysis
have been reported, they are rare. Surgeons should exercise
increased caution and maintain vigilance with neurologic
exams in patients whose cognition limits their ability to
communicate.

Craniocervical Complications
Fracture of a VP shunt has been reported with placement of
HGT.15 Therefore, preoperative imaging and discussion with the
neurosurgeon is paramount prior to placing a halo ring for
these patients. Although rare, there have also been reports of
more severe complications related to halo placement such as
osteomyelitis of the skull and extradural abscess as a result of
pin tract infection.26,27 Increased cervical degenerative changes
postoperatively secondary to the potential loss of cervical lor-
dosis during HGT have also been postulated.28

Additional Techniques Specific to
Neuromuscular Scoliosis
Increased curve rigidity and severe pelvic obliquity are encoun-
tered in patients with neuromuscular scoliosis, specifically
those with spastic quadriplegic cerebral palsy (CP). As with any

severe deformity, perioperative HGT can be utilized to improve
curve magnitude before or during surgery. Intraoperative halo-
femoral traction has been reported to provide improved curve
correction and significant reduction in pelvic obliquity for non-
ambulatory CP patients. Takeshita et al29 reported significantly
improved main curve and pelvic obliquity correction with
patients who had intraoperative halo-femoral traction com-
pared to those who did not. Keeler et al30 demonstrated similar
curve correction when halo-femoral traction was used for a
posterior spinal fusion versus anteroposterior spinal fusion.

Building on this principle, Buchowski et al31,32 described the
use of temporary internal distraction as an aid to correct severe
scoliosis and/or pelvic obliquity. In the setting of severe pelvic
obliquity, the surgeon can place a temporary rod on the concave
pelvis and ipsilateral spine and/or ribs to gradually correct the
deformity and pelvic obliquity by periodically distracting the
temporary rod during the procedure. The authors have found
this to be a very effective adjunctive tool for the treatment of
severe neuromuscular scoliosis.

References
[1] Perry J, Nickel VL. Total cervical spine fusion for neck paralysis. J Bone Joint

Surg Am. 1959; 41-A(1):37–60
[2] Nickel VL, Perry J, Garrett A, Heppenstall M. The halo. A spinal skeletal trac-

tion fixation device. J Bone Joint Surg Am. 1968; 50(7):1400–1409
[3] Kane WJ, Moe JH, Lai CC. Halo-femoral pin distraction in the treatment of

scoliosis. J Bone Joint Surg Am. 1967; 49:1018–1019
[4] Bonnett C, Brown JC, Perry J, et al. Evolution of treatment of paralytic scoliosis

at Rancho Los Amigos Hospital. J Bone Joint Surg Am. 1975; 57(2):206–215
[5] Schmidt AC. Halo-tibial traction combined with the Milwaukee Brace. Clin

Orthop Relat Res. 1971; 77(77):73–83
[6] Edgar MA, Chapman RH, Glasgow MM. Pre-operative correction in adolescent

idiopathic scoliosis. J Bone Joint Surg Br. 1982; 64(5):530–535
[7] Sink EL, Karol LA, Sanders J, Birch JG, Johnston CE, Herring JA. Efficacy of peri-

operative halo-gravity traction in the treatment of severe scoliosis in chil-
dren. J Pediatr Orthop. 2001; 21(4):519–524

[8] Rinella A, Lenke L, Whitaker C, et al. Perioperative halo-gravity traction in the
treatment of severe scoliosis and kyphosis. Spine. 2005; 30(4):475–482

[9] Sponseller PD, Takenaga RK, Newton P, et al. The use of traction in the treat-
ment of severe spinal deformity. Spine. 2008; 33(21):2305–2309

[10] Watanabe K, Lenke LG, Bridwell KH, Kim YJ, Hensley M, Koester L. Efficacy of
perioperative halo-gravity traction for treatment of severe scoliosis (≥ 100°). J
Orthop Sci. 2010; 15(6):720–730

[11] Bogunovic L, Lenke LG, Bridwell KH, Luhmann SJ. Preoperative halo-gravity
traction for severe pediatric spinal deformity. Complications, radiographic cor-
rection and changes in pulmonary function. Spine Deform. 2013; 1(1):33–39

[12] Nemani VM, Kim HJ, Bjerke-Kroll BT, et al. FOCOS Spine Study Group. Pre-
operative halo-gravity traction for severe spinal deformities at an SRS-GOP
site in West Africa: protocols, complications, and results. Spine. 2015; 40
(3):153–161

[13] Koller H, Zenner J, Gajic V, Meier O, Ferraris L, Hitzl W. The impact of halo-
gravity traction on curve rigidity and pulmonary function in the treatment of
severe and rigid scoliosis and kyphoscoliosis: a clinical study and narrative
review of the literature. Eur Spine J. 2012; 21(3):514–529

[14] Pahys JM, Cahill PJ, D’Amato C, Asghar J, Betz RR. Chest Wall & Spine Deform-
ity Study Group. Indications and treatment protocols for halo gravity traction
in severe pediatric scoliosis: a survey of the experts. 47th Scoliosis Research
Society Annual Meeting; September 5–8, 2012; Chicago, IL

[15] Blakeney WG, D’Amato C. Ventriculoperitoneal shunt fracture following
application of halo-gravity traction: a case report. J Pediatr Orthop. 2015; 35
(6):e52–e54

[16] Wong WB, Haynes RJ. Osteology of the pediatric skull. Considerations of halo
pin placement. Spine. 1994; 19(13):1451–1454

[17] Garfin SR, Roux R, Botte MJ, Centeno R, Woo SL. Skull osteology as it affects
halo pin placement in children. J Pediatr Orthop. 1986; 6(4):434–436

[18] Chavasiri C, Chavasiri S. The thickness of skull at the halo pin insertion site.
Spine. 2011; 36(22):1819–1823

Surgical Techniques

130



[19] Garabekyan T, Hosseinzadeh P, Iwinski HJ, et al. The results of preoperative
halo-gravity traction in children with severe spinal deformity. J Pediatr
Orthop B. 2014; 23(1):1–5

[20] Park DK, Braaksma B, Hammerberg KW, Sturm P. The efficacy of preoperative
halo-gravity traction in pediatric spinal deformity: the effect of traction dura-
tion. J Spinal Disord Tech. 2013; 26(3):146–154

[21] Rizzi PE, Winter RB, Lonstein JE, Denis F, Perra JH. Adult spinal deformity and
respiratory failure. Surgical results in 35 patients. Spine. 1997; 22(21):2517–
2530, discussion 2531

[22] Zhang JG, Wang W, Qiu GX, Wang YP, Weng XS, Xu HG. The role of preopera-
tive pulmonary function tests in the surgical treatment of scoliosis. Spine.
2005; 30(2):218–221

[23] MacEwen GD, Bunnell WP, Sriram K. Acute neurological complications in the
treatment of scoliosis. A report of the Scoliosis Research Society. J Bone Joint
Surg Am. 1975; 57(3):404–408

[24] Ginsburg GM, Bassett GS. Hypoglossal nerve injury caused by halo-suspen-
sion traction. A case report. Spine. 1998; 23(13):1490–1493

[25] Qian BP, Qiu Y, Wang B. Brachial plexus palsy associated with halo traction
before posterior correction in severe scoliosis. Stud Health Technol Inform.
2006; 123:538–542

[26] Humbyrd DE, Latimer FR, Lonstein JE, Samberg LC. Brain abscess as a compli-
cation of halo traction. Spine. 1981; 6(4):365–368

[27] Tindall GT, Flanagan JF, Nashold BS, Jr. Brain abscess and osteomyelitis follow-
ing skull traction. A report of three cases. Arch Surg. 1959; 79:638–641

[28] O’Brien JP, Yau AC, Hodgson AR. Halo pelvic traction: a technic for severe spi-
nal deformities. Clin Orthop Relat Res. 1973(93):179–190

[29] Takeshita K, Lenke LG, Bridwell KH, Kim YJ, Sides B, Hensley M. Analysis of
patients with nonambulatory neuromuscular scoliosis surgically treated to
the pelvis with intraoperative halo-femoral traction. Spine. 2006; 31
(20):2381–2385

[30] Keeler KA, Lenke LG, Good CR, Bridwell KH, Sides B, Luhmann SJ. Spinal fusion
for spastic neuromuscular scoliosis: is anterior releasing necessary when int-
raoperative halo-femoral traction is used? Spine. 2010; 35(10):E427–E433

[31] Buchowski JM, Bhatnagar R, Skaggs DL, Sponseller PD. Temporary internal
distraction as an aid to correction of severe scoliosis. J Bone Joint Surg Am.
2006; 88(9):2035–2041

[32] Buchowski JM, Skaggs DL, Sponseller PD. Temporary internal distraction as
an aid to correction of severe scoliosis. Surgical technique. J Bone Joint Surg
Am. 2007; 89 Suppl 2 Pt.2:297–309

Halo-Gravity Traction: An Adjunctive Treatment for Severe Spinal Deformity

131



19 Osteotomies: Ponte and Vertebral Column Resection
Scott C. Wagner, Ronald A. Lehman Jr., and Lawrence G. Lenke

Abstract
Performing osteotomies of the spine for the purposes of com-
plex deformity correction is technically demanding and
requires advanced surgical knowledge of spinal anatomy and
biomechanics. Posterior osteotomies range in complexity from
Ponte osteotomies, or segmental removal of the posterior
elements, to complete resection of the vertebral column. The
extent of the resection for a successful Ponte osteotomy
includes resection of the inferior portion of the spinous process,
bilateral facet joints, inferior lamina, interspinous ligaments,
and ligamentum flavum at each level. A vertebral column resec-
tion is complete, 360-degree removal of the spinal column at
the intended level. Each osteotomy offers powerful deformity
correction capabilities to varying degrees, and careful preopera-
tive planning is essential to decrease the potential for cata-
strophic complications. Halo traction prior to the procedure can
aid in straightening the deformity and allow for gradual
stretching of the neural elements, and intraoperative neuromo-
nitoring is mandatory during the surgery. Deformity correction
utilizing these techniques has been shown to provide patients
with pain relief and improve functional outcomes. While the
surgical technique is challenging and associated with significant
operative time and blood loss—and revision surgery is likely—
patients undergoing this procedure may still expect improved
function and satisfaction postoperatively. This chapter will
focus on the patient selection process, preparation, and set-up,
as well as the techniques to successfully perform these intricate
techniques. With careful and diligent methods in all aspects of
surgical treatment, successful deformity correction and excel-
lent patient outcomes can be achieved.

Keywords: Ponte osteotomy, posterior osteotomy, scoliosis, spi-
nal deformity, vertebral column resection

19.1 Preprocedure Planning
Posterior osteotomies of the spine and vertebral column resec-
tion (VCR) are technically demanding surgical procedures that
allow for significant correction of spinal deformity. Vertebrec-
tomy as a surgical technique for scoliosis was originally
described in the early twentieth century,1 though more recent
techniques began to appear in the literature in the 1970s and
1980s.2,3,4 The benefit of these techniques is that a circumferen-
tial approach to complex three-dimension deformities allows
for better control and improved correction. Pedicle screw and
rod constructs have provided for increased stability and the
ability to manipulate these deformities, and throughout the
1990s these osteotomy techniques became more widespread in
pediatric and adult patients.5,6 The Ponte-type procedure con-
sists of posterior column disruption via segmental osteotomies,
while VCR involves complete resection of the anterior vertebral
body, both of which are accomplished via a posterior-only
approach.7,8,9,10,11 In fact, we typically perform all VCR proce-
dures with Ponte osteotomies (POs) as the initial phase of the

surgery, which has obviated the requirement for traditional
anterior and posterior approaches and provides complete
access to the spinal column and spinal cord during the disartic-
ulation process of deformity correction.12 Most important to
note, however, is that these types of severe deformity-correc-
tion procedures are technically demanding and are typically
performed only by experienced surgical teams.7,13 The risk of
neurologic compromise and injury is very high, related to both
the types of spinal deformities undergoing correction and the
complete instability of the spinal column inherent with poste-
rior-column osteotomies and VCR.3,9 Appropriate patient selec-
tion, thorough preoperative planning, and comprehensive
postoperative management protocols are of utmost importance
for successful utilization of POs and VCR procedures. Every pa-
tient being considered for surgical management of severe spinal
deformity must be counseled for the risk of catastrophic com-
plications, and the operating surgeon must be vigilant in prepa-
ration for the procedure.

Unique considerations for preoperative planning in patients
with neuromuscular scoliosis must also be included in the pre-
procedural period.9,14,15 Proximal muscle weakness and spastic-
ity often lead to development of progressive, severe scoliotic
deformities that limit function and lead to sitting discomfort.14

The goal of surgical intervention in this population therefore
has less to do with correction of limited coronal or sagittal
deformities, but rather to restore the sitting balance of the pa-
tient and minimize the risk of development of pressure sores,
or for relief of positional difficulties. For particularly severe
deformities in neuromuscular patients requiring restoration of
sitting balance, VCR allows for the most significant correction.14

However, it cannot be overstated that the rate of complications
in these patients is also higher than other patient populations,
typically due to the high rate of associated comorbidities in
patients with neuromuscular scoliosis.9,14,15 The potential for
significant intraoperative blood loss is high with the highest
mean percent blood loss typically occurring in patients with
higher magnitude coronal and sagittal corrections required.14

Strategies to minimize surgical time and blood loss are highly
important, and it is recommended that various antifibrinolytics
be utilized to aid in decreasing overall operative loss. We cur-
rently recommend tranexamic acid (TXA) as our intraoperative
antifibrinolytic. We administer TXA at a 100mg/kg loading
dose, with a 10mg/kg maintenance dose throughout the case.
Anecdotally, we believe that doing so decreases blood loss 25 to
50% intraoperatively.16

19.2 Setup
With the advent of posterior-only techniques like the PO and
VCR, intraoperative repositioning is no longer required. There-
fore, initial prone positioning on a standard radiolucent ortho-
paedic table is sufficient for the case. Fluoroscopy is utilized
throughout the case. Generally, cranial tongs are placed in the
operating room to provide traction if the type and nature of the
deformity necessitate doing so; keeping the face and eyes free
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but the base of the skull anchored in place allows for control of
the proximal deformity during correction and protects the face
from significant pressure in the prone position. The abdomen
hangs free and the arms remain abducted and externally
rotated unless contractures do not permit doing so. It is not
uncommon for the positioning of the patient to be time-con-
suming, given the severity of these spinal deformities, but
proper positioning can minimize the occurrence of skin injuries
or brachial plexopathies and is important for patient safety.
When performing complex deformity reduction such as VCR,
we employ POs at the periapical region to improve flexibility
and exposure of the resection level; thus, any discussion of VCR
mandates discussion of the PO technique.

19.2.1 Spinal Cord Monitoring
We recommend complete spinal cord monitoring during all
deformity cases requiring PO and/or VCR. Intraoperatively, we
employ somatosensory evoked potentials (SSEPs) and transcra-
nial motor evoked potentials (TcMEPs) or neurogenic mixed
evoked potentials (NMEPs). Spinal motor conduction can be
evaluated by TcMEPs.17 Upper extremity SSEPs can be used to
monitor for any developing brachial plexopathy, while electro-
myography (EMG) can be used to monitor the activity of lum-
bar nerve roots in a spontaneous elicited fashion. To evaluate
for any violation of the pedicle wall into the canal during place-
ment of pedicle screws, we also use stimulus triggered EMGs of
the screws from T6–T12, as well as in the entire lumbar spine to
S1. Neuromonitoring changes that necessitate surgical readjust-
ment occur in approximately 10 to 15% of cases with significant
deformity.9,18 If neuromonitoring is not practical or obtainable,
such as is the case in patients with previously treated intraspi-
nal anomalies or neurologic conditions like Charcot–Marie–
Tooth disease, frequent wake-up tests will be mandatory to cor-
roborate neural integrity. These patients have a recognized
higher risk of neurologic deficit postoperatively and should be
counseled for such prior to the initiation of any surgical
treatment.13

19.3 Surgical Technique and
Challenges
Complete subperiosteal dissection to the lateral extent of the
transverse processes is performed, including all levels that will
be included in the posterior instrumentation construct.
Depending on the type of the deformity, often exposure of the
convex transverse processes of the apical thoracic vertebrae
may require medial rib thoracoplasties. We recommend intra-
operative fluoroscopic imaging to properly identify the exposed
vertebral levels.

19.4 Ponte Osteotomy
The Ponte osteotomy (PO) is a posterior-only procedure, first
described by Alberto Ponte in the 1980s, for the treatment of
idiopathic kyphosis in skeletally mature patients. The proce-
dure consists of posterior column shortening via segmental
resection of posterior elements including the ligamentum

flavum and bilateral facet joints.19,20 Technically, since these
procedures may be utilized in unfused segments, an actual sur-
gical osteotomy is not obligatory. However, in patients with
complex spinal deformity, autofusion has typically occurred to
varying degrees, and because significant osseous removal is
required regardless of the site involved, the technicality of the
name is generally considered irrelevant. The extent of the
resection for a successful PO includes resection of the inferior
portion of the spinous process, bilateral facet joints, inferior
lamina, interspinous ligaments, and ligamentum flavum at each
level.21 By spreading the resection over many levels, the overall
correction achievable is greatly increased. Otherwise, only a
few degrees of correction can be achieved with an isolated PO.
In addition, because the resection is limited to posterior ele-
ments, if there is significant fusion in the middle or anterior
columns, any substantial correction would be difficult without
a concomitant anterior or circumferential procedure, such as
complete VCR. In our experience, performing multilevel POs at
the apex of the deformity prior to VCR allows for improved
mobility and better correction after completion of the VCR.

Once exposure is complete and the periapical region is
appropriately identified, we perform individual notching and
excision of approximately 4mm of the inferior facet at each
level. The ligamentum flavum is now exposed and is removed;
thus, the superior articulating facets can be removed above the
pedicles at the levels involved in the osteotomy. Not only do
these multilevel POs increase the flexibility of the periapical re-
gion, but they also improve visualization of the pedicles by
exposing the medial border of the pedicle walls and protect-
ing the spinal canal. The deformity can be so severe that
doing so is the only feasible mechanism by which to safely
place pedicle screws in the apical vertebrae; direct palpation
of the medial wall allows for placement of the screws under
visualization and can prevent intracanal breach of the screw
tips. Of note, in patients with very severe angular kyphosis at
the apex of the deformity, there exists significant risk for sag-
ging of the spinal column and ventral collapse and crush
injury to the spinal cord; in these cases, we place temporary
stabilizing rods with pedicle screw fixation prior to resection
of the posterior column.

We proceed with placement of pedicle screws after perform-
ing POs for all cases in which a VCR is being planned. Segmental
fixation, proceeding from distal to proximal, allows for con-
struct stability at the site of the resection. The freehand techni-
que of Kim et al22 is utilized, which prioritizes anatomical
landmarks and employs a blunt gearshift to safely identify the
screw tract. As noted previously, placement of an apical concave
screw is not attempted unless visualization of the spinal canal
and medial pedicle border has been achieved through POs or
adjacent laminectomies. However, convex thoracic periapical
screws may be placed safely without direct exposure of the
medial wall, as the spinal cord typically falls to the contralateral
side of the canal. Fluoroscopic guidance is useful at this time to
confirm appropriate placement of pedicle screws. Multiaxial
reduction screws are placed at the immediately adjacent levels
of the resection site and are used for temporary rod placement
around the apex and the ends of kyphotic deformities. EMG is
performed for all screws placed from T6 caudal to S1 to assess
for wall violations.
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19.5 Vertebral Column Resection
Complete, subperiosteal exposure of the medial 5 cm of the ribs
adjacent to the resection level is required and allows bilateral
costotransversectomies to be performed without canal intru-
sion. Resected ribs may be utilized to fill the laminectomy
defects at the end of the procedure and are useful as structural
bone graft. Laminectomy then proceeds in the standard fashion,
extending from the inferior aspect of the superior pedicles to
the superior aspect of the inferior pedicles below the VCR. This
maneuver exposes the entire dural sac and all adhesions or
intracanal fibrous tissue can be excised. Generally, for a single-
level VCR, there will now be a 5-cm laminectomy defect, and
the convex thoracic nerve roots are ligated. Temporary clamp-
ing of the involved convex roots with continuous spinal cord
monitoring prevents inadvertent ligation of spinal cord vascula-
ture, and if there is no change in the monitoring profile the
nerve root can be successfully transected as close to the dural
sac as possible. Anecdotally, we have found that ligation of mul-
tiple thoracic roots unilaterally has not caused any neurologic
compromise, nor have we seen any sensory deficit to the chest
wall, provided that fewer than three or four roots are ligated.
Concave roots are maintained whenever possible, and the lum-
bar nerve roots are obviously not ligated.

A temporary stabilizing rod is attached to at least two or
three pedicle screws both above and below the resection area.
Classically, a unilateral rod is used; however, in severe angular
kyphotic or kyphoscoliotic deformities, bilateral rods are rec-
ommended to prevent subluxation of the spinal column. The
pedicles to be resected are encircled, and the vertebral body
resection begins by gaining access to its cancellous bone
through a lateral pedicle-body entrance. The cancellous bone of
the vertebral body is curetted, and all removed bone is saved
for graft. For a patient with pure scoliosis or kyphoscoliosis, the
majority of the vertebral body will be removed from the con-
vexity of the deformity. Indeed, resecting the apical concave
pedicle can be quite challenging. The pedicle encountered dur-
ing this step tends to be extremely sclerotic, with no cancellous
channel, and often the entire dural sac rests on the medial con-
cave pedicle. However, the pedicle on the concavity may not
even have an associated ventral vertebral body, as it is often
rotated laterally and dorsally on the convexity of the deformity.
It is our preference to utilize a small, high-speed burr to care-
fully remove the cortical bone along the concavity of the
deformity while carefully protecting the adjacent dural sac/spi-
nal cord. By performing the concave resection of the pedicle
prior to the convexity, bleeding into the dependent concave re-
gion is minimized. Doing so also allows the concave dural sac to
drift medially, thereby reducing tension on the cord prior to
completion of the corpectomy. Following subperiosteal expo-
sure of the lateral portion of the vertebral body and placement
of a malleable or “spoon” retractor to protect the adjacent vas-
cular structures and viscera, the entire body is thus removed
except for the anterior shell. Maintaining a thin rim of bone on
the anterior longitudinal ligament, in theory, improves fusion.
However, if the anterior bone is very dense, it must be thinned
to allow easy closure of the resection area.

Diskectomies above and below the corpectomy site are now
performed. It is important that the endplates of the superior
and inferior adjacent vertebral bodies are not violated, as

placement of a structural intracorporeal cage may be required.
Epidural bleeding must be controlled, and hemostasis can be
achieved through the judicious use of bipolar cauterization,
topical hemostatic agents and cottonoids. The dural sac must be
circumferentially exposed and separated from the epidural
venous complex, as well as from the posterior longitudinal liga-
ment. The posterior vertebral wall may then be removed in its
entirety with reverse-angled curettes, Kerrison rongeurs,
Woodson elevators, or specialized posterior wall impactors. It is
imperative that the ventral spinal cord is completely free of any
bony prominences to avoid impingement during closure of the
osteotomy. Osteophytosis of the adjacent disk levels may cause
ventral compression, and careful resection of any bony promi-
nences at these levels must be performed.

The vertebral body resection is now complete. Closure of the
resected area always begins with compression forces applied on
the convexity, with initial shortening of the spinal column and
convex compression as the main correcting vector. In primary
cases with good bone stock, this technique is performed with
individual pedicle screws. Alternatively, a construct-to-con-
struct closure mechanism utilizing domino connectors at the
apex of the resected area may be performed. This method dis-
tributes the forces of correction over several vertebral levels
and functions in a stepwise fashion by closing the osteotomy
from a construct rod above to a construct rod below. It is imper-
ative to compress deliberately and to monitor the dural sac as
vertebral subluxation or dural impingement can occur during
this step of the operation. If the patient’s deformity has any
degree of kyphosis, we often place an anterior structural cage
to prevent overshortening of the deformity. The cage also acts
as a hinge to provide further kyphosis correction. We also pre-
fer to place an intervertebral cage on all posterior VCR proce-
dures to provide shear force stabilization by the interdigitation
of the tines of the cage into the endplates above and below and
also to procure an anterior fusion. Once the closure has been
completed and appropriate correction maneuvers performed, a
permanent contralateral rod is placed. The temporary closing
rod is removed and a permanent, final rod is placed on the ipsi-
lateral side. Appropriate compression and distraction forces, in
situ contouring, and other correction techniques may be per-
formed. Careful and repetitive palpation of the dural sac cir-
cumferentially is performed at every iterative step of the
correction to confirm that it is free and not under undue ten-
sion, impingement, or buckling.

Adequate alignment is confirmed by intraoperative radio-
graphs. Decortication and bone grafting follow, with copious
amounts of local graft obtained from the resection procedure.
The laminectomy defect is covered with the previously harvested
ribs from the costotransversectomy approach. Preferentially, the
ribs are cut longitudinally, and the cancellous surface is placed
along the entire laminectomy defect. This structural grafting of
the laminectomy protects the dura and provides a posterior
onlay fusion. The rib is held in place with sutures or a crosslink.
Lastly, we always confirm the absence of any dural impinge-
ment, final implant security is documented, and intact spinal
cord monitoring data are recorded. Per protocol, the wound is
closed over suction drains. Final radiographs and an intraopera-
tive wake-up test are performed before exiting the operating
room to verify radiographic deformity correction and mainte-
nance of neurologic status prior to extubation, respectively.
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19.6 Complications
The overall complication rate of posterior-only VCR has been
reported up to 59%,7,9,14,18,23 related to age older than 60 years,
medical comorbidities, and patient body mass index.24 Despite
the relatively high risk of complications postoperatively, overall
patient outcomes may improve in the long term.18

19.6.1 Neurologic Complications
The spine is rendered highly unstable during these osteotomy
procedures, and changes in neuromonitoring are common after
the deformity has been corrected.13,25 Preoperative neurologic
deficit is a significant risk factor for neurologic sequelae in the
postoperative period and must be carefully considered and dis-
cussed with each individual patient.23 Spinal cord monitoring is
mandatory throughout these types of cases, and any changes
can be addressed via improvement in the mean arterial pres-
sure, thorough ventral decompression and/or restoration of
anterior height. Most neurologic complications are relatively
minor and involve transient motor or sensory deficits. Changes
in neuromonitoring, as well as neurologic dysfunction docu-
mented by intraoperative wake-up test, are commonly encoun-
tered.9 Our institutional experience has suggested that patients
with severe kyphoscoliosis are at higher risk for major neuro-
logic compromise postoperatively.18 Kim et al23 found a 3.3%
rate of permanent neurologic deficit, while a separate series
found gait deterioration in 2 of 11 patients postoperatively.12

Though the risk of major neurologic injury is relatively high, it
is plausible that attentive neuromonitoring has allowed for
timely intervention during the procedure, and has reduced the
incidence of such complications.9,15

19.6.2 Non-Neurologic Complications
In addition to the risk of neurologic injury, postoperative pul-
monary complications are common and are likely related to the
thoracic insufficiency and anatomic deformities present in
these patients.9 Chest tubes may be placed in a prophylactic
manner if the risk of pneumothorax is high.12 In one small ser-
ies (N = 28) of patients with thoracic or thoracolumbar deform-
ities greater than 100 degrees, eight patients required chest
tube placement, three patients sustained acute pulmonary
edema during surgery, and three other patients developed
postoperative pneumonia.26 Posterior wound infection rates
have been reported at 4%,9 though wound infections deep to
the fascia are uncommon.27,28,29 However, a study reported by
Papadopoulos et al12 reported a surgical debridement rate of
8.9% after major posterior spinal deformity surgery. Lastly, the
overall revision rate after VCR is as high as 22.2%.12 Patients
must be counseled preoperatively that these risks are signifi-
cant, and the benefits of surgery must be carefully weighed.
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20 Growing Spine Options for Neuromuscular Scoliosis
Joshua S. Murphy and Burt Yaszay

Abstract
Scoliosis is a common deformity in the neuromuscular popula-
tion that can interfere with sitting balance as well as pulmonary
and gastrointestinal function. Nonoperative treatment has
largely been ineffective in controlling neuromuscular spinal
deformities. Therefore, they are geared largely toward sitting
balance and posture control. Once nonoperative management
is no longer effective, a number of surgical techniques have
been developed to treat progressive scoliosis in a growing neu-
romuscular patient including growth-friendly surgery and spi-
nal fusions. Growth-friendly surgeries include traditional
growing rods, magnetically controlled growing rods, Shilla pro-
cedure, and Vertical Expandable Prosthetic Titanium Rib
(VEPTR). Additional modalities include a limited anterior spinal
fusion and delayed posterior spinal fusion or an early posterior
spinal fusion in appropriate patients. Regardless of technique,
there are many variables to consider when treating this patient
population including maximizing their preoperative nutritional
status and consideration of pulmonary complications and tim-
ing of surgery. Furthermore, a high complication rate is associ-
ated with growth-friendly surgeries and posterior spinal
fusions in the neuromuscular population when compared to
patients with idiopathic scoliosis. The surgeon has a multitude
of options for treating early-onset scoliosis in the neuromuscu-
lar population. It is important to choose the appropriate proce-
dure for each patient as these patients have not only a spinal
deformity at a young age, but also other medical comorbidities
that put them at risk of complications.

Keywords: early-onset scoliosis, fusion, growing rods, magneti-
cally controlled growing rods, Shilla, vertical expandable pros-
thetic titanium rib, VEPTER

20.1 Introduction
Neuromuscular scoliosis is defined as an abnormal spinal cur-
vature caused by abnormalities of the brain, spinal cord, and
muscular systems. The nervous and musculoskeletal systems
are unable to obtain and maintain appropriate balance of the
spine and trunk. Based on the Hueter–Volkmann principle,
this associated imbalance causes abnormal biomechanical
load on the spine, and progressive deformity is thought to be
the result of both progressive muscle imbalance and anatomic
deformity.

Early-onset scoliosis (EOS) is defined as a spine deformity
that is present in a child younger than 10 years of age. It is fur-
ther broken down into subtypes based on the underlying cause
of the deformity. Specifically, neuromuscular EOS is a scoliosis
that develops in children with neuromuscular disorders includ-
ing spinal muscular atrophy (SMA), cerebral palsy, spina bifida,
and brain or spinal cord injury.1 The purpose of this chapter is
to highlight the different treatment options in patients with
neuromuscular early-onset scoliosis.

20.2 Nonoperative Care
Few nonoperative modalities have been effective in treating
neuromuscular scoliosis. Historically, nonoperative treatment
has been directed at postural control and maximizing sitting
ability. Initially, observation is acceptable treatment of curves
that measure 20 degrees or less. If a curve continues to prog-
ress, bracing may be an option. Olafssson et al2 published the
results of 90 consecutive patients treated with a prefabricated
Boston-type brace for neuromuscular spine deformity. The
breakdown of patients consisted of 38 patients with spastic tet-
raplegia, 24 with syndrome related hypotonia, and 21 with
myelomeningocele. The average success rate was 28% with 23
successful cases. They found success related to ambulation and
short thoracolumbar or lumbar curves. However, nine patients
ultimately underwent operation secondary to curve size,
although the curve was unchanged during bracing. In conclu-
sion, bracing was thought to be successful in only a small group
of patients including those who are ambulatory, with a thoraco-
lumbar or lumbar curve, and short curve length of approxi-
mately 5.7 vertebrae. Long hypotonic curves were found to be
difficult to control with an orthosis.2

Miller et al reviewed the results of thoracolumbosacral
orthosis (TLSO) management in patients with scoliosis and a
diagnosis of spastic quadriplegic cerebral palsy. They found no
impact on curve or rate of progression when patients were
braced 23 hours per day over a mean period of 67 months, com-
pared to a similar cohort that was not braced and followed to
spinal fusion.3 To date, it is generally accepted that bracing in
patients with CP will not alter the progression of the curve.
However, it is reasonable to utilize a brace to improve muscle
balance and sitting. An additional option is the use of chest sup-
ports and modular seating systems that utilize 3-point control
of the coronal deformity to prop the child up and address sit-
ting balance.4

20.3 Operative Care
The decision to proceed with operative care is complex, and
there are multiple factors to be considered. In general, operative
treatment is considered for curve magnitudes greater than 50
degrees and significant deterioration in function.5,6,7 The pri-
mary goal of surgery is to prevent progression of the spinal
curve and in some cases progression of pelvic obliquity. In cases
of spinal fusion, additional goals include reestablishing coronal
and sagittal alignment of the spine.

20.3.1 Growing Rods
There is a growing interest in the use of growth-friendly techni-
ques in the management of neuromuscular EOS. Historically,
many authors recommended against the use of growth-friendly
techniques in the neuromuscular scoliosis population secon-
dary to the high risk of complications. However, it is well known
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that growing rod surgery is a safe and effective treatment for
EOS as popularized by Akbarnia et al8 (▶ Fig. 20.1). Growth
assessment in these children can be challenging, as many
patients with cerebral palsy and upper motor neuron disease
have delayed onset of puberty and delayed bone age. In addi-
tion to serial height and weight measurements, evaluation of
the triradiate cartilage status and skeletal bone age have been
helpful in assessing remaining growth in patients with neuro-
muscular scoliosis.

Chandran et al investigated a dual growing rod system with
pelvic fixation in 11 patients with SMA type 1 or 2. They found
a significant improvement of postoperative Cobb angles with
50% correction and no surgical complications or reoperations.
However, two patients did have postoperative medical compli-
cations including pneumonia and anemia.9

In another study, McElroy et al evaluated the use of growing
rods in the treatment of SMA and found there was nearly 50%

correction of the major curve, improved trunk height, and
improved space available for the lung ratio at final follow-up.
However, they did not find any change in the rib collapse com-
monly seen in SMA. Additionally, they noted that patients with
SMA had longer hospital stays than did patients with idiopathic
EOS undergoing the same procedure.10

McElroy et al evaluated the use of growing rods in 27 patients
with CP with and without pelvic fixation. They found that grow-
ing rod constructs with pelvic fixation produced better pelvic
obliquity correction (p<0.001). However, the majority of the
patients studied had at least one complication, and the cohort
had a 30% deep wound infection rate. They recommended spar-
ing use of growing rod constructs in patients with CP.11

Currently, we use dual growing rods as described by Akbarnia
et al8 to treat progressive EOS in our patients with neuromuscu-
lar deformity, specifically those with CP and SMA. We advise
caution in regard to patient selection as these patients must be
viewed as a whole in regard to size, magnitude, and location of
the curve, medical comorbidities, and, in some cases, soft-tissue
coverage. As previously mentioned, these patients are at an
increased risk of deep wound infection, and great care must be
taken in selecting the appropriate surgery for the patient. The
etiology of the deformity has some impact on the rate of com-
plications; those patients with significant spasticity, pelvic
obliquity, and kyphosis are at risk of major complications.

20.3.2 Magnetic Growing Rods
In 2014, magnetically controlled growing rods (MCGR) received
Food and Drug Administration (FDA) approval for use in the
United States after several years of clinical application in Europe
and Asia (▶ Fig. 20.2). Yoon et al investigated the effects on pul-
monary function in children with EOS using MCGR. With a
mean follow-up of 2.5 years, they evaluated six cases and found
the average correction to be 34 and 36 degrees for coronal and
sagittal deformities, respectively. In addition, mean improve-
ment in postoperative forced vital capacity (FVC) and forced
expiratory volume 1 (FEV1) was 14.1 and 17.2%, respectively.
Importantly, there were two complications that required reope-
ration including a prominent rod and one rod breakage. They
concluded that early intervention using MCGR was associated
with significant improvement in postoperative pulmonary
function testing and significant improvement in deformity cor-
rection with the added benefits of reducing repeat anesthesia
and reducing surgical and psychological distress. The cost–ben-
efit has yet to be determined. However, we believe MCGR to be
a viable option in treating the growing spine as it decreases the
amount of anesthesia inductions and may decrease the compli-
cation rate.12

La Rosa et al published their results of 10 patients with EOS
and the use of MCGR. They had an improvement in the coronal
deformity from 65 to 29 degrees when comparing the preope-
rative and postoperative radiographs. In this series, they had
two complications: one rod breakage and one pullout of the
apical hooks. They concluded that MCGR can be effectively used
in EOS and may overcome many of the common complications
associated with traditional growing rods including fewer anes-
thesia inductions, fewer surgical scars and surgical site infec-
tions, and decreased psychological distress associated with
multiple surgeries.13

Fig. 20.1 (a) Six-year-old male patient with progressive scoliosis. (b)
Patient underwent placement of traditional growing rods.
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However, there is a paucity of literature to date investigating
the effectiveness and complication rates associated with MCGRs
in the neuromuscular population. The authors believe that
MCGR can affect the lives of these patients for the above-men-
tioned reasons including outpatient lengthening that does not
require anesthesia, which may decrease the complication rate
and psychological stress for the patient and family. It has yet to
be determined if this intervention will be safe and cost-effective
for early-onset neuromuscular scoliosis.

20.3.3 Shilla Procedure
The Shilla method is a modern pedicle screw construct
described by McCarthy and based on the original Luque trolley
system14,15,16,17,18 (▶ Fig. 20.3). Shilla utilizes an apical fusion
with nonlocking polyaxial screws proximally and distally to
guide a rod that is purposefully left long to minimize the need
for multiple surgical lengthenings. As the spine grows, the rod
slides through the nonlocking screws allowing spinal growth of
the nonfused segments.

The authors have found the Shilla procedure to be a viable
option in treating early-onset neuromuscular scoliosis. This

procedure allows one to obtain correction at the apex of the
curve with a limited fusion and then allows for continued spinal
growth at the remaining unfused segments. This is also a con-
struct that allows continued spinal growth without having to
return to the operating room for multiple lengthenings.

20.3.4 Vertical Expandable Prosthetic
Titanium Rib (VEPTR)
The pulmonary implications of thoracic insufficiency syndrome
(TIS) have been well documented over the past 10 years since it
was first characterized.19 Expansion thoracoplasty was initially
described by Campbell in 2003 for the treatment of TIS in skele-
tally immature patients20. However, the indications have con-
tinued to evolve to include patients with absent ribs, thoracic
constriction related to rib fusion, thoracic hypoplasia, and
progressive scoliosis.21 The VEPTR device has U.S. FDA/

Fig. 20.2 (a) Five-year-old male patient with progressive neuromus-
cular scoliosis. (b) Patient underwent placement of magnetically
controlled growing rods.

Fig. 20.3 (a) A 6-year-old female patient with spinal muscle atrophy
type 2. (b) Patient underwent fusion from T10 to pelvis with placement
of Shilla-type instrumentation at T2–T3.
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Humanitarian Use Device (HUD) approval for the management
of TIS plus the anatomic presence of flail chest, constrictive
chest syndrome (includes fused ribs and scoliosis), hypoplastic
thorax, neuromuscular scoliosis, and congenital scoliosis with-
out chest wall abnormality. The system utilizes proximal rib-to-
distal rib, spine, or pelvis constructs22 (▶ Fig. 20.4).

White et al studied 14 patients with mean follow-up of 35
months who had VEPTR spine-to-spine dual-rod constructs
placed to stabilize spinal deformities for children with TIS and
either neuromuscular scoliosis or congenital scoliosis who did

not have chest wall deformity. All patients had at least three
expansions with an average of five expansions per child. Com-
plications occurred in 6 of 14 patients: 3 rod fractures, 1 super-
ficial infection treated with antibiotics, 1 superficial infection
treated with local debridement, and 1 deep infection requiring
a local advancement flap after multiple recurrences and rod
removal. They found that early preservation of spinal growth
and control of spinal deformity using a VEPTR system in combi-
nation with conventional spine implants as a spine-to-spine
growing construct yield similar results as previously reported
in traditional growing rods. However, they do warn that regard-
less of the system used, a high complication rate persists with
multiple procedures in a growing child.23

The use of VEPTR has also been supported in the treatment
of myelomeningocele, including control of the distal kyphosis
(gibbus) deformity. Flynn et al reported on 16 patients with
myelomeningocele as part of a multicenter investigational
device exemption study. The average age of the patient at time
of surgery was 48.6 months with an average of 59-month fol-
low-up. In this study, five patients developed a superficial soft-
tissue wound infection treated with local debridement and
antibiotics and two patients developed deep wound infections
that required removal of implants. They cited that by avoiding
midline incisions there were no cases of incisional necrosis.
They concluded that within the inherent limitations of the
study, VEPTR implantation in patients with spina bifida allows
continued thoracic spine growth while controlling the progres-
sive spine deformity. In addition, based on the patients’ assisted
ventilation rating scores, these data suggested that VEPTR sur-
gery maintained or improved ventilatory status in this patient
population. Therefore, it can be used to manage both spinal
deformity and respiratory function while maintaining spinal
growth in the immature nonambulatory child with
myelodysplasia.24

Current trends utilize expansion thoracoplasty in the young
patient (< 5years old) so as to minimize autofusion of the spine
at a young age and allow for prolonged spinal growth. Careful
technique is required in this patient population secondary to
the increased risk of infection. In addition, one must be careful
to avoid periosteal stripping of the ribs not involved in the
proximal rib fixation to minimize rib autofusion. VEPTR im-
plantation may be performed in either the lateral position,
when thoracoplasty is planned, or in the prone position when
used for rib-to-spine or rib-to-pelvis fixation in the setting of
neuromuscular scoliosis with or without pelvic obliquity.22,25

20.3.5 Fusion
Varying techniques and instrumentation have been utilized to
perform spine surgery in patients with neuromuscular scoliosis.
Options include combined anterior and posterior fusion, lim-
ited anterior fusion with delayed posterior fusion, and early
posterior spinal fusion (PSF). When fusing a skeletally imma-
ture patient with neuromuscular scoliosis, there are many fac-
tors to consider including pulmonary function, remaining
spinal growth, crankshaft phenomenon, and nutritional status.
In addition, there are multiple technical options including the
use of the Galveston technique with a unit rod and Luque wires,
hybrid constructs, and all pedicle screw constructs.

Fig. 20.4 (a) A 5-year-old male patient with congenital scoliosis
secondary to VATER syndrome. (b) Patient underwent a dual VEPTR
with rib-to-rib and spine-to-rib implants.
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One of the primary goals of scoliosis correction in the early
onset population is to maintain and potentially prevent wor-
sening pulmonary function. Karol et al pointed out the impor-
tance of spinal growth and its relationship to pulmonary
function. They reviewed 28 patients who underwent PSF prior
to 9 years of age, with minimum of 5 years of follow-up. Twenty
patients had congenital scoliosis, 3 had idiopathic scoliosis,
3 had neurofibromatosis, and 1had syndromic scoliosis. All
patients returned and voluntarily underwent pulmonary func-
tion testing. In this non-neuromuscular population, 12 of 28
patients were found to have severe restrictive pulmonary dis-
ease. In addition, they measured T1–T12 vertical height and
found that the average FVC was 48.2% for patients with less
than 18 cm vertical thoracic height. For those patients between
18 and 22 cm, the average FVC was 63% with two patients hav-
ing an FVC less than 50%. Finally, the average FVC was 85.2% for
patients measuring 22 to 28 cm at final follow-up with no
patients having an FVC less than 50%. They concluded that
patients with a proximal thoracic deformity requiring fusion of
greater than four levels, especially with rib anomalies, are at
the highest risk of restrictive pulmonary disease. Although this
cohort is representative of a non-neuromuscular population, it
is reasonable to extrapolate these data to the neuromuscular
population, as they are frequently unable to perform pulmo-
nary function tests and routinely have worse pulmonary func-
tion than patients with non-neuromuscular deformity.26

20.3.6 Limited Anterior with Delayed
Posterior Spinal Fusion
As previously mentioned, it is important to allow continued
spinal growth, as we know there is a correlation between spinal
growth and pulmonary development. In certain instances, large
curves develop causing significant pelvic obliquity early in a
child’s life. When a thoracolumbar curve is greater than 80
degrees and the child is skeletally immature, one technique we
utilize is to perform a limited anterior instrumented fusion at
the apex of the curve to improve sitting balance and allow for
continued pulmonary development and spinal growth. As this
is a temporary correction, once the child reaches skeletal
maturity we return to the operating room for definitive PSF.
The advantage of this approach is it allows continued spinal
growth proximal and distal to the apical fusion without having
to undergo multiple procedures under anesthesia. However, it
is not without complications including progressive deformity
cephalad and caudal to the fusion and the complications associ-
ated with an anterior fusion.

Tokala et al published their results on a cohort of nine
patients with neuromuscular scoliosis that underwent selective
anterior single-rod instrumentation for correction of thoraco-
lumbar and lumbar scoliosis. The mean age at surgery was 14
years with a mean follow-up of 2 years. Their group included
one patient each with myotonic dystrophy, arthrogryposis,
prune belly syndrome, and muscle eye brain syndrome. All
patients were ambulatory, and strut grafts were utilized in six
patients. Two patients required supplementary PSF. They con-
cluded that there is a role for anterior instrumentation in care-
fully selected, ambulatory patients with an idiopathic-like
neuromuscular scoliosis.27

Similarly, Basobas et al published a retrospective review of 21
patients with neuromuscular scoliosis who underwent a selec-
tive anterior spinal fusion with anterior instrumentation. The
mean age at the time of surgery was 10.5 years with mean fol-
low-up of 5 years. Diagnoses included myelomeningocele, spi-
nal cord injury, cerebral palsy, and other myopathies. At the
time of surgery, 15/21 (71.4%) of patients were at least a house-
hold ambulator. Three patients went on to require a PSF, with
one being anticipated as the anterior procedure was a tempo-
rizing measure. From this study, they concluded that anterior
instrumentation and fusion is a viable option in the manage-
ment of neuromuscular scoliosis in select patients.28

The authors of this chapter will utilize a staged procedure
with an anterior spinal fusion as a temporizing measure to
allow for curve correction and improvement of pelvic obliquity,
along with continued spinal growth followed by a PSF at a later
date for definitive treatment. In large curves in young patients,
this is an option that has the benefit of improving their sitting
balance and curve progression while allowing the patient’s
spine to continue to grow and pulmonary function to mature
without requiring multiple surgeries as seen with growing rod
lengthenings.

20.3.7 Combined Anterior and Posterior
Spinal Fusion
For stiff curves or those greater than 90 degrees, anterior
release of the apical levels of the curve is indicated to improve
the flexibility of the spine to obtain correction. Anterior fusion
for the “crankshaft phenomenon” is not necessary, even in
young patients, when rigid, segmental instrumentation to the
pelvis is utilized such as a unit rod.29,30,31 However, anterior sur-
gery is known to increase the complication rate and morbidity
of spinal surgery, and it is unclear whether to stage the anterior
and posterior procedures or to do both procedures on the same
day. Evidence exists to support both strategies. It is our practice
to perform both procedures on the same day in relatively
healthy patients, provided the time under anesthesia and blood
loss are not too substantial after anterior release. However, it is
not uncommon for the anterior release to be performed on one
day and then return to the operating room one week later for
PSF and instrumentation.

20.3.8 Early Posterior Spinal Fusion
It is well known that patients with SMA develop large curves
well before peak height growth. Zebala et al evaluated the
development of major curve progression 5 years after surgery
with Luque–Galveston instrumentation from T4 or higher to
the sacrum and pelvis in 22 patients with SMA with average of
8.2 years of follow-up. In this study, eight patients showed evi-
dence of major curve progression as defined by progression of
the curve of 10 degrees or more. They found that 36% of
patients under 8 years of age and those fused short of the pelvis
were more likely to progress. Important factors to consider for
surgical decision-making in patients with SMA include age, ske-
letal maturity, curve size and rigidity, ambulatory status, and
pelvic obliquity. They concluded that skeletal maturity and
length of posterior instrumentation may influence major curve
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progression in SMA and should be considered during preopera-
tive planning.32

Karol et al shed light onto the importance of continued spinal
growth and pulmonary development.26 However, in their study
the average age at time of fusion was 3.3 years of age. We do
agree that a definitive spinal fusion at this age is too early. How-
ever, not every patient must wait until the age of 11 years to
undergo this procedure. Yaszay et al reviewed 15 children from
a prospective, multicenter registry who underwent a PSF
between 8.2 and 10.7 years of age with juvenile cerebral palsy
scoliosis and minimum of 2-year follow-up. The mean preope-
rative curve magnitude and pelvic obliquity was 87 and 28
degrees, respectively. All patients were skeletally immature
with open triradiate cartilage. Fourteen patients underwent
posterior-only surgery and 1 a combined anterior/posterior
fusion. At the most recent follow-up, the curves averaged 29
degrees with a 68% correction rate and pelvic obliquity of 8
degrees with a 71% correction rate. No child required revision
surgery for progression and at most recent follow-up the Care-
giver Priorities and Child Health Index of Life with Disabilities
(CPCHILD) health outcome scores improved from 45 to 58.
There were 2 complications reported including 1 deep infection
and 1 broken rod that did not require any further intervention.
From these findings, the authors concluded that when treating
progressive juvenile-onset CP scoliosis, the surgeon must bal-
ance the needs for further growth with the risks of progression
or repeated surgical procedures. In addition, a definitive fusion
in a skeletally immature patient with curves measuring 90
degrees results in significant radiographic and quality-of-life
improvement.33

Mattila et al compared 70 patients who underwent PSF with
either an all pedicle screw construct or a hybrid construct. They
found the magnitude of curve correction was significantly
greater in the pedicle screw group than in the hybrid cohort
(p =0.0016). They also found the mean operative time and esti-
mated blood loss to be significantly lower in the pedicle screw
cohort (p < 0.05).34

20.4 Postoperative Care
Postoperatively, the patient should remain intubated (if neces-
sary) and cared for in an intensive care setting to closely moni-
tor pulmonary function, volume status, and urine output. These
patients are frequently coagulopathic; therefore, the hemoglo-
bin should be maintained over 9 g/dL to ensure adequate perfu-
sion and coagulation parameters, and platelet count should be
corrected as needed. In patients with poor nutritional status,
hyperalimentation should be started intravenously or J-tube
feedings can be started if electrolytes are well tolerated.

Due to the increased infection risk in patients with neuro-
muscular scoliosis, negative pressure therapy has been applied
to this population to attempt to reduce infection. This dressing
is then removed and replaced by a dressing of gauze and Ioban.
It can be removed at 2 weeks postoperatively and then local
wound care maintained. In addition, immobilization is not
required postoperatively. However, frequently a TLSO is pre-
scribed for patients requiring a Hoyer lift for transfers. Other-
wise, these patients are encouraged to be out of bed and into
their wheelchair as soon as is medically safe.

Lastly, wheelchairs may require readjustment to accommo-
date the children’s new trunk proportions and pelvic align-
ment. They may return to school in 3 to 4 weeks when their
pain is controlled, sitting tolerance is attained, incisional
wounds have healed, and no postoperative restrictions are
required. The TLSO may be discontinued for transfers between
4 and 6 weeks postoperatively.

20.5 Complications
Postoperative complications are prevalent in the neuromuscu-
lar scoliosis population and should be anticipated after surgery.
The incidence of postoperative complications has been docu-
mented to range from 18 to 68%.5,35,36 Infection rates have been
reported to be as high as 2 to 15%.29,35,37 Most early postoperati-
ve deep infections respond well to irrigation and debridement
with delayed wound closure or negative pressure therapy with
intravenous antibiotic therapy and retention of instrumenta-
tion. Respiratory complications are frequent, ranging from
atelectasis to more severe problems that require prolonged in-
tubation and ventilator support. Postoperative ileus, pancreati-
tis, superior mesenteric artery syndrome, and cholelithiasis can
occur, and the physician and multidisciplinary team must be
vigilant in evaluating any clinical abnormalities.38,39,40

20.6 Conclusion
Scoliosis is common in children with neuromuscular disorders.
The majority of children have progressive spinal deformities
that interfere with sitting and other functions, including pul-
monary capacity, that will require surgical stabilization to
address these problems and facilitate care. The surgeon has a
multitude of options for treating early-onset scoliosis in the
neuromuscular population. It is important to choose the appro-
priate procedure for each patient as these patients have not
only a spinal deformity at a young age, but also other medical
comorbidities that put them at risk of complications.
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21 Anterior Approaches to the Spine for Neuromuscular
Spinal Deformity
Peter O. Newton

Abstract
Anterior exposure to the spine for the purpose of performing an
anterior release has become less common as the posterior
methods have become more powerful. The goals of spinal
fusion in the patients with neuromuscular scoliosis cannot be
forgotten, and in selected cases an anterior release (with or
without instrumentation), particularly in the thoracolumbar
curve pattern, is an excellent alternative to achieve pelvic
obliquity correction and sitting balance. An anteroposterior
approach may be safer than a posterior three-column osteot-
omy for the most severe cases. An approach surgeon should be
utilized if the spinal deformity surgeon is not experienced with
the anterior anatomy.

Keywords: anterior, neuromuscular, scoliosis, thoracoscopic,
thoracotomy

21.1 Introduction
The spinal deformities of patients with neuromuscular disor-
ders may develop at a young age and are often treated when
the curves are large and rigid. Traditionally, the two main goals
for an anterior procedure are the desire to prevent crankshaft,
which is relatively common in these patients, and the attain-
ment of curve flexibility. Despite the increasing popularity of
posterior-only approaches for scoliosis, there remain appropri-
ate indications for the addition of an anterior procedure in
some patients with neuromuscular scoliosis.

The surgical exposure of the anterior aspect of the spine may
be made by open or endoscopic methods, and the choice is
determined by the intended procedure as well as the experi-
ence of the surgeon with each method. Neither of the
approaches is extensile, although the standard thoracotomy can
be extended into the lumbar region by dividing the diaphragm
as in the thoracoabdominal approach. The thoracoscopic
method is an attractive alternative to an open thoracotomy
when the region of interest is between T4 and L1, allowing a
less invasive alternative for performing diskectomy/release.

Additionally, there is a group of patients with specific curve
features that may benefit from the addition of anterior instru-
mentation, generally prior to performing a longer posterior
instrumented fusion procedure. The most likely candidates are
those with severe/rigid thoracolumbar curves associated with
marked pelvic obliquity.

The risk and benefits of adding an anterior procedure must
be carefully considered in this vulnerable population. The asso-
ciation of medical comorbidities with many of the neuromuscu-
lar conditions should always cause one to pause when
contemplating the addition of a second surgical approach. The
goals of spinal deformity surgery are more likely based on func-
tional outcomes associated with pulmonary function and com-
fortable sitting. Anterior procedures should be added only

when the gains in achieving these goals are thought to out-
weigh the risks of the more invasive anterior approach. Having
said that, in the myelomeningocele population, an isolated
anterior approach with instrumentation may, in fact, have less
risk of complications, particularly with regard to postoperative
infection. As in all surgical decision making, balancing the risks
and benefits is a crucial aspect of achieving success.

21.2 Open Approaches
The spinal deformity surgeon may or may not elect to utilize
the skills of a general surgeon colleague for these approaches
depending on his or her training and experience. In either
event, an understanding of the nonskeletal anatomy (heart,
lungs, great vessels, kidney, ureter, liver, bowel, etc.) is of
obvious importance. With appropriate training and experience,
these vital structures can be safely protected during anterior
spinal surgery while enabling access to the anterior vertebral
column.1,2

21.2.1 Standard Thoracotomy
Anterior surgical exposure of the thoracic spine is largely
achieved via a lateral thoracotomy. This approach utilizes the
convex side of the chest in scoliosis cases, but in some cases of
severe kyphoscoliosis a concave approach may be appropriate
(especially if decompression is required). Typically five or six
vertebrae can be reached because the spine is exposed between
two ribs that can be spread approximately 10 to 20 cm depend-
ing on the size of the patient. The level of thoracotomy must be
selected proximally so that the segments of interest can be
accessed. In most cases, the thoracotomy should enter via one
rib above or the rib at the level of the most proximal vertebral
level to be exposed.

The lateral decubitus position with an axillary roll to protect
the down side arm/brachial plexus is preferred. Prominences of
the greater trochanter and fibular head on the “down” leg
should be padded appropriately and the “up” leg scissored and
padded separately. The patient should be secured on the table
with tape and or bolsters to maintain the position. The arms are
positioned in 90 degrees of flexion at the shoulders and elbows.
The chest wall should be prepped and draped widely from the
axilla to the symphysis and beyond the midline anteriorly and
posteriorly.

The skin incision generally follows a rib that may be har-
vested and utilized for autogenous bone graft. The subcutane-
ous fat and muscles of the latissimus dorsi and serratus anterior
are divided in line with the incision exposing the underlying
rib. Entry into the chest may be between ribs or through the rib
bed itself. Subperiosteal dissection along the rib and cutting the
rib at the proximal and distal extents are standard when the rib
is desired for bone graft. The alternative is to divide the inter-
costal muscles between two ribs. The ribs are spread for access
to the spine by a Finochietto chest retractor of appropriate size.
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The lungs and great vessels are the relevant nonspinal anat-
omy within the chest. Pleural adhesions may make retraction of
the lung difficult and should be expected in patients with a his-
tory of prior chest surgery or infection (fairly common in the
neuromuscular population).3 Dividing any pleural adhesions
may be required to retract the lung and pack it with moist lap
sponges. Selective lung ventilation is preferred by some to ease
the requirement of lung retraction, but this adds complexity to
the intubation (see the “Thoracoscopic Approach” section on
single lung ventilation). The pleura overlying the spine is a layer
that can generally be divided longitudinally in a manner that
will allow closure at the end of the procedure. In the right chest,
the segmental vessels are divided between the azygous vein
(running longitudinally along the anterior aspect of the spine
and the rib heads [posteriorly]). In the left chest, the aorta over-
lies more of the vertebra with shorter segmental vessels and a
less developed venous hemiazygos system than in the right
chest. A plane is easily developed between the vertebral column
and the great vessels, thoracic duct, and esophagus once the seg-
mental vessels are divided. Some prefer to maintain these seg-
mental vessels; however, the circumferential exposure of the
spine is limited when doing so. Utilizing the soft-tissue plane
between the anterior longitudinal ligament and the great vessels
allows for a safe retraction of the great vessels (▶ Fig. 21.1).

Once the spinal procedure has been addressed, the thoracot-
omy is closed after a chest tube is placed. In many cases, reap-
proximation of the pleura over the spine may be possible. This
has the advantage of maintaining the position of any morsel-
ized bone graft and potentially minimizing pleural adhesions.
The chest wall is closed in layers after reapproximating the ribs.

A retropleural approach to the thoracic spine is also possible.
This approach avoids exposure of the lungs; however, the expo-
sure of the spine is relatively limited compared to the trans-
pleural thoracotomy. This is more often applicable to a tumor,
an infection, or trauma, although a limited diskectomy may be
approached this way.

21.2.2 Retroperitoneal Lumbar
Approach
For anterior exposure limited to the lumbar spine, a retro-
peritoneal approach is appropriate. The potential space of the
retroperitoneum, below the diaphragm, exists between the
peritoneum and the abdominal wall leading to the psoas
muscles and lumbar spine.4

The patient is placed in the lateral or three-quarter lateral
(rolled slightly supine) position. The incision runs along the
11th or 12th rib and extends distally lateral to the rectus
abdominis muscle. The serratus anterior and external oblique
muscles overlying the 12th rib are divided along or just inferior
to the rib. The cartilaginous top of the rib is sharply split, creat-
ing an interval for dissection into the retroperitoneal space
(▶ Fig. 21.1). Lateral to the rectus abdominis sheath, the exter-
nal oblique, internal oblique, and transverse abdominis are div-
ided. The peritoneum is adherent to the abdominal wall
musculature and must be “pushed” off the undersurface of the
transverse abdominis muscle from lateral (where it is easiest to
identify) to medial. The ureter should be identified (noting its
peristaltic motion) and protected along with the kidney by dis-
placing both anteriorly. Exposure of the spine is between the
psoas muscle and the aorta (left side) or vena cava (right side).
For full exposure at each level, the segmental vessels frequently
require ligation. The segmental vein at L4 (iliolumbar vein) is
quite prominent, while, more distally at the L5 level, the aorta/
vena cava bifurcates into the iliac vessels. Exposure of the L5–S1
disk is often below the bifurcation.

21.2.3 Thoracoabdominal Approach
For a more extensile approach to both the thoracic and lumbar
spine as is often required for release in thoracolumbar scoliosis,
the thoracic and retroperitoneal approaches may be combined.
Division of the diaphragm is required to connect the thoracic
cavity and retroperitoneum. The thoracotomy incision (over the
9th, 10th, or 11th rib) is carried distally into the abdomen as in
a retroperitoneal approach. The diaphragm is separated 1 to
2 cm from its attachment to the chest wall. Marking sutures of
varying colors (e.g., black silk, white Vicryl) are placed on either
side of diaphragm incision every 2 cm to aid in tissue realign-
ment during closure (▶ Fig. 21.2). The exposure of the spinal
column is as for either the thoracotomy or retroperitoneal
exposures described earlier. The segmental vessels are generally
divided (▶ Fig. 21.3a), providing circumferential exposure of
the vertebral bodies and disks (▶ Fig. 21.3b). Closure involves
an interrupted suture repair of the diaphragm and layered
repair of the chest and abdominal wall (▶ Fig. 21.3c).

21.2.4 Thoracoscopic Approach
The thoracic cavity is particularly amenable to an endoscopic
approach because with the lung deflated (with selective lung
ventilation or CO2 insufflation) a large working cavity is created.

Fig. 21.1 The 12th rib cartilage tip is being split longitudinally with a
scalpel. This provides a path to the retroperitoneal space. Blunt
dissection deep into the cartilage and especially posteriorly opens the
“potential” space posterior and lateral to the peritoneum.

Fig. 21.2 The diaphragm is being divided with marking sutures placed
to facilitate later closure of the diaphragm.
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The choice of intubation may be influenced by the age of the
patient, because selected intubation may be more difficult in
young children. Usually, the thoracoscopy will be performed
with a single lung ventilation technique using a bronchial
blocker or double-lumen endotracheal tube in the lateral decu-
bitus position. Another option is prone positioning and slight
hypoventilation, creating access to the spine posterior to the
lungs. Open methods have been modified to utilize 10- to 15-
mm-diameter ports, telescopes, and endoscopic orthopaedic
“tools” (▶ Fig. 21.4). Although this technique has advantages
(smaller incisions, less pain, magnified view), there is a sub-
stantial learning curve associated with thoracoscopic anterior
spinal surgery.

21.2.5 Surgical Technique
Three to four tubular ports (5–15mm in diameter) placed
between the ribs along the anterior axillary line (▶ Fig. 21.5a)
provide a path to easily insert the thoracoscope and working
instrument in and out of the chest (▶ Fig. 21.5b). To be certain
that inferior ports are proximal to the diaphragm insertion,
they should be placed under direct endoscopic visualization.
The severity and location of the spinal deformity will dictate
the ideal placement of the ports, but in most cases of multilevel
release and fusion, the ports should be spaced widely in a single
row to provide access to the greatest length of the spine.5

Initially, the lung will require some retraction; with time,
resorptive atelectasis will shrink the lung further. The vertebral
levels can be determined by counting distally from the second
rib head (the first rib is palpable but not typically visible). The

pleura overlying the vertebrae is opened longitudinally approx-
imately 1 cm anterior the rib heads and posterior to the azygous
vein (right side) versus aorta (left side) with scissors or an ultra-
sonic dissector. Coagulating and dividing the segmental vessels
allows a safe plane to be developed between the great vessels
and the anterior longitudinal ligament. There remains a debate
as to whether to divide the segmental vessels.

The anterior disk excision can be achieved with instruments
that have been modified from those used for open surgery. The
annulus incision is followed by diskectomy and endplate
removal with thoracoscopic rongeurs, curettes, and/or elevators
(▶ Fig. 21.6). The disk space is thoroughly filled with autogenous

Fig. 21.3 (a) A thoracoabdominal exposure with division of the diaphragm provides extensile exposure to the lower thoracic and entire lumbar spine.
The segmental vessels are being ligated and divided. (b) Circumferential exposure of the vertebral column is seen after retraction of the aorta and
vena cava following segmental vessel division. This allows exposure for diskectomy, vertebrectomy, and anterior instrumentation as indicated. (c) The
chest wall is being closed over a chest tube with the aid of a rib approximator. The chest wall is repaired in layers.

Fig. 21.4 An array of thoracoscopic instruments designed for disk
removal via thoracoscopic ports (tubes 10–15mm in diameter).

Fig. 21.5 (a) The markings for planned ports in an anterior release
case. The incisions are planned longitudinally in the anterior axillary
line. The most distal port often is more posterior to avoid placement
below the diaphragm. (b) The three port are being utilized for a lung
retractor, the endoscope, and a working tool (rongeur, ultrasonic
dissector, etc.). If suction is required, an additional port may be added.

Fig. 21.6 Disk excision is done as in an open procedure. The rongeur is
an efficient tool for disk removal. A 45-degree-angled scope allows
visualization of the disk space. The rongeur should pass the ports that
most closely aligns with the disk space.
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or allogeneic bone graft. Although techniques for anterior instru-
mentation (rod, plates, and screws) have been developed,5,6 they
are rarely indicated in neuromuscular conditions.

21.3 Mini-Open Approaches
Rivaling the truly thoracoscopic method are limited open
approaches7 (transthoracic and retroperitoneal) that may also
be considered minimally invasive. Retractor systems allow one-
or two-level approaches through a 3- to 7-cm incision. In the
chest, a mini-open approach may be augmented with scope vis-
ualization. In the lumbar region, narrow, long blade retractors
anchored in the vertebral bodies that are often secured to the
operating table can be used for direct lateral exposures either
anterior to the psoas or by spitting the psoas muscle.8,9 This
method is beneficial for some long neuromuscular curves that
involve the thoracic and lumbar spine. The lumbar plexus is at
risk in the transpsoas approaches.

21.4 Indications for Anterior
Release/Diskectomy
The indications for anterior disk excision can be broadly catego-
rized as either primarily to gain flexibility, to prevent anterior
growth (crankshaft), or to decrease the risk of nonunion. There
is little doubt that a circumferential release of the annulus and
removal of the nucleus result in increased mobility of the
motion segment. The difficulty comes in deciding when the
added operative time, blood loss, and morbidity of the
approach are worth the presumed gains in correction/align-
ment.10,11 The principal goals for most nonambulators or

limited ambulators with neuromuscular spinal deformity are to
limit progression and obtain a balanced sitting posture. Exami-
nation of the patient with forced manipulation of the torso as
well as with traction/bending radiographs often provides the
required information on the achievable balance by simpler pos-
terior methods. One of the most common indications for ante-
rior release seems to be rigid thoracolumbar scoliosis with
severe pelvic obliquity. Multiple-level diskectomy may be aug-
mented by removal of the inferior 15 to 25% of the several ver-
tebral bodies as a means of shortening the anterior column.
This is a safer alternative to performing a vertebrectomy at a
single level. Rigid thoracic hyperkyphosis may also be improved
by anterior thoracic disk excision.

21.5 Indications for Anterior
Instrumentation
The considerations for anterior instrumentation in neuromus-
cular scoliosis are limited; however, specific circumstances of

Fig. 21.7 (a) The appearance of the spine following anterior disk
excision and vertebral body screw placement. (b) Following placement
of an anterior rod with segmental compression, there has been
substantial correction of the thoracolumbar scoliosis.

Fig. 21.8 (a) Preoperative posteroanterior (PA) radiograph of a patient with cerebral palsy and severe thoracolumbar scoliosis. The curvature and
pelvic obliquity are creating difficulty with upright sitting. (b) An intraoperative PA radiograph following an anterior diskectomy and instrumentation.
The majority of the deformity was corrected anteriorly. (c) The final correction after completing the posterior instrumentation to the pelvis. The
anterior correction simplified the posterior procedure although the added morbidity of the anterior exposure was required to do so.
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potential utility are highlighted. Just as in adolescent idiopathic
scoliosis, anterior instrumentation with disk excision, lateral
vertebral body screws, and convex compression of thoracolum-
bar curves provides a powerful means of deformity correction
(▶ Fig. 21.7a, b). Given that the anterior approach is associated
with less blood loss and lower rates of infection, as an isolated
approach this is particularly advantageous in the patient with
myelomeningocele or the ambulatory neuromuscular patient
where the curve does not require fusion to the pelvis. There
may also be advantages in some of the more severe thoraco-
lumbar curves in nonambulatory patients. If an anteroposterior
approach is being considered to perform an anterior release,
the addition of anterior instrumentation across the apex may
be considered. This is not with the goal of avoiding the poste-
rior procedure, but it may create the majority of the deformity
correction anteriorly, thus simplifying the posterior approach.
Instrumenting the released levels also may allow much greater
time between stages (weeks to months), optimizing physiology
prior to the posterior procedure (▶ Fig. 21.8a–c).
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22 Incidence of Major Complications in Surgery for
Neuromuscular Spine Deformity
Andrew H. Milby and Patrick J. Cahill

Abstract
Surgical correction of neuromuscular spinal deformity has been
associated with higher rates of complications than correction of
idiopathic spinal deformity or other spinal disorders. This dis-
parity is the result of factors related to both the medical status
of the host and the technical challenges associated with surgery
in this patient population. Reported overall rates of major com-
plications range from 17 to 63% of cases. Careful preoperative
planning and optimization may help mitigate the risk of the
more common complications associated with specific neuro-
muscular disorders.

Keywords: complications, durotomy, infection, optimization,
pseudarthrosis

22.1 Introduction
Surgical correction of neuromuscular spinal deformity has his-
torically been associated with higher rates of perioperative and
postoperative complications than correction of idiopathic spi-
nal deformity. A number of factors contribute to this disparity,
including such host factors as nutritional status, continence,
and bone quality, as well as structural factors related to the
severity and flexibility of the curve. This combination of fragile
hosts with more severe deformities demands careful preopera-
tive planning and medical optimization to ensure the success of
any surgical intervention. With a comprehensive multidiscipli-
nary approach to perioperative care, rates of complications con-
tinue to improve over time, but additional efforts will be
required in order to approach the more predictable outcomes
following idiopathic deformity correction or degenerative spi-
nal procedures.

Early reports of rates of complications associated with sur-
gery for neuromuscular scoliosis have been as high as 63% over-
all1 (▶Table 22.1). While more recent series have demonstrated
substantial improvements, certain high-risk groups have been
identified. Banit et al reported a persistent 48% overall compli-
cation rate in 50 patients with myelomeningocele.2 In a series
of 110 consecutive neuromuscular deformity corrections, Duck-
worth et al reported a 38.5% rate in the 26 patients with muscu-
lar dystrophy.3 Master et al in their series of 131 patients (75
with cerebral palsy [CP]) identified nonambulatory status and
curve magnitude greater than 60 degrees as significant risk
factors for major complications, which occurred in 28% of
patients.4 These rates are in contrast to the 16.7% overall rate
for the overall Duckworth et al cohort. This latter rate is largely
consistent with the 17.9% rate of overall complications
observed by Reames et al in their analysis of 4,657 neuromus-
cular procedures in the Scoliosis Research Society’s morbidity
and mortality database.5

Perioperative complications in neuromuscular deformity
correction may contribute to the relatively high in-hospital

mortality rate in this patient population. An analysis of the U.S.
national inpatient sample by Barsdorf et al also revealed an in-
hospital mortality rate of 1.2% for 437 pediatric patients under-
going correction of neuromuscular spinal deformity as com-
pared to 0.2% in pediatric patients with non-neuromuscular
deformity.6 A similar perioperative mortality rate of 1.0% was
reported by Tsirikos et al in their series of 287 patients with CP
undergoing both all-posterior and combined anteroposterior
spinal deformity corrections.7 It is important that providers,
patients, and their families be aware of the rare but nontrivial
risk of mortality surrounding neuromuscular deformity correc-
tion and that this information be included in the informed con-
sent process for surgery.

We have subclassified complications by timing at presenta-
tion into (1) intraoperative, occurring during surgery, and (2)
postoperative, occurring after surgery or as a consequence of
decisions made during surgery. Admittedly, this classification is
an oversimplification and is not meant to imply causality. For

Table 22.1 Incidence of major complications in neuromuscular spinal
deformity surgery

Incidence (range) References

All major complications 17–63% 1–5

In-hospital mortality 1.0–1.2% 6,7

Intraoperative

Instrumentation related 4.8% 13

Incidental durotomy 1.0% 14

Intrathecal pump dysfunction 45% 17

Blood loss > 50% estimated
blood volume

65–85% 21,22

Neurologic injury 0.003–1.03% 7,26

Postoperative

Surgical site infection 5.5–14.5% 1,5,13,32–35

Myelomeningocele 8.0–33.3% 1,2,34

Spinal cord injury 16.2% 34

Cerebral palsy 6.7–12.1% 7,32,34

Myopathies 2.7–19% 3,34

Pseudarthrosis 1.2–16% 2,7,37–39

Prominent instrumentation 2.6–15.2% 1,43,44

Medical complications

Pulmonary dysfunction 17–50% 4,6,13,46–48

Pancreatitis in cerebral palsy 0–30.1% 39,52

Hepatotoxicity in myopathies 3.6% 3
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example, surgical site infection is multifactorial and may have
components in both categories, but this has been included in
the postoperative category due to its typically postoperative
presentation. It is likely that many complications, both intra-
operative and postoperative, may be mitigated by comprehen-
sive preoperative medical optimization to the extent that this is
feasible on a case-by-case basis.

22.2 Intraoperative Complications
Complications commonly encountered intraoperatively during
neuromuscular spinal deformity correction include (1) poor
bone quality or instrumentation failure, (2) incidental durot-
omy, (3) malfunction of intrathecal medication pumps or cere-
brospinal fluid shunts, when present, (4) large intraoperative
blood loss (defined here as > 50% of a patient’s estimated blood
volume), and (5) new neurologic deficits.

A number of factors contribute to the high prevalence of
osteopenia encountered in neuromuscular diseases, including
nutritional deficiencies, medication side effects, and low activ-
ity level or nonambulatory status.8,9 In particular, increasing
use of corticosteroid therapy in the treatment of Duchenne
muscular dystrophy, despite reducing the severity of spinal
deformity and prolonging time to loss of ambulation, may result
in worsening vertebral osteoporosis.10,11,12 The potential gains
in pulmonary function, time to loss of ambulatory capacity, and
severity of spinal deformity must be weighed carefully against
the risk of vertebral osteopenia that may increase the complex-
ity of surgical correction. Despite the challenges inherent to
instrumentation of the osteopenic spine, overall rates of
reported implant-related complications with modern instru-
mentation remain relatively low. Sharma et al in their meta-
analysis of complications in neuromuscular spinal deformity
surgery found a combined rate of intraoperative and postopera-
tive implant-related complications of 12.5%, with rates of mal-
placement and cutout/pullout/migration of 4.8 and 2.8%,
respectively.13 While there is little literature specifically report-
ing intraoperative rates of screw malposition, pedicle fracture,
or cutout during deformity correction, such reports are likely
to underestimate the true incidence as corrective measures
may be taken when these occurrences are recognized
intraoperatively.

While uncommon, incidental durotomy remains an undesir-
able complication in this group of patients at high risk for infec-
tion and often with preexisting disturbances in cerebrospinal
fluid circulation. In their analysis of the Scoliosis Research Soci-
ety morbidity and mortality database, Williams et al reported
5,191 neuromuscular deformity cases with a 1% rate of inciden-
tal durotomy.14 This compares favorably to the 1.6% overall rate
and the 2.2% rate seen in degenerative spinal deformity correc-
tion. While the overall incidence is relatively low, there are a
number of patient-specific factors that may increase the risk of
incidental durotomy in patients with neuromuscular scoliosis.
Preoperative imaging must be carefully reviewed for the pres-
ence of dural ectasia that may contribute to the risk of inadver-
tent dural injury. Patients with myelomeningocele present
additional challenges as disturbances in cerebrospinal fluid
flow and even neurologic deterioration have been reported in
the setting of deformity correction.15 Untethering of the cord
has been advocated prior to deformity correction to minimize

these risks, though one recent series suggests that this may not
be required in otherwise asymptomatic patients.16 In addition,
the presence of laminotomies for intrathecal pump placement
may increase the potential for inadvertent canal penetration,
and dislodgement of the pump catheter itself may also result in
persistent cerebrospinal fluid leakage.17

Many patients with spastic CP have intrathecal catheters in
place. The local delivery of intrathecal baclofen reduces the
dose required to decrease spasticity compared to oral baclofen,
thus decreasing undesirable side effects.18 Gerszten et al
reported on the effect of baclofen in reducing the occurrence
and postoperative recurrence of lower extremity contrac-
tures.19 However, these catheters are frequently associated with
scar tissue formation and are at risk of being damaged or dis-
lodged during surgery. Caird et al reported a matched series of
patients with spastic CP with and without baclofen pumps.17

Nine of 20 patients (45%) experienced complications related to
their pumps, including 3 patients who had their catheters inad-
vertently damaged or pulled out intraoperatively. More
recently, Yaszay et al have reported equivalent surgical time,
blood loss, curve correction, and rates of wound complications
in groups with and without baclofen pumps in place preopera-
tively.20 It is possible that greater awareness and familiarity
with the perioperative management of such pumps over time
may reduce the complications associated with their use.

Neuromuscular spinal deformity correction has been associ-
ated with greater overall estimated blood loss than idiopathic
deformity correction. While not necessarily a complication
when accompanied by appropriate resuscitation, increasing
blood loss may increase the likelihood of developing life-threat-
ening coagulopathy.4 Edler et al performed a retrospective com-
parison of 18 patients with neuromuscular spinal deformity to
145 patients with non-neuromuscular (congenital or idio-
pathic) deformity.21 The authors found that over 65% of the
neuromuscular patients experienced a total blood loss of
greater than 50% of their estimated blood volume (EBV). After
statistically adjusting for total number of levels fused, neuro-
muscular patients had an almost seven times higher risk
(adjusted odds ratio of 6.9; p < 0.05) of losing greater than 50%
of their EBV when compared to patients with non-neuromuscu-
lar scoliosis. Modi et al, in their series of 27 patients undergoing
all-posterior corrections of flaccid myopathic spinal deform-
ities, reported a mean estimated blood loss of 123% of the EBV,
with 85% of patients experiencing blood loss of greater than
50% of their EBV.22 Several factors may contribute to the predis-
position toward increased blood loss seen in the neuromuscular
population, including nutritional status, smaller body habitus,23

and disease-specific factors such as inherent clotting dysfunc-
tion observed in CP.24 In addition, certain antiseizure medica-
tions, especially valproic acid, have been associated with
increased blood loss despite otherwise normal coagulation test-
ing.25 Consideration should be given to bridging with alterna-
tive antiepileptic medications perioperatively, whenever
feasible per the patient’s neurologist.

Neurologic injury is a potentially devastating complication in
an already impaired host. Loss of bladder control and protective
sensation can compound the risk of decubiti in nonambulatory
patients. Fortunately, neurologic injury is relatively rare and is
becoming even more rare with the development of better neu-
romonitoring techniques and the trend away from implants
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that occupy the spinal canal such as sublaminar wires and lami-
nar hooks. Tsirikos et al reported only one possible neurologic
injury in their series of 287 patients with CP.7 In their analysis
of the Scoliosis Research Society’s morbidity and mortality
database, Hamilton et al found a 1.03% rate of new neurologic
deficit following 5,147 cases of neuromuscular deformity cor-
rection in adult and pediatric patients.26 These rates are similar
to the 1.0% overall rate for all reported spinal procedures, and
compare favorably to the 2.49% rate seen with adult degenera-
tive deformity correction. With the exception of patients with
complete spinal cord injuries, intraoperative neurophysiologic
monitoring is often feasible. Ashkenaze et al reported that they
were able to obtain somatosensory evoked potential (SSEP) sig-
nals reliably in 72% of their neuromuscular patients.27 Subse-
quent series have confirmed the feasibility and utility of SSEP
monitoring in the neuromuscular population.28,29 Some sur-
geons consider motor evoked potential (MEP) monitoring to be
contraindicated in patients with shunts and/or a history of seiz-
ures. However, Schwartz et al reported no difficulties or compli-
cations in a series of 30 patients with neuromuscular scoliosis
undergoing fusion who had a seizure history and intraoperative
MEP monitoring.30

Cerebrospinal fluid shunts are common in patients with CP
and myelomeningocele. As these shunts are often gravity
dependent, prolonged periods of time intraoperatively and
postoperatively in a prone or supine position may lead to shunt
malfunction. Preoperative evaluation by the patient’s neurosur-
geon is advised. In rare cases, it may be necessary to perform
intraoperative intracranial pressure monitoring and periodic in-
traoperative decompression via removal of cerebrospinal fluid
through the cranial shunt portal. While rates of shunt failure
have not been examined in large series, this complication has
been reported in the literature and requires vigilance on the
part of the surgical and anesthesia teams.31

22.3 Postoperative Complications
The most frequently encountered postoperative complications
following neuromuscular spinal deformity correction include
(1) surgical site infection, (2) pseudarthrosis, (3) prominent or
symptomatic instrumentation, and (4) medical complications
related to the stress of surgery and underlying neurologic
diagnoses.

Infection after scoliosis surgery is a devastating complication
that has been difficult to eradicate in the neuromuscular popu-
lation despite continued progress in the idiopathic and degen-
erative populations. Szöke et al reported an 8.7% infection rate
in spastic CP, with all infections occurring in patients who were
nonambulatory and had severe neurologic involvement.32

Sponseller et al subsequently reported a rate of 11.9% in a series
of patients with both CP and myelomeningocele.33 In their 30-
year experience, the Shriners Hospital of Philadelphia group
reported an infection rate of 13.3% in a series of 323 neuromus-
cular deformity corrections.34 The authors identified the
patient’s age at surgery as being inversely related to the risk of
infection and also noted significant disparities in infection rates
by diagnosis, with a 17.9% rate in myelomeningocele, a 16.2%
rate in spinal cord injury, a 12.1% rate in CP, and a 2.7% rate in
myopathies. These stand in contrast to the 0.5% rate following
idiopathic deformity correction at the same institution. Values

from other multicenter series have shown considerable varia-
bility. Reames et al reported a 5.5% overall infection rate (1.7%
superficial, 3.8% deep) for pediatric neuromuscular cases in the
Scoliosis Research Society morbidity and mortality database.5

Contrary to the Shriners experience, the analysis of the adult
data from the same database by Smith et al yielded a higher
(8.9%) rate for adult neuromuscular deformity patients.35 One
meta-analysis from Sharma et al included studies with infection
rates ranging from 0 to 62%, with a pooled overall estimate of
10.9%.13 Certainly there is significant variability within the neu-
romuscular population, and an individual patient’s infection
risk is likely due to a combination of multiple factors. Patients
lacking protective sensation are at risk for the development of
decubiti, which can lead to infection by either direct contami-
nation or hematologic spread. These risks are compounded by
incontinence of urine and/or feces. Patients with frequent uri-
nary tract infections may also seed implanted instrumentation
and a surgical wound via Batson’s venous plexus.36

Patients with neuromuscular spinal deformity also remain at
increased risk of pseudarthrosis postoperatively. Poor bone
mineral density may contribute to loss of fixation with repeti-
tive loading prior to the onset of bony fusion. In addition,
patients with myelomeningocele may have missing or dysplas-
tic posterior elements yielding a greatly decreased surface area
of bone for fusion. Boachie-Adjei et al noted a 6.5% rate of pseu-
darthrosis and Gau et al a 10% rate in their series of patients
with mixed diagnoses treated with Luque segmental instru-
mentation.37,38 Lonstein et al reported a similar 7.5% rate with
use of the Luque–Galveston technique in 93 patients with CP or
static encephalopathy.39 Pseudarthrosis rates as high as 16%
have been reported in patients with myelomeningocele under-
going all-posterior fusion with segmental instrumentation.2

Sharma et al meta-analytically demonstrated pooled estimates
of loosening and implant breakage of 2.4 and 4.6%, respec-
tively.13 More recent series examining the use of hook-based,
hybrid, or all pedicle-screw instrumentation have reported
lower pseudarthrosis rates40,41; however, it remains uncertain
to what extent instrumentation techniques are responsible for
improvements in pseudarthrosis rates over time. Indeed, Tsiri-
kos et al reported on 242 patients with CP who underwent all-
posterior fusion using unit rod instrumentation with a 1.2% rate
of pseudarthrosis7 and subsequently no detectable pseu-
darthroses using all-pedicle screw instrumentation in both pos-
terior and combined approaches.42 Additional high-quality
evidence is needed to clarify the indications for segmental wir-
ing versus hook-/screw-based instrumentation strategies, as
well as all-posterior versus combined approaches.

Implant prominence is frequent in patients with neuromus-
cular spinal deformity, especially in the setting of impaired
nutrition. Historically, the rate of revision surgery for promi-
nent iliac instrumentation with the unit rod technique has been
approximately 10%.1,43 When including proximal prominence,
symptomatic instrumentation has been reported in up to 15.2%
of patients undergoing unit rod fixation; this was reduced to
2.6% with the use of modular custom bent rods.44 One promis-
ing technique that may further reduce the prominence of iliac
fixation is a trans-sacral iliac screw trajectory. As described by
Sponseller et al, this screw takes a trajectory starting on the
dorsal sacrum at S2, traverses through the sacroiliac joint, and
rests just superior to the sciatic notch within the ilium.45 As
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described further in Chapter 17, this technique results in a
much lower profile implant and also provides inline fixation,
thus obviating the need for offset connectors. In a series of 32
consecutive patients in whom this sacropelvic fixation techni-
que was used, the authors reported equivalent radiographic
outcomes with no pelvic instrumentation prominence, skin
breakdown, or deep infections.

While the spine surgeon is often focused on the technical
considerations regarding correction of the spinal deformity, it is
important to retain a wide perspective on the patient’s underly-
ing disease process. In particular, neuromuscular disorders have
far-ranging impacts on other organ systems beyond the more
visible musculoskeletal manifestations. As such, careful consid-
eration must be given to potential medical complications in the
perioperative period. Perhaps the most commonly described
and most morbid of these are pulmonary complications, includ-
ing respiratory failure, aspiration, pneumonia, pneumothorax, or
pleural effusion. Such complications have been reported in 17 to
50% of patients,4,6,13,46,47,48 with preexisting pulmonary dysfunc-
tion, worsening Cobb angle, and increasing age associated with
increased risk.46,47,48 Identification of preexisting pulmonary
compromise is essential for perioperative management and does
not necessarily represent a contraindication to surgery.49,50

Other gastrointestinal complications, including ileus and supe-
rior mesenteric artery syndrome,51 may also occur in a manner
similar to that seen in idiopathic deformity correction. Neuro-
muscular disease-specific complications include postoperative
pancreatitis and hepatotoxicity. Pancreatitis has been observed
in up to 30% of patients with CP following deformity correction,
with feeding intolerance and the presence of a gastrostomy tube
being risk factors.52 Hepatotoxicity has also been observed in up
to 3.6% of patients with muscular dystrophy following deformity
correction.3 Awareness of these patterns on the part of the surgi-
cal team is essential to the multidisciplinary treatment approach
required to optimize outcomes in this patient population.

22.4 Conclusion
Surgical correction of neuromuscular spinal deformity has been
associated with significant perioperative complications and
represents an especially challenging patient population for the
spine surgeon. Careful consideration of the patient’s underlying
disease process and specific risk factors is essential to the ulti-
mate success of any planned surgical procedure. With ongoing
study and a multidisciplinary treatment approach, neuromus-
cular spinal deformity correction will continue to progress
toward the safety and predictability of other spinal procedures.
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23 Management of Early and Late Infection
Mark Shasti, Paul D. Sponseller, and Stefan Parent

Abstract
Early or late deep wound infection after scoliosis surgery in
pediatric patients is a devastating complication. Differentiating
between early and late infection is important for treatment
purposes. Empirical treatment of these infections should
include both gram-negative and gram-positive antibiotics
because of their polymicrobial nature. The treatment algorithm
for early infections includes aggressive surgical irrigation and
debridement followed by long-term parenteral antibiotics. Late
infections require explantation of instrumentation and some-
times staged instrumentation once the infection is cleared. Late
infections may be treated with oral antibiotics. In this chapter,
risk factors, preventative measures, and treatment protocols for
these infections are discussed in detail, along with the most
recent scientific evidence.

Keywords: early infection, explants, irrigation and debridement,
late infection, neuromuscular scoliosis

23.1 Introduction and Background
According to the Centers for Disease Control and Prevention,
deep surgical site infection (SSI) is an “infection that appears to
be related to the operative procedure and involves deep soft tis-
sue (e.g., fascial and muscle layers of the incision).”1 In addition,
it must have at least one characteristic listed in ▶Table 23.1.
According to Aleissa et al,2 deep wound infection after spinal
surgery is defined as “infection in which there is a direct com-
munication between the infected materials and the spinal
instrumentation and bone graft/fusion mass.” Deep SSI after
spinal deformity surgery can be further classified as early or late
infection. The definition of “late” SSI after spinal fusion is
unclear. Two large studies of deep SSI after pediatric spinal
deformity surgery defined early SSI as occurring less than 3
months after surgery and late SSI as occurring 3 months or
more after surgery.3,4 As discussed later in this chapter, we used
3 months postoperatively as the cutoff between early and late
infections.

Deep wound infection after pediatric scoliosis surgery is a
devastating complication that typically requires prolonged
surgical and medical management. These infections can com-
promise the outcome of deformity correction, especially in

patients who require subsequent removal of implants. The
other comorbidities and potentially life-threatening complica-
tions associated with spinal deep SSI include sepsis, vertebral
osteomyelitis, neurologic compromise, and clinically important
soft-tissue defects.5 Deep SSIs also add substantial costs to
treating patients.6

The incidence of SSI after pediatric spinal deformity surgery
varies by patient diagnosis.7 The term “neuromuscular scoliosis”
covers a wide variety of conditions, each with its own rate of
infection associated with spinal deformity surgery. It is well
established that infection rates are higher in patients with neu-
romuscular scoliosis compared with patients with adolescent
idiopathic scoliosis. ▶Table 23.25,8,9,10,11,12,13,14,15,16,17,18,19 summa-
rizes the rate of deep SSI after pediatric scoliosis spinal surgery.

23.2 Risk Factors for Infection and
Microbiological Data
Risk factors and microbiological data for patients with neuro-
muscular scoliosis who have developed deep SSI after spinal
surgery are critical to understand, not only for prevention but
also for formulating treatment plans. Surgical scoliosis correc-
tion is a major intervention in patients who typically have lim-
ited ability to adapt to imposed stress. Some of the factors that
may account for the higher deep SSI rate in patients with neu-
romuscular scoliosis may be related to diminished or absent
sensation in the lower body, lack of bowel or bladder control,
previous spine surgery (e.g., myelomeningocele closure after
birth), and altered soft-tissue coverage. Patients without sensa-
tion in the lower body are more prone to develop pressure sores
and decubiti, which can lead to infection by either direct con-
tamination or hematologic spread. Patients who lack bowel and
bladder control are at risk of seeding a wound with feces or
urine. Furthermore, these patients develop frequent urinary
tract infections, which can spread to implanted instrumenta-
tion or a surgical wound.3

Several studies have identified risk factors and bacteria asso-
ciated with deep SSI after neuromuscular scoliosis corrective
surgery. In a multicenter retrospective case control study, the
degree of cognitive impairment was identified as a significant
risk factor for deep SSI after scoliosis surgery in patients with
cerebral palsy and myelodysplasia.20 Other risk factors identi-
fied in this study are listed in ▶ Table 23.3.20 In the same study,
52% of the infections were polymicrobial. The most common
organisms were coagulase-negative Staphylococcus, Enterobacter,Table 23.1 Deep surgical site infection characteristics

Purulent discharge

Positive cultures

Evidence of infection on physical examination (tenderness, swelling,
redness, or heat)

Wound dehiscence

Abscess discovery upon reoperation

Evidence of infection on histopathologic or radiologic examination

Table 23.2 Rates of deep surgical site infection after pediatric scoliosis
spinal surgery

Diagnosis Rate of infection (%)

Adolescent idiopathic scoliosis8,9,10 0.9–3

Cerebral palsy5,17,18,19 6.1–8.7

Myelomeningocele11,12,13,14,15,16 8–24
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Enterococcus, and Escherichia coli.20 In a multicenter study,
Mackenzie et al7 showed that nearly half of SSIs after scoliosis
surgery contained at least one gram-negative organism. Signifi-
cantly higher rates of gram-negative infections were found in
patients with nonidiopathic scoliosis. In this study, Pseudomonas
was the third most common organism after S. aureus and S. epi-
dermidis. Aleissa et al2 reported that more virulent enteric and
gram-negative organisms were more commonly isolated from
early deep SSIs (e.g., Pseudomonas, Enterococcus), whereas low-
virulence cutaneous organisms were more commonly cultured
from late infections (e.g., Propionibacterium acnes, S. epidermi-
dis). This is an important finding, especially when choosing anti-
biotic treatment for these infections.

Preoperative nutritional status and a positive urine culture
have been evaluated as risk factors for deep SSI in patients with
neuromuscular scoliosis.20,21,22 It was previously reported that
malnutrition may be associated with an increased rate of post-
operative complications.21,22 In a multicenter study, Sponseller
et al20 found that markers such as a preoperative albumin level
below 3.5mg/dL, a total lymphocyte count below 1,500 cells/
mm3, and a hematocrit level of 33 g/L or less were not statisti-
cally correlated with increased risk of infection.20 Hatlen et al22

showed that a positive preoperative urine culture was a signifi-
cant independent risk factor for SSI after spinal fusion in
patients with myelodysplasia.

The risk of deep SSI varies according to surgical approach and
instrumentation type. It is higher after posterior spinal fusion,
whereas infection after anterior spinal fusion is rare.2 Use of
allograft bone has been identified as a significant risk factor for
deep SSI after scoliosis surgery, particularly in patients with
neuromuscular conditions.2,20 Sponseller et al23 found a signifi-
cantly higher risk of SSI after scoliosis surgery in patients with
cerebral palsy who had undergone instrumentation with unit
rods (15%) versus custom bent rods (5%). Furthermore, although
stainless steel implants have not been studied in patients with
neuromuscular scoliosis, their use in patients with adolescent
idiopathic scoliosis has been associated with a higher risk of late
deep SSI compared with titanium implants.24,25

23.3 Prevention
Various approaches have been proposed to prevent deep SSIs
in pediatric spine surgery, supported by different levels of

scientific evidence. In 2013, a group of 20 pediatric spine sur-
geons and 3 infectious disease specialists from North America
gathered to establish best-practice guidelines for SSI prevention
in high-risk pediatric spine surgery. The objective of this initia-
tive was to decrease the extensive variability in SSI prevention
strategies, improve patient outcomes, and reduce health care
costs. Using available evidence in the literature and expert
opinion, this initiative resulted in consensus regarding 14
“best practices” in high-risk pediatric spine surgery.26

▶ Table 23.4 summarizes the final best-practice guidelines
consensus recommendations.

Table 23.3 Predictive values for risk factors

Parameter p-value

Previous spine surgery 0.129

Posterior versus anterior/posterior 0.382

Preoperative urinary tract infection 0.171

Estimated blood loss 0.216

Allograft versus autograft 0.010a

Operating time 0.586

Cognitive impairment < 0.01a

Source: Adapted from Sponseller et al.20
aRepresents a significant difference.

Table 23.4 Final best-practice guidelines: consensus recommendations
to prevent surgical site infections in high-risk pediatric spine surgery

Guideline Consensus (%)

Total Agree

Patients should have a chlorhexidine
skin wash at home the night before
surgerya

91 61 30

Patients should have preoperative
urine cultures obtained and treated
if positivea

91 26 65

Patients should receive a preopera-
tive Patient Education Sheeta

91 48 43

Patients should have a preoperative
nutritional assessmenta

96 57 39

If removing hair, clipping is preferred
to shavingb

100 61 39

Patients should receive perioperative
intravenous cefazolina

91 65 26

Patients should receive perioperative
intravenous prophylaxis for gram-
negative bacillia

95 65 30

Adherence to perioperative antimi-
crobial regimens should be moni-
tored (i.e., agent, timing, dosing,
redosing, cessation)a

96 61 35

Operating room access should be
limited during scoliosis surgery
whenever practicala

96 61 35

Ultraviolet lights need not be used in
the operating rooma

87 48 39

Patients should have intraoperative
wound irrigationa

100 83 17

Vancomycin powder should be used
in the bone graft and/or the surgical
siteb

91 48 43

Impervious dressings are preferred
postoperativelyb

91 56 35

Postoperative dressing changes
should be minimized before dis-
charge to the extent possibleb

91 52 39

Source: Adapted from Vitale et al.26
aConsensus reached after the first round of voting.
bConsensus reached after the second round of voting.
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23.4 Treatment of Early
Postoperative Infection
There is no consensus on preferred medical and surgical treat-
ment strategies, particularly for early postoperative infections.
The goal is to eradicate infection and achieve a pain-free, stable
spine. The main concern with early postoperative infection is
lack of stable fusion mass formation. Therefore, removal of spi-
nal implants at an early postoperative stage is avoided because
implant removal may compromise fusion and curve correction,
leading to deformity progression. For infections in the acute post-
operative period, aggressive irrigation and debridement, wound
closure over drains, retention of instrumentation, and long-term
parenteral and oral antibiotics are recommended by many
experts.4,20 One-stage irrigation and closure is recommended
when there is no deep purulence and the wound edges are clean,
pink, and viable. If tissue quality or patient health status is poor
and multiple debridements are needed, the wound may be left
open to granulate over.5 This is a reliable method, as long as the
implants are well below the surrounding muscle surface.

Recently, the use of the vacuum-assisted closure (VAC) sys-
tem has gained popularity. The VAC promotes formation of
granulation tissue, and when changing the VAC, necrotic tissue
is debrided. Canavese et al27 described application of a VAC
sponge at the time of initial surgical debridement in 14 patients
who developed acute deep SSI after spinal fusion. Twelve of the
wounds healed by secondary intention with the use of VAC. No
instrumentation was removed in any patient, and there were
no recurrent infections. Van Rhee et al28 published similar find-
ings in six patients who developed acute deep SSI after

posterior spinal fusion. All patients in both studies received
long-term parenteral and oral antibiotics.

Rohmiller et al29 described a closed suction irrigation system
placed at the time of initial debridement for deep SSI in 28
patients. They placed a proximal inflow catheter deep into
the fascia and two to three distal outflow catheters superficial
and deep into the fascia. The wounds were irrigated with
normal saline for approximately 3 days. The catheters were
removed sequentially as the drainage became clearer and
decreased in volume. Two-thirds of early SSIs were treated
successfully with this method. One-third of patients devel-
oped a recurrent infection, which resolved after a second
course of closed suction irrigation. Removal of instrumenta-
tion was not required in any patient. ▶ Fig. 23.1 provides an
algorithm for treatment of early postoperative deep SSI based
on current literature.

23.5 Treatment of Late
Postoperative Infection
Treatment of late infections (3 months or more after surgery3,4)
in patients with spinal deformity requires a different approach.
Whereas the external and systemic signs are more indolent, the
deep extent of granulation tissue and osteolysis is much more
extensive and usually involves the entire surgical field. Debride-
ment without implant removal does not work because of
retained areas of infected tissue under the instrumentation.
Therefore, consensus among most authors is that implant
removal is necessary for the complete debridement and effec-
tive treatment of delayed deep SSIs after spinal deformity

Fig. 23.1 Early postoperative infection manage-
ment algorithm.
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surgery.3,4,20,30 Hedequist et al4 retrospectively reviewed 26
patients who developed late SSI after spinal fusion. They found
that patients who retained their instrumentation always
returned with recurrent infection and required further debride-
ment until the implants were removed. In most cases, no repeat
surgeries were necessary after instrumentation removal.

Two studies reported that deep SSIs after spinal fusion are
soft-tissue infections and not osteomyelitis.31,32 In these studies,
when the soft tissues and bone surrounding the implants were
examined, there was no sequestrum, and the fusion mass was
viable. This explains why short-term antibiotics are adequate
after instrumentation removal. These studies recommended 2
to 5 days of parenteral antibiotics, followed by 7 to 14 days of
oral antibiotics. Several authors have reported success with this
treatment protocol.4,20,30 ▶ Fig. 23.2 provides an algorithm for
treatment of late postoperative deep SSI.

23.6 Effect on Outcomes
Implant removal is associated with certain risks. Implant
removal prior to bony fusion can lead to progression of deform-
ity. Cahill et al3 retrospectively reviewed 57 patients who

developed SSI after scoliosis surgery. Instrumentation was
removed in 51% of patients. Forty-four percent of these patients
developed greater than 10 degrees of curve progression. Nota-
bly, the patients whose implants were removed within 1 year of
their initial surgery had a mean of 30 degrees of progression,
compared with 20 degrees for those who underwent removal
more than 1 year after initial surgery. Hedequist et al4 reported
on a series of 26 patients who were treated for late infection
with removal of instrumentation. After a mean follow-up of 14
months, 6 patients (23%) required revision surgery for curve
progression. Similarly, Ho et al30 reported that 6 of 10 patients
with at least 4 months of follow-up after removal of instrumen-
tation had more than 10 degrees of curve progression in at least
one plane. Furthermore, pseudarthrosis is not evident at the
time of instrumentation removal in all cases, and not all pseu-
darthrosis results in progressive deformity. However, patients
and families should be counseled about the possibility of curve
progression, especially if implants are removed less than 1 year
postoperatively. They should be advised that future revision
surgery may be necessary once the infection has cleared
(▶ Fig. 23.3).

Fig. 23.2 Late postoperative infection manage-
ment algorithm.
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24 Postoperative Intensive Care Unit Management
Sandeep Khanna and Kathleen Gorenc

Abstract
The postoperative period after scoliosis repair requires a multi-
disciplinary approach with coordination of multiple services
including intensive care, the pain service, nutrition, rehabilita-
tion, and social services. This chapter focuses on components of
postsurgical care including intraoperative concerns, initial
assessment of the patient after arrival to the intensive care unit,
physiologic principles of optimal function of different organs,
multiorgan dysfunction following surgery, and complications
encountered in the postoperative period.

Keywords: blood loss, coagulopathy, electrolytes, hypovolemia,
infection intubation, monitoring, nutrition, pain control, scoliosis

24.1 Introduction
Postoperative care of the patient following scoliosis surgery
begins by obtaining the information pertaining to the cardiopul-
monary status of the patient, as well as other pertinent medical
history. History of seizures, nutritional status, mobility, and
home medications are all crucial to obtain preoperatively, and
will allow optimal care to be provided intraoperatively and post-
operatively. History of pulmonary or cardiac disease is essential
to elicit. Patients may require a preoperative ECHO (or echocar-
diogram) or pulmonary function tests (PFTs). The anesthesiolo-
gist and the surgeon accomplish a smooth transfer to the
intensive care unit (ICU) by providing a detailed verbal report
describing preoperative and intraoperative events (▶Table 24.1).

During this transfer of care, invasive and noninvasive moni-
toring, including electrocardiogram (ECG), blood pressure, heart
rate, ventilation, and oxygenation, is maintained. A rapid
assessment of the cardiopulmonary status of the patient, with
special attention to ventilation, oxygenation, perfusion, and

urine output, is then made. A chest radiograph is obtained
immediately upon arrival at the ICU to assess the lung fields,
position of tubes and lines, as well as the new spinal implant
(▶Table 24.2).

Recovery following spinal fusion may be classified as either
normal or abnormal. A normal recovery is expected based upon
the preoperative state of the patient and intraoperative course.
Prolonged recovery may occur as a result of unexpected compli-
cations of the surgical correction and/or complication effecting
organ systems either directly as a result of surgery or in the
form of a secondary complication such as sepsis or pneumonia.

24.1.1 Mechanical Ventilation and
Pulmonary Support
Patients with idiopathic scoliosis are often healthy preopera-
tively, and therefore experience a complication-free surgery. As

Table 24.1 Information passed between anesthesiologist and ICU
(intensive care unit) team following surgery (the hand-off)

Preoperative history Etiology of scoliosis
Past medical illnesses
Comorbidities
Pulmonary function tests
ECHO
Medications
Allergies
Previous surgeries
Nutritional status

Intraoperative considerations Airway (difficult intubation?)
Respiratory parameters, ventilator
settings
Anesthetic agents
Hemodynamic parameters
Vasoactive agents
Blood loss and blood products
Fluids and electrolytes
Levels of vertebra involved
Correction
Neurophysiologic monitoring

Table 24.2 Immediate postoperative assessment performed by ICU
(intensive care unit) team

Pulmonary Breath sounds
Endotracheal tube size position leak
Chest expansion
Facial edema and airway edema from
positioning

Cardiovascular Heart rate
Blood pressure invasive and noninvasive
Cardiac output
Capillary refill
Peripheral perfusion color
Filling pressures

CNS Pupils
Wakefulness
Motor and sensory assessment

Abdomen Distention
Ileus

Labs CBC, electrolytes, ABG, coagulation chest
X-ray

ECG Ischemia
Arrhythmia

Temperature Cardiac output
Hypothermia

BP invasive and
noninvasive

Hypotension or hypertension

Pulse oximeter Saturations peripheral perfusion

Urine Cardiac output, fluid status

End-tidal CO2 Dead space, compliance, ventilation

CVP Fluid status

Abbreviations: ABG, arterial blood gas; BP, blood pressure; CBC,
complete blood count; CNS, central nervous system; CVP, central venous
pressure; ECG, electrocardiogram.
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a result, they commonly tolerate extubation immediately post-
operatively or on the same day of surgery. For those patients
with neuromuscular scoliosis, comorbidities including cerebral
palsy, seizure disorder, congenital anomalies, cardiac anomalies
such as Fontan patients, myopathies, and muscular dystrophies
such as Duchenne muscular dystrophy increase the likelihood
that they will require respiratory support postoperatively in the
ICU.

Mechanical ventilation in the postoperative period may be
required for a variety of reasons including airway control, inap-
propriate oxygen delivery, abnormal lung function, inadequate
cardiac output and fluid overload, significant abdominal disten-
sion, residual anesthesia, and neurologic complications. It has
been shown that scoliosis surgery produces immediate and
transient decrease of up to 40% in vital capacity (VC) in almost
all patients undergoing surgery.1 The reasons for this decline
are many, including the duration of the operation, patient posi-
tioning, and surgical trauma to various muscle groups (espe-
cially with thoracotomy). Given that the VC is usually much
lower than normal before surgery, any further reduction can
easily lead to respiratory failure. This risk is significantly higher
in patients with neuromuscular scoliosis.

An early goal of ICU care is to proceed with a safe and expe-
dited wean from mechanical ventilation. A systematic review of
the criteria for extubation is performed (▶ Table 24.3). Chest
radiographs, blood gas sampling, pulse oximetry, end tidal car-
bon dioxide, lung mechanics, and physical examination are the
parameters used to determine the weaning from mechanical
ventilation and pulmonary adequacy. Dexamethasone is some-
times initiated to prevent airway edema, while diuretics may be
started to achieve a negative fluid balance prior to extubation.

After weaning from mechanical ventilation, aggressive pul-
monary toilet should be initiated to prevent atelectasis, which
is more commonly seen in patients with neuromuscular scolio-
sis or myopathies. Patients at risk for postextubation atelectasis
are weaned to noninvasive ventilation (bilevel positive airway
pressure [BiPAP], nasal continuous positive airway pressure
[NCPAP]), frequent chest percussion treatments and postural
drainage are provided, and routine chest radiographs are per-
formed to assess lung expansion. The efficacy of noninvasive
ventilation in prevention of tracheal intubation due to respira-
tory failure is well supported.2,3 Patients who require noninva-
sive ventilation at home should be placed on noninvasive
ventilation via BiPAP or NCPAP immediately following extuba-
tion. Over the course of a few days, the noninvasive ventilation
can be weaned as patient strength improves and pain is
reduced.

Pleural effusions may develop in response to the fluids
administered in the operating room. A chest tube may be
placed in the operating room or a thoracentesis may need to be
performed prior to extubation for resolution of the pleural effu-
sion and optimization of functional residual capacity. Postsurgi-
cal thoracotomy complications including air leak, hemothorax,
and persistent chest pain4 are commonly observed, whereas
chylothorax has been noted much less frequently and is most
often associated with an anterior surgical approach.4

Halo placement and cervical fusion pose unique challenges to
the anesthesiologists and intensivists while securing an airway.
Fixed position, limited access to the face, and immobilization of
neck due to halo and cervical fusion make it difficult to visualize
the larynx, thus increasing the level of difficulty for successful
tracheal intubation, as well as increasing the upper airway
obstruction following tracheal extubation. Patients placed in a
halo vest sometimes experience a decrease in VC that may
reduce their pulmonary reserve and ability to tolerate any pul-
monary insult.5

Prior to tracheal extubation, patients must be able to main-
tain their airway, demonstrate adequate gag reflex and cough,
and be able to manage secretions, as well as demonstrate ad-
equate strength to support spontaneous respirations. The intu-
bation and anesthetic record should be reviewed prior to
extubation. For patients with pre-existing pulmonary disease
or airway control issues, preoperative PFTs, chest X-rays, and
medications should be reviewed. Prolonged mechanical ventila-
tion can be necessary in patients with severe restrictive lung
disease prior to scoliosis repair. Based on these considerations,
if it has been determined safe, experienced personnel (intensiv-
ists, anesthesiologists, ear nose throat specialists if difficult air-
way) should be readily available at the time of extubation. If
there is concern that the patient’s trachea may need to be re-
intubated due to weakness, excessive secretions, or known
future procedures such as staged repair, extubation should be
postponed. It should be noted that one should have a low
threshold for re-intubating these patients under more con-
trolled and elective circumstances. In these situations, a fiber-
optic bronchoscope, glidescope, or laryngeal mask airway may
be helpful.

24.1.2 Cardiac Support
Support of the cardiovascular system is directed at optimizing
cardiac output and oxygen delivery. This is achieved by optimi-
zation of preload, afterload, and inotropy, and is guided by inva-
sive, noninvasive, and laboratory monitoring.

Requirement for cardiac support in patients with no associ-
ated heart diseases, such as cardiomyopathy, is minimal. Hypo-
volemia is the most commonly recognized complication
following scoliosis surgery and results from inadequate replace-
ment of intraoperative fluid losses, as well as from fluid third
spacing. Unless there are complications associated with loss of
motor evoked potential (MEP) and somatosensory evoked
potential (SSEP) in the operating room, patients do not rou-
tinely require vasopressor support.

For patients who experienced loss of MEP and SSEP during
scoliosis surgery, support of blood pressure is achieved using
vasopressors and fluid replacement to optimize nerve and spi-
nal cord perfusion. SSEP and MEP are particularly sensitive to

Table 24.3 Criteria for extubation

Oxygen saturations adequate with minimal ventilator support on
FiO2 < 50%
Spontaneous breathing with good tidal volumes of 4–7mL/kg
Resolution of airway and facial swelling
Airway protective reflexes intact
Need for tracheal suctioning and quality and quantity of secretions
Good cardiac output and hemodynamics
Adequate urine output and no evidence of fluid overload
Heart rate normal
Chest X-ray shows good expansion and clear lung fields
Adequate pain control

Postoperative Management and Complications

162



blood pressure changes and can be used quite effectively to
titrate the degree of hypotensive state that the spinal cord will
withstand.6 At the time of transfer to the pediatric intensive
care unit (PICU), anesthesiologists will report the use of vaso-
pressor support intraoperatively, and will note the mean arte-
rial pressure utilized to preserve evoked potentials during
surgery. In these patients, the mean arterial blood pressure is
usually maintained at a slightly higher-than-normal value by
administering intravenous fluids, intravenous calcium, and vas-
opressor therapy. Dopamine is commonly used; however, epi-
nephrine and norepinephrine can be added if there is a need to
increase systemic vascular resistance.

Patients with pre-existing heart disease, such as Duchenne
muscular dystrophy, are maintained on their preoperative med-
ications. It is pertinent to review the preoperative echocardio-
gram and utilize invasive and noninvasive monitoring to follow
hemodynamics. Prior to induction of anesthesia, every effort
should be made to obtain a baseline echocardiogram so that
baseline cardiac function may be well understood and to deter-
mine what cardiac support the patient will need in the periope-
rative period.

24.2 Fluids, Electrolytes, and
Renal Function
Postoperative fluid management is immensely influenced by
heart rate, blood pressure, perfusion, and urine output. The
anesthesiologist communicates optimal right atrial pressure,
along with blood pressure upon arrival at the ICU. The optimum
right atrial pressure, blood pressure, and urine output is then
maintained by administering colloid and/or crystalloid intrave-
nous fluids and blood products.

Maintenance intravenous fluids are administered during the
first postoperative day, followed by either enteral feeds or
hyperalimentation on subsequent days depending on the
patient’s ability to tolerate enteral feeds.

Syndrome of inappropriate antidiuretic hormone (SIADH)
has been reported in patients after spinal surgery. The inci-
dence of SIADH varies from 5 to 30%.7,8,9 SIADH is defined as
the retention of water, loss of sodium, and inappropriately con-
centrated urine, in normovolemic and hypervolemic patients in
whom renal and adrenal functions are normal. In these
patients, the loss of sodium and water retention has been
attributed to sustained endogenous production and release of
antidiuretic hormone (ADH) or ADH-like substances without
any physiologic and pharmacological stimuli to ADH release.
Postoperative SIADH has been attributed to invasion of dura
mater and traction on the neural pathways9 and to stress after
surgery.10 SIADH resolves spontaneously and in the immediate
postoperative period is treated with diuresis and replacement
of sodium with normal saline, hypertonic saline, or fluid
restriction.

Hypokalemia occurs infrequently, but when seen is often due
to the use of diuretics in the postoperative period. Hyperkale-
mia rarely occurs and is a consequence of renal dysfunction.
This is rarely seen in this patient population unless the patient
develops prerenal failure due to inadequate fluid administra-
tion in the perioperative period, thus leading to low cardiac
output and renal perfusion.

Hypomagnesemia and hypophosphatemia are very common
in the postoperative period following spinal surgery. These
electrolyte imbalances result from the administration of fluids
and intracellular shifts, thus causing a dilution effect. Hypo-
phosphatemia is especially important as it can lead to impaired
oxygen delivery, myocardial depression, and respiratory insuffi-
ciency.11,12,13

Another common electrolyte disturbance commonly seen fol-
lowing spine surgery is hypocalcemia. Factors contributing to
hypocalcemia are citrate in packed red blood cells which binds
free calcium, diuretic therapy, and the use of albumin to expand
intravascular volume. Albumin decreases the proportion of ion-
ized calcium available for cellular interaction by binding
calcium.

Surgical stress and exogenous glucose administration associ-
ated with surgical repair can affect blood glucose levels and can
result in hyperglycemia. Hyperglycemia, in turn, can result in
osmotic diuresis and intravascular dehydration. High levels of
hyperglycemia are treated with continuous insulin infusions.

Renal function is mostly well preserved and diuretics are fre-
quently utilized in the case of total body fluid overload secon-
dary to fluid replacement therapy. Renal failure after scoliosis
surgery may be related to inadequate fluid administration
intraoperatively, subsequent development of sepsis, or
infection.

24.2.1 Infection
The child who undergoes scoliosis surgery is at an increased
risk for postoperative infection related to surgery duration,
requirement for number and duration of intravascular cathe-
ters, bladder catheterization, malnutrition, multiple stages of
scoliosis surgeries, etc. Surgery alone can add to the risk of
infection because of surgical trauma, immunologic depression,
and possible surgical entry of organisms. Patients with neuro-
muscular causes of scoliosis have a much higher incidence of
postoperative infection, ranging from 4 to 14% in some studies.
Impaired immune status, poor personal hygiene, degree of cog-
nitive impairment, use of allograft, and contamination of the
wound contribute to the higher incidence of infection in
patients with neuromuscular disorders.14,15,16,17

Antibiotic prophylaxis is recommended, consisting of a first-
generation cephalosporin 20 to 30minutes prior to the initia-
tion of surgery, during intraoperative period, and then post-
operatively for at least 24 to 48 hours. First-generation
cephalosporins are recommended as first-line therapy, since
they provide coverage against staphylococcus aureus, a fre-
quently identified organism isolated following scoliosis surgery.
Cefazolin is one example of a first-generation cephalosporin
that is commonly used.18 In the case that the patient has an
allergy to cephalosporins, Vancomycin is frequently recom-
mended for antibiotic prophylaxis after surgery. Patients who
are incontinent of bladder or bowel are at increased risk of
infection with gram-negative organisms. Coverage for these
organisms, such as aminoglycosides, is recommended in these
patients. Broad-spectrum antibiotics are not recommended due
to concerns of emergence of resistant bacteria and opportunis-
tic infections.

Systemic signs of infection include fever, leukocytosis, ele-
vated erythrocyte sedimentation rate and C-reactive protein,
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chest infiltrates, and hemodynamic instability due to sepsis.
However, temperature elevations are also common in the first 4
days after surgery due to metabolic changes, so a fever workup
is often not appropriate for an isolated fever during this time. If
systemic signs of infection are present, antibiotics therapy may
be broadened and blood, tracheal, urinary, and wound cultures
should be sent. The antibiotic spectrum is narrowed once the
culture results and organism sensitivities and susceptibility are
available. Urinary tract infections are usually secondary to a
Foley catheter–associated infection. Treatment for postoperative
urinary tract infections consists of removal of the contaminated
catheter and administration of the appropriate antibiotic for
the organism identified. Blood and urine cultures should be col-
lected daily until all cultures result as negative for growth. Deep
central lines can be a common source of bacteremia and sepsis.
If blood cultures remain positive for bacteria despite appropri-
ate antibiotic therapy, then deep intravenous catheters should
be removed or exchanged. Infectious disease consultants should
be involved to help direct therapy and provide recommenda-
tions for further care. All invasive lines and tubes should be
removed as soon as clinically acceptable to decrease the risk of
catheter-associated infections.

Deep wound infection after surgery for scoliosis correction is
considered a significant complication that requires prolonged
medical and surgical management. Infection can occur early or
late. Wound infections are aggressively treated both medically
and surgically, which can involve debridement and removal of
infected material, instrumentation or tissue. The critical care
team is involved only when deep wound infections are severe,
associated with severe sepsis, systemic inflammatory response
syndrome, or renal and cardiopulmonary complications.

24.2.2 Neurological Complications
After arrival in the ICU, the initiation of sedation and analgesia
is postponed until the patient is awake. Once the patient is
awake, a rapid neurologic examination is performed to docu-
ment any signs of sensory or motor deficits and the level of con-
sciousness. This should be compared against the patient’s
baseline, which is relayed during the hand-off (▶Table 24.1). If
the patient is ready for tracheal extubation at that time,
mechanical ventilation is weaned and the patient is extubated.
If factors preclude tracheal extubation, sedation and analgesia
are resumed and hourly neurological exams are performed.

Any neurological abnormality recognized in the intraopera-
tive period is aggressively treated. Reversal of paraplegia or nor-
malization of SSEP and MEP occur with restoration of normal to
higher mean arterial pressure, correction of anemia, and release
of distraction in the operating room.19 Mean arterial pressure
should be maintained above normal as needed to prevent or, in
severe cases, to improve the spinal cord ischemia. This can be
achieved by fluid administration, vasopressor therapy, or a
combination of both. Mild hyperosmolar therapy with hyper-
tonic saline and mannitol is also initiated to improve the poten-
tial spinal cord injury, which may have resulted from direct
trauma. Hyperosmolar therapy also improves rheology and has
been found to improve spinal cord perfusion. Methylpredniso-
lone is controversial but, if used, starts at a dose of 30mg/kg
administered, followed by a continuous infusion of 5.4mg/kg/h

for a total of 24 hours in line with accepted spinal injury proto-
cols after discussion with orthopaedic surgery.20

Postoperative pain control is achieved with narcotics, which
include fentanyl or morphine infusions with or without pa-
tient-controlled analgesia, and anxiolysis with benzodiazepines.
NSAIDs (nonsteroidal anti-inflammatory drugs) such as Ketoro-
lac may be utilized for four to six doses in the postoperative
period and have been found to offer good pain control. Diaze-
pam is also useful in the postoperative period to alleviate pain
or discomfort that may result from muscle spasm. Effective pain
control and active rehabilitation following scoliosis correction
require a multimodal regimen of pain management.21 The pain
service is often actively involved in the management of pain in
the postoperative period.

24.3 Gastrointestinal
It is important to optimize the nutritional status of the patient
before and after surgery. There is considerable variability
among patients in tolerating nasogastric feeds postoperatively,
and close examination during advancement of feeds is essential.
Transpyloric feeding is frequently employed in postoperative,
ventilated patients after scoliosis surgery to achieve targeted
calorie intake rapidly. A nutritional plan should be developed
on arrival.

Paralytic ileus, stress ulcers, pancreatitis, and superior mes-
enteric artery syndrome are postoperative complications seen
in the ICU after scoliosis surgery.

Postoperative ileus is frequently present after scoliosis sur-
gery. Distraction mechanisms that are performed during sur-
gery that causes a mechanism of traction affect the peritoneum
and, in combination with opioid use for pain control, can result
in an ileus. Placement of the nasogastric tube to low intermit-
tent wall suction for 12 to 24 hours can treat or prevent post-
operative ileus. Slow feeds are started in these patients, and use
of narcotics is reduced for pain control. Scoliosis patients after
surgery also develop severe constipation due to decreased
physical activity level and opioid use. Stool softeners should be
initiated early to prevent this complication.

As in all major surgical procedures, stress ulcers can occur.
Antacids such as ranitidine and omeprazole are routinely
administered to reduce stress ulcers. Early initiation of enteral
feeds has also been found to prevent stress ulceration.

Pancreatitis appears as a postoperative complication of sco-
liosis surgery in children and adults. Gastroesophageal reflux
disease, reactive airway disease, patient position, anemia and
blood loss, anesthetic agents, metabolic factors, and autonomic
nervous system abnormalities are implicated in the pathogene-
sis of pancreatitis after scoliosis surgery.22,23,24 It should be sus-
pected with the appearance of vomiting, abdominal distension,
and abdominal pain. Abdominal ultrasound and laboratory
tests, which include serum amylase and lipase, are done for
confirmation. Pancreatitis resolves with resting the bowel and
by replacing enteral nutrition with parenteral nutrition.

Superior mesenteric artery (SMA) syndrome is an uncommon
but well-recognized clinical entity characterized by compres-
sion of the third or transverse portion of the duodenum
between the aorta and the SMA. The syndrome is attributed to
excessive stretching of the spine or extrinsic compression with
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corrective casts. The syndrome usually develops 6 to 10 days
after scoliosis surgery and is rarely encountered in the ICU but
should be considered in the differential for any gastrointestinal
disturbance.

The symptoms of SMA syndrome are nonspecific. These
patients may present with postoperative nausea, permanent
bilious vomiting, pain, and bloating. Diagnosis is made by
abdominal radiography showing dilation of gastric and first
portions of the duodenum. Obstruction of the duodenum, with
proximal dilation, can be identified with a barium swallow ser-
ies.25 Doppler ultrasonography and angiography are also used
to evaluate the aortomesenteric angle. Using oral and intrave-
nous contrast-enhanced abdominal tomography and angiogra-
phy, duodenum and the vascular structures can be evaluated
simultaneously.26 Medical treatment with fluid therapy, paren-
teral nutrition, and nasogastric tube usually results in improve-
ment.25 In extreme cases, surgery is the only option and a
duodenojejunostomy should be undertaken.

24.4 Hematology
Hematological stability is one of the most important postopera-
tive considerations following a surgical correction of scoliosis.
Significant blood loss and coagulopathy are common in the
operative and postoperative period. It is not uncommon for a
patient to lose 50% or greater of their total blood volume. Much
of the blood volume loss is associated with the length of the
procedure and number of segments fused during the correc-
tion; an ongoing blood loss in the postoperative period can
account for approximately 30% of the total blood loss. Some
studies have found a direct correlation between milliliters of
blood loss for every segment fused.27

Close monitoring with serial CBCs (complete blood counts) as
well as activated partial thromboplastin time (APTT), partial
thromboplastin time (PT), and thrombin time is crucial. Blood
loss during surgical correction of scoliosis should be discussed
preoperatively, and replacement of blood products should be
anticipated throughout the perioperative period. Depending on
the degree of blood loss, it is common for patients to require
multiple transfusions of varying blood products including
packed red blood cells, fresh frozen plasma, platelets, and
cryoprecipitate.

In addition to blood loss, patients can develop coagulopathy
following surgical correction of scoliosis. Similar to the blood
loss, the degree of coagulopathy can be directly related to the
number of segments fused and length of the procedure. Severe
coagulopathy is more often observed in patients with neuro-
muscular scoliosis due to longer operative periods, more seg-
ments fused, and a history of osteopenia that is associated with
more bleeding and longer operative times. Patients undergoing
surgical correction of idiopathic scoliosis are less likely to have
other underlying conditions such as pre-existing coagulation
abnormalities or anemia, thus experiencing less severe blood
loss and or coagulopathies.

Intravenous (IV) access with large bore IVs, central-line cath-
eters, or arterial catheters are often placed and utilized during
the operative period. These catheters are often left in place for
the first 24 to 48 hours postoperatively to continue close moni-
toring and to carefully assess blood loss. CVP (central venous

pressure) monitoring may help indicate fluid status of the pa-
tient. Close hemodynamic monitoring and blood sampling is
necessary to closely monitor blood loss and coagulopathies so
that adequate replacement can occur in a timely manner.

24.5 Skin
Skin integrity should be taken into consideration throughout
the perioperative course of surgical scoliosis repair. All patients
undergoing surgical correction should undergo a thorough skin
examination prior to surgical repair, in the immediate postope-
rative period, and throughout the duration of their hospital
stay.

Multiple aspects of the surgical correction impact skin integ-
rity, beginning with the preoperative status of the patients. Any
patient undergoing surgical correction of scoliosis is at signifi-
cant risk for altered skin integrity, but children suffering from
neuromuscular scoliosis are especially at risk for potential skin
breakdown. Neuromuscular scoliosis is often associated with
significant comorbidities, which increase the risk of skin break-
down and altered skin integrity. Neuromuscular scoliosis nega-
tively affects skin integrity as the degree of developmental
delay significantly interferes with the ability to perform activ-
ities of daily living independently, thus requiring help with
positioning during elimination, bathing, and feeding. As a
result, skin integrity may be altered prior to surgical correction.

During the operative period, it is pertinent that proper pre-
cautions are taken to reduce or eliminate new or further skin
breakdown. Surgical correction of scoliosis can be a lengthy
operation. Often, the patient is required to be in a prone posi-
tion and can develop pressure ulcers during this period of time
alone if the necessary precautions are not taken. Therefore, it is
crucial that upon completion of the surgical correction, in the
immediate postoperative assessment, a thorough skin exam is
completed to assess for old, new, and potential areas of concern,
as well as to evaluate new surgical sites.

The surgical incision should be assessed immediately postop-
eratively, and any drainage should be noted and documented.
Significant saturation of any surgical dressing can lead to fur-
ther skin breakdown, and dressing changes should be made
accordingly at the discretion of the surgical team. Surgical
dressings shall also remain occlusive to prevent possible infec-
tion of the surgical site. Drain sites should also be closely moni-
tored following discontinuity of the drains for fluid
accumulation or leaking at the site of insertion.

Pain can often limit the patient’s ability to be mobile and can
potentiate further skin breakdown. Therefore, adequate pain
management will facilitate proper position changes, ambula-
tion, and spontaneous movement, preventing or reducing the
risk of skin breakdown. Adequate nutrition is another impor-
tant factor in maintaining skin integrity in the postoperative
period. Early initiation of optimal nutrition will promote wound
healing and assist in maintaining the integrity of the skin, thus
aiding in preventing skin breakdown. Finally, patients are often
sedated or unable to ambulate to the restroom. Incontinence,
dependence on diaper, or inability to ambulate to void may lead
to further skin breakdown. Proper positioning and frequent
position changes are extremely important for this patient pop-
ulation. Positioning can be painful and patients may be hesitant
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or resistant to move. Logrolling the patient in the initial post-
operative period every 2 hours is optimal for maintaining
proper alignment following the surgical repair as well as pre-
venting pressure ulcers or skin breakdown.
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25 Reoperations: Instrumentation Failure, Junctional
Kyphosis, and Cervical Extension
Vidyadhar V. Upasani, Corey B. Fuller, and Munish Gupta

Abstract
Surgical correction of neuromuscular scoliosis is associated
with a higher complication rate compared to idiopathic scolio-
sis.1,2 Most of the published outcomes and complication data
are in patients with cerebral palsy; however, a number of large
studies have been published in patients with myelodysplasia
and muscular dystrophy. There are many reasons for failures
after surgery for neuromuscular spinal deformity, which
include pseudarthrosis, rod failure, adding-on, junctional
deformity, and recurrence of deformity due to crankshaft. The
most common complications in these patient populations are
related to infection, pseudarthrosis, and implant failure, as well
as pulmonary and neurologic compromise. The primary indica-
tion for reoperation after spinal deformity correction is pain.
Although the etiology of postoperative pain may be multifacto-
rial, this chapter will focus on reoperations related to instru-
mentation failure, junctional kyphosis, and cervical extension.

Keywords: cervical extension, crankshaft, instrumentation fail-
ure, junctional kyphosis, neuromuscular scoliosis, revision
surgery

25.1 Instrumentation Failure
The instrumentation used to correct neuromuscular scoliosis
has evolved over the last 60 years. The Luque–Galveston techni-
que, with dual rods or the unit rod, has traditionally been the
most common posterior instrumentation used.3,4 More
recently, segmental fixation with all-pedicle screws or hybrid
constructs has increased in popularity to improve deformity
correction and lower rates of pseudarthrosis and implant fail-
ure.5 Spinal instrumentation complications can be classified as
biologic failures due to infection or pseudarthrosis or biome-
chanical failures resulting in implant breakage. A recent meta-
analysis of complications in neuromuscular spinal deformity
surgery included 7,612 patients and found an overall implant
complication rate of 12.5%.6 It is important to note, however,
that implant failure does not always necessitate revision sur-
gery. A study of 74 neuromuscular patients who underwent
spinal fusion reported 6 cases of broken rods, yet 4 were
asymptomatic and did not require revision surgery.7 It is not
infrequent to see loosening around the iliac screws, which do
not need to be revised. Revision surgery for implant failure in
the patient with neuromuscular scoliosis should be reserved for
pain or significant loss of correction (▶ Fig. 25.1).

25.1.1 Pseudarthrosis
Biologic pseudarthrosis in the spine is a lack of bony fusion with
formation of a false joint. A pseudarthrosis can result from sev-
eral causes including insufficient stability or infection and often
presents in the form of pain, deformity progression, or failed
instrumentation. If there is no evidence of implant failure or

obvious lucency in the fusion mass, workup often proceeds to
computed tomography (CT) scan for more definitive diagnosis.
Magnetic resonance imaging (MRI) can be helpful to assess the
central canal and neuroforamina.

Unfortunately, a pseudarthrosis can occur in these patients
even after a technically well-performed spinal surgery. The
lever arm is often long in the neuromuscular patient and places
a tremendous amount of stress at the end of fusion, especially
at the lumbosacral junction. Prevention lies in being meticulous
in surgery with facetectomies, use of robust bone graft, and sta-
ble fixation. Overall incidence of pseudarthrosis after spinal
deformity surgery in the neuromuscular population is 1.88%
with higher rates in myelomeningocele (12.63%) compared to
cerebral palsy (0.05%) and Duchenne muscular dystrophy
(2.97%).6 In cerebral palsy, the incidence has declined over the
last 50 years with the advancement of spinal implants. Pseu-
darthrosis rates from 11 to 40% were reported with use of Har-
rington rods and improved to 13% with Luque instrumentation.
More recently Tsirikos et al reported on 45 consecutive patients
with cerebral palsy who underwent posterior spinal fusion
with a pedicle screw construct and reported no cases of
pseudarthrosis.8

Despite its relatively low incidence, pseudarthrosis is the
most common reason for revision surgery in the neuromuscular
population outside the immediate postoperative period.9

Although not all pseudarthroses necessitate revision surgery, in
the setting of pain or implant failure with loss of correction,
surgical revision may be required. Infection should be ruled out
as the cause of the pseudarthrosis prior to planning reopera-
tion. Revision surgery for pseudarthrosis typically involves
assessment and debridement of the pseudarthrosis with
deformity correction and rigid stabilization of the segment.

Fortunately, if appropriately managed, pseudarthrosis can be
treated successfully. Dias et al reported on four children with
cerebral palsy who underwent revision spine surgery at their
intuition for symptomatic pseudarthrosis with progressive
deformity and implant failure.10 Resolution of symptoms and
correction of deformity were successfully achieved in three
patients. The fourth child underwent revision with takedown
and bone grafting of the pseudarthrosis without instrumenta-
tion, resulting in persistent and symptomatic pseudarthrosis.
They concluded that rigid instrumentation combined with
pseudarthrosis debridement and bone grafting is imperative for
successful deformity correction and resolution of symptoms.

Yagi et al had similar findings on 50 cases of pediatric revi-
sion spine surgeries, of which 13 involved neuromuscular sco-
liosis.11 Nine of 13 patients (69%) underwent revision for pain
or progressive deformity from pseudarthrosis. Eight patients
had resolution of symptoms after undergoing revision and one
patient had residual symptoms with recurrent pseudarthrosis,
which was treated successfully with a second revision. This is
consistent with previous reports in that pseudarthrosis is the
most common postoperative complication requiring revision in
the neuromuscular scoliosis population, and with clear
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indications, bone grafting, osteotomies if necessary, and appro-
priate instrumentation, the risk of pseudarthrosis recurrence is
minimized and successful outcome is likely.

25.1.2 Biomechanical Failure
Other sources of increased stress on the bone–implant interface
and potential biomechanical failure beside pseudarthrosis
include obesity, poor bone quality, and significant preoperative
spinal deformity, especially in the sagittal plane and at the lum-
bopelvic junction. The larger the curve, the stiffer the curve,
and the softer the bone, the more important the bone–implant
interface. Sink et al found a high rate of proximal and distal
instrumentation pullout and failure in the management of cere-
bral palsy spinal deformity using the Luque–Galveston instru-
mentation and identified hyperkyphosis as a significant risk
factor for implant failure.12 With a 54% failure rate, they con-
cluded that the Luque–Galveston instrumentation was not ideal
given the significant deforming forces in hyperkyphotic spinal
deformities.

Although once the most popular instrumentation for neuro-
muscular spinal deformities, the Luque–Galveston instrumenta-
tion has fallen out of favor in recent years due to biomechanical
advantages of newer screw-based constructs.13 This is espe-
cially true in treating the significant pelvic obliquity often found
in neuromuscular scoliosis. Options have expanded signifi-
cantly including iliosacral screw fixation, iliac screw fixation,
and sacral–alar–iliac (SAI) screw fixation. Although these new
techniques have been shown to be powerful in the correction
and maintenance of pelvic obliquity, they also have introduced
new modes of failure.

Iliac screws became popular with proponents citing dimin-
ished implant failure and lower pseudarthrosis rates; however,
complications related to rod disengagement from screws and
connectors were reported.14,15 More recently, S2-iliac screw fix-
ation has been gaining popularity as a powerful technique to
control pelvic obliquity; however, the course of S2-iliac screws
crosses the sacroiliac joint in the majority of cases and the long-
term clinical significance of this is unknown.16,17

Fig. 25.1 (a–f) A patient with broken instrumentation and
pseudarthrosis that was revised. The patient had failure
again and then underwent another revision.
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Although uncommon, revision for failed pelvic fixation in
neuromuscular scoliosis is generally reserved for symptoms or
significant loss of deformity correction. In the case of implant
failure in Galveston rods, revision to modern screw-based con-
structs is commonly used if fusion is not present. Revision of
screw-based constructs commonly consists of additional or lon-
ger screw placement with deformity correction and debride-
ment and bone grafting of pseudarthrosis, if present. Longer
screws have been shown to improve implant stability if they
reach anterior to the caudal extension of the middle osteoliga-
mentous column.18

Sponseller et al compared 32 patients who underwent S2-
iliac fixation to 27 patients who had traditional sacral or iliac
screws in patients with significant pelvic obliquity from cere-
bral palsy.16 Revision rates were comparable as each group had
one revision for implant failure. One patient in the S2-alar
group required revision for sacral joint pain, which improved
with longer screw placement, and one patient in the traditional
group required revision for failure of fixation and pain at
implant site.

Myung et al retrospectively looked at 41 patients with neuro-
muscular scoliosis who underwent posterior spinal fusion to
the pelvis with iliac screws in 31 patients and S2-iliac screws in
10 patients.19 They reported an overall implant complication
rate of 29% with 9 occurring in the iliac screw group and 1 in
the S2-iliac screw group. Despite this, only 2 patients required
revision surgery, both in the iliac screw group for failed pelvic
anchors. They noted that no failure occurred in patients in
whom there were 6 or more screws in L5 and below. They con-
cluded that more robust distal pelvic anchorage was protective
against implant failure and this was easier to achieve with S2-
iliac screws.

In neuromuscular spinal deformity, there are considerable
forces the implant must withstand to prevent complications
and achieve a successfully outcome. Each technique has cited
advantages and disadvantages, and understanding several is
necessary to manage a revision surgery for failed spinal or sac-
ropelvic instrumentation.

25.2 Junctional Kyphosis
Junctional kyphosis is a postoperative phenomenon seen after
spinal fusion in scoliosis and kyphosis deformities in which a
focal kyphosis develops adjacent to the end of the fusion. This
phenomenon has been described extensively in adolescent idi-
opathic scoliosis (AIS) and Scheuermann’s kyphosis and can
occur above or below the fusion. There are various definitions
of junctional kyphosis with no clear consensus; however, the
most commonly used in the literature is a greater than 10-
degree difference in the Cobb angle in the sagittal plane
between the lower endplate of the upper instrumented verte-
bra (UIV) and the upper endplate of the vertebrae two levels
above and at least 10 degrees greater than the preoperative
measurement.20

There are several different mechanisms that are thought to
cause junctional kyphosis after fusion for spinal deformity that
have mainly been described in patients with adolescent and
adult idiopathic scoliosis. Violation of the posterior tension
soft-tissue band near the end of the fusion level and thoraco-
plasty are both thought to destabilize the spine, leading to

junctional kyphosis. Preoperative hyperkyphoses greater than
50-degree and greater than 10-degree intraoperative reduction
of thoracic kyphosis have both been identified as a risk factor
for junctional kyphosis as significant intraoperative correction
of kyphosis can concentrate this stress at the ends of the fusion.
Also a more rigid construct using all pedicle screws, especially
at the transition between instrumented and uninstrumented
vertebrae, has been found to have a higher incidence of junc-
tional kyphosis compared to less rigid constructs using all-hook
or hybrid fixation.12,21,22,23,24

Although junctional kyphosis does occur after spinal fusion
in neuromuscular scoliosis, it more commonly occurs at the
proximal end of the fusion in the upper thoracic region, as
many fusions are extended to the pelvis in this patient popula-
tion (▶ Fig. 25.2). The incidence of junctional kyphosis in cere-
bral palsy is less (< 2–5%) compared to published incidence of
17 to 46% in AIS.9,25,26 Despite its occurrence, the clinical signifi-
cance of junctional kyphosis is not clear. In the AIS group, sev-
eral studies have not found a clinical difference between
patients who develop junctional kyphosis and those who do
not.27 The clinical significance of junctional kyphosis has not
been analyzed as closely in the neuromuscular population, and
although there are certainly cases of junctional kyphosis that
develop symptoms that require treatment, most do not.9

Despite the controversy, preventing junctional kyphosis is
recommended and strategies directed at the risk factors. Mini-
mizing soft-tissue dissection and preserving the facet joints,
interspinous, and supraspinous ligaments near the ends of the
construct are commonly recommended to preserve the poste-
rior tension band near transitions.27 Some surgeons will place
transverse process hooks at the superior level of the fusion in
order to preserve soft tissue and decrease the rigidity at the
UIV in an effort to ease the stress at the end of the fusion. In
spinal deformity in thepatients with cerebral palsy, ending the
proximal instrumentation high in the thoracic spine around T2
is recommended to decrease the incidence of proximal junc-
tional kyphosis (PJK) and proximal failure.28

Although symptomatic PJK is relatively rare in neuromuscular
scoliosis, symptomatic progression does occur and may warrant
surgical correction. Management strategies of symptomatic PJK
in the neuromuscular patient generally involve extension of the
posterior fusion to include the involved segments, with or
without osteotomies. An anterior approach is generally
unnecessary as the kyphosis can be managed posteriorly. If
there is associated neuroforaminal or central stenosis, decom-
pression may be a necessary addition as well.

Osteotomies are sometimes a necessary addition for correc-
tion of the junctional deformity along with proximal extension
of the fusion. As the deformity in junctional kyphosis is often
focal and rigid, occurring at only one or two levels above the
previous UIVs, posteriorly based osteotomies such as pedicle
subtraction and vertebral column resection are particularly well
suited to correct focal deformities. However, the goal in revision
surgery for junctional kyphosis should be a moderate correc-
tion. If too much correction is attempted, the kyphotic deform-
ing forces can be translated into the new end vertebra and a
compensatory curve can even develop.29

Often in revision surgery for junctional kyphosis, it is possi-
ble to perform the revision through a much smaller incision
than the initial surgery. Sponseller describes a technique to
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extend the fusion superiorly and recommends using enough
anchors (usually two to three pairs) in order to withstand the
stress of the deformity correction. The technique includes lock-
ing the new rods to all of the anchors superior to the previous
UIV first, then compressing toward the existing fusion using
cantilevering mechanism to correct the deformity. Once cor-
rected, rod-to-rod connectors are used to attach the new rods
to the existing ones.30

There is little literature on revisions in the neuromuscular
population for PJK. In a recent study of 93 patients with neuro-
muscular scoliosis with posterior spine fusion, 2 patients
underwent revision for PJK. Both of these were successfully

treated by extending the posterior fusion several levels superi-
orly.9 A recent case report details an adolescent with cerebral
palsy who developed PJK with significant neurological deficits
and inability to walk several months postoperatively after T2–
L4 posterior spinal fusion.31 He underwent cervical extension
to C6 with hybrid pedicle screw and hook fixation and
regained ambulation without assistive device by 6 months
postoperatively. Although revisions are uncommon, both of
these studies highlight the fact that revision spine surgery for
junctional kyphosis in the neuromuscular patient is techni-
cally demanding, but successful outcomes are possible with
careful planning.

Fig. 25.2 (a–h) Patient with cerebral palsy had a fusion to the distal lumbar spine. Patient had to undergo a revision due to decompensation in the
coronal and sagittal plane.
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25.3 Cervical Extension
Compared to thoracolumbar spinal deformity in neuromuscular
patients, significant cervical involvement is rare but can occur
in patients with underlying myopathies. Cervical hyperexten-
sion deformity has been described in Duchenne muscular dys-
trophy as well as many of the congenital muscular dystrophies
and is characterized by weak neck flexors and subsequent con-
tractures of the neck extensors (▶ Fig. 25.3). This muscle imbal-
ance, especially in the setting of remaining growth, leads to
poor head control in extension and often to progressive cervical
lordosis and fixed hyperextension contractures. This can be
debilitating as loss of control in extension results in falling
backward with torso extension, and fixed hyperextension
makes basic tasks difficult, requiring the patient to bend for-
ward through their trunk or even their hips and knees just to
maintain level gaze (see ▶ Fig. 25.3a, b).

Addressing the cervical spine deformity when present with
the thoracolumbar curve can significantly improve these
patients’ quality of life. Giannini et al described a technique to
address cervical spine hyperextension that has been success-
fully applied to patients with various underlying myopathies.32

A posterior approach to the cervical spine is performed and the
posterior spinal ligaments and facet joints are released from C2
to C7. Next the interspinous spaces are freed using a rongeur, as
they are typically very narrow, and then the neck is then for-
ward flexed, correcting the deformity. Finally, wedge-shaped
autograft bone without instrumentation is placed between the
spinous processes posteriorly to maintain the correction and
facilitate arthrodesis.

This technique was applied to seven patients with Duchenne
muscular dystrophy with rigid neck hyperextension or poor
head control in extension in addition to a significant thoraco-
lumbar spinal deformity. Both deformities were corrected in
the same operative setting with the cervical extension deform-
ity addressed by the Giannini technique after posterior fusion
from T1 to sacrum was complete. All of the patients achieved
significant deformity correction, improved posture, and head

control postoperatively. Six of these patients maintained correc-
tion through final follow-up at 7.6 years; however, one patient
developed a cervical extension and rotational deformity
through the occiput to C2 at 3 years postoperative. The authors
concluded that cervical deformity correction should be offered
to patients with Duchenne muscular dystrophy with significant
neck deformities at the same time as undergoing thoracolum-
bar curve correction as these patients are vulnerable to repeat
anesthesia and surgery.32

Giannini et al also had success with this technique using sim-
ilar indications in seven patients with underlying myopathies
such as both merosin-positive and merosin-negative congenital
muscular dystrophy, Emery–Dreifuss muscular dystrophy, and
rigid spine syndrome.33 None of these patients had significant
associated thoracolumbar deformity and underwent isolated
cervical deformity correction. They achieved significant correc-
tion without significant complication. All patients had stable
arthrodesis with significant clinical improvement in posture
and were able to maintain horizontal gaze compensatory pos-
tures through 10.4 years. Although the technique of Giannini
does not typically use instrumentation, posteriorly based
instrumentation and extension to the occiput has been
described with success in addition to posterior releases and
bone graft in the treatment of these rare and challenging
deformities.34
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26 Health-Related Quality of Life in Neuromuscular Scoliosis
James H. Stephen, Eve Hoffman, Unni G. Narayanan, Paul D. Sponseller, and Amer F. Samdani

Abstract
This chapter provides an overview of health-related quality of
life (HRQoL) in patients with neuromuscular scoliosis including
cerebral palsy (CP), myelomeningocele, spinal cord injury (SCI),
and flaccid neuromuscular disease. In CP an increasing curva-
ture and pelvic obliquity has been implicated in worsening sit-
ting tolerance, impaired mobility, decreased pulmonary
function, gastroesophageal reflux, and feeding difficulty. The
Child Health Index of Life with Disabilities (CPCHILD) is a vali-
dated proxy for health status in children with CP and was used
in multiple studies to show improvement following spinal
fusion. In patients with myelomeningocele the Spina Bifida
Spine Questionnaire (SBSQ) was validated to assess physical
disability related to scoliosis. The SBSQ was shown to have no
significant relationship between the magnitude of the spinal
deformity and self-perception or overall physical function;
however, increased coronal imbalance was associated with
worse sitting balance. There are not yet any validated condi-
tion-specific instruments for measuring HRQoL in patients with
SCI-related scoliosis. Shriners Hospitals for Children has devel-
oped the Shriners Pediatric Instrument for Neuromuscular Sco-
liosis (SPINS) with the future aim of validating the instrument
and eventually to compare the impact of bracing versus surgery
on HRQoL. The Pediatric Quality of Life Inventory (PedsQL) is
the most commonly used scale in flaccid neuromuscular dis-
ease; however, it has not been used to investigate the effects of
spinal deformity in this population. The development of vali-
dated disease-specific metrics for neuromuscular scoliosis and
their use in prospective studies will further help guide deci-
sion-making to maximize patient quality of life.

Keywords: cerebral palsy, Duchenne muscular dystrophy, flaccid
neuromuscular disease, health-related quality of life, myelome-
ningocele, neuromuscular scoliosis, spinal cord injury, spinal
muscular atrophy.

26.1 Introduction
Surgical deformity correction in patients with neuromuscular
scoliosis is fraught with challenges. Given the high complication
rates and the underlying baseline neurological and medical
comorbidities of the patients, there is debate about the impact
that surgical correction has on patient health-related quality of
life (HRQoL). This chapter will provide an overview of HRQoL in
the neuromuscular population, including the challenges and
available outcome metrics for the specific patient populations
of cerebral palsy (CP), myelomeningocele, spinal cord injury
(SCI), and flaccid neuromuscular disease.

26.2 Cerebral Palsy
CP is a heterogeneous disorder caused by a static injury in the
developing fetal or infant nervous system. This nonprogressive
insult results in permanent disorders of movement and

coordination. However, such motor disorders are often accom-
panied by disturbances of sensation, perception, cognition, and
communication. Despite the static nature of the original insult,
patients may also go on to develop secondary musculoskeletal
problems, which may be progressive throughout life.1

The musculoskeletal consequences of CP, secondary to imbal-
ances of strength and tone, include muscle contractures as well
as deformities of the appendicular and axial skeleton.

26.2.1 Natural History
Children with CP are at increased risk for developing spinal
deformity when compared to the general pediatric population.
There is large variation in the estimated prevalence of scoliosis
in CP, ranging from 20 to 77%.2,3,4,5,6,7 This variation may be
explained by the heterogeneity of CP and the fact that the risk
of deformity increases with the severity of CP. For example, sco-
liosis is more common in children with tetraplegia, when com-
pared with paraplegia or hemiplegia, and is more common in
spastic CP.8 Severity of CP as measured by the Gross Motor
Function Classification System (GMFCS) is the most important
risk factor of scoliosis, with a strong association between
increasing GMFCS level and scoliosis.8 Nonambulatory children
(GMFCS levels IV and V) have a 50% probability of acquiring a
moderate or severe scoliosis by 18 years, whereas for ambula-
tory children who do not need walking aids (GMFCS levels I and
II) the risk of developing scoliosis is not significantly different
from the general population.3 Scoliosis tends to progress most
rapidly before skeletal maturity but routinely continues beyond
skeletal maturity, particularly in nonambulatory patients with a
curve of greater than 40 degrees by 12 years of age.9,10 Skeletal
maturity may also be delayed in these patients, which also con-
tributes to a prolonged period of increased risk of curve
progression.

26.2.2 Comorbidities
The secondary musculoskeletal consequences of CP, including
scoliosis, get progressively worse with increasing age. These
consequences include the development of contractures of the
upper and lower extremities that can interfere with the child’s
care and comfort. Patients are at increased risk for progressive
hip displacement, and this risk is also strongly related to the
GMFCS levels.6 Therefore, a thorough evaluation of the hips for
the presence of contractures or dislocation is necessary in the
evaluation of spinal deformity. Hip displacement usually pre-
cedes the onset of scoliosis, but this is not always the case.
These musculoskeletal effects of CP can result in children rely-
ing on wheelchairs for their mobility. This immobility and lack
of load bearing can lead to osteoporosis. Children are depend-
ent on their caregivers for much of their care and activities of
daily living.

Patients with CP who are at greatest risk for developing a
spinal deformity are also those most likely to have significant
nonmusculoskeletal comorbidities. These comorbidities may
include seizure disorder, hydrocephalus, bowel and bladder
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incontinence, urinary tract infection, gastroesophageal reflux,
malnutrition, constipation, aspiration pneumonia, and cardio-
pulmonary issues.4,5 Their neurological impairment can lead to
swallowing difficulties, which cause an increased risk for devel-
oping aspiration pneumonias. They also experience distressing
gastroesophageal reflux, which can be exacerbated in certain
positions. Gastric tube feeding is often necessary both to over-
come the malnutrition associated with feeding difficulties and
to protect against aspiration. Tracheostomy is also common in
patients with severe CP, again to protect against aspiration.
Most of these patients are incontinent of bowel and bladder.
Children may develop pressure sores as their spinal deformity
worsens, especially if they are thin.

26.2.3 Spinal Deformity and
Comorbidities: Impact on QoL
These comorbidities collectively have a significant impact on
the longevity and HRQoL in these severely involved children
with CP and scoliosis. An increasing curvature has been impli-
cated in worsening sitting tolerance and impaired mobility. Sit-
ting upright is an important aspect of these children’s lives,
given the lack of ambulation. The presence of a significant spi-
nal deformity (specifically, the presence of pelvic obliquity) has
the potential to impact sitting balance, comfort, and endurance.
The inability to sit upright might compound the impact of
patients’ baseline visual impairments and thus affect their abil-
ity to process visual information. Furthermore, progressive sco-
liosis might directly or indirectly exacerbate some of the
medical comorbidities. Worsening scoliosis is implicated in
decreased pulmonary function, gastroesophageal reflux, and
feeding difficulties. The location and magnitude of the curve
might negatively impact pulmonary function. Cardiopulmonary
function declines with age as a function of the underlying dis-
ease, but this deterioration correlates better with GMFCS level
than curve magnitude. It can be difficult to test pulmonary
function directly in patients with CP due to their inability to
participate, particularly those at GMFCS levels IV and V. How-
ever, studies have shown no difference between oxygen satura-
tion and heart rate in patients with mild or no scoliosis as
compared to those with curves greater than 45 degrees11,12

Other factors such as presence of a tracheostomy,9 pelvic obliq-
uity, and hip dislocation13,14,15,16 have been shown to be associ-
ated with worsening scoliosis in CP. The relationship between
scoliosis and all these factors remains unclear and worsening
cardiopulmonary comorbidities may be related to underlying
disease severity rather than a causal relationship with scoliosis.
What is clear is that this population has significant comorbid-
ities, and these comorbidities lead to challenges in the treat-
ment of the scoliosis.

In the presence of multiple comorbidities, the additional ne-
gative impact of scoliosis on HRQoL of these children has been
difficult to quantify. It is a challenge to measure patient-
reported HRQoL in patients who are unable to communicate
their quality of life due to cognitive and/or communication
impairments. Consequently, there is some controversy about
the benefit and indications for the surgical treatment of scolio-
sis in this population. These are major interventions with sig-
nificant complication rates and high costs associated with
surgery and rehabilitation.7,9 Surgical outcomes have been

typically reported based on radiographic measures, fusion
rates, early and late complications, and mortality from uncon-
trolled case series. More important HRQoL outcomes are infre-
quently reported, mostly using unvalidated measures. There is
an imperative for prospective, comparative studies using vali-
dated HRQoL measures to address the uncertainty about the
true benefits of surgery.

26.2.4 Interventions
The problems associated with increasing spinal deformity in
patients with CP might be effectively managed using nonopera-
tive means or by definitive surgical correction. Any intervention
should progress from a clear understanding of the natural his-
tory of the disease. It should modify the disease in such a way
that the patient’s general state of health is improved in some
way and the intervention is tolerable. Traditionally, in patients
with CP and spinal deformity, radiographic measures or mor-
bidity and mortality data were primarily used to follow the
observed natural history and the response to treatments. Vali-
dated HRQoL outcomes comparing bracing, observation, or sur-
gery are not currently available in the literature.

26.2.5 Satisfaction and HRQoL Studies
CP is a chronic disease, with no cure. As such, outcome studies
should reflect subtle changes in functional status and general
well-being, distinguishing the results of an intervention with
the natural history. Over the past 20 years, there has been
growing interest and understanding of the importance of
parent and patient satisfaction following spinal surgery for CP.
Given the high rates of complications in this challenging popu-
lation, the effect of correction and complications on functional
outcomes has been examined. Sponseller et al17suggested that
deep infection rates were comparatively higher in CP spinal
deformity correction population and that such infections may
be associated with worse pain outcomes. Posterior-only pedicle
screw constructs produce satisfactory radiographic coronal and
sagittal correction, without higher complication rates. They are
associated with functional improvements (using a modified
Rancho Los Amigos Hospital system criteria score).18 Another
study has suggested that there was no correlation between the
occurrence of complications and changes in HRQoL. Further-
more, extension of spinal fusion to the pelvis to manage pelvic
obliquity had no impact on the occurrence of complications in
these patients.19

Several studies report high retrospective parental/caregiver
satisfaction with their decision to undergo surgical correction
of spinal deformity17,20,21,22,23,24,25,26 though these studies did
not use validated outcome instruments for children with severe
CP. Comstock et al27 in a series of 79 patients with a median fol-
low-up of 4 years reported a late progression of scoliosis greater
than 10 degrees, worsening pelvic obliquity, and decompensa-
tion greater than 4 cm in more than 30% of patients following
surgery, noting that the majority of patients who progressed
underwent surgery while skeletally immature. Despite this, the
study reported an 85% satisfaction rate from parents or care-
givers following surgery and noted a beneficial impact on phys-
ical appearance, comfort, ease of care, and sitting ability. A
longitudinal study of parental perceptions following spinal
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surgery using the POSNA (Pediatric Orthopaedic Society of
North America) outcomes questionnaire reported no difference
between preoperative and postoperative physical functions,
comorbidities, and parental health. Patient pain and happiness
as well as parental satisfaction were significantly improved by 1
year.28,29 The lack of perceived functional improvements in this
study may have underestimated the potential functional benefit
of surgery secondary to a ceiling effect of this instrument in
children with severe CP. In a retrospective study of 84 patients
with spastic CP, Watanabe et al30 reported 85% satisfaction with
surgery. Most improvement was felt to be related to posture
and sitting balance as well as cosmetic appearance. Interest-
ingly, the least improved scores postoperatively concerned
walking ability, use of arms and hands, ability to eat, sleeping
patterns, perineal care, number of pressure sores, ability to
dress, and pain.20 Given the lack of validated questionnaires
with unknown responsiveness, it is difficult to ascertain the
true effects of surgery in children with scoliosis and severe CP.
There is a need for a validated measure of quality of life in this
population to elucidate which radiographic or clinical outcomes
may lead to improved quality of life.

26.2.6 Developing Appropriate HRQoL
Instruments for Children with CP
There has been a general move within medicine toward HRQoL
measures to assess the global impact of disease and interven-
tions. Ideally, a single instrument could be used across all dis-
eases, allowing standardized data collection and interpretation.
In children, the Child Health Questionnaire (CHQ) and Pediatric
Outcomes Data Collection Instrument (PODCI) were developed
and have been used in both healthy children and those with
chronic disease. The PODCI has been used to study ambulatory
children with CP; however, its usefulness in children with
GMFCS levels IV and V is limited, exhibiting ceiling and floor
effects, which renders it poorly responsive. It is this group of
patients who are most likely to develop significant scoliosis.
When looking at the responsiveness of an outcome instrument
—the ability to accurately reflect a change following an inter-
vention—the tool must be sensitive enough to discriminate
subtle changes in a population with preexisting functional
limitations.

To develop a useful HRQoL construct for CP interventions, we
must first identify what is important to patients and caregivers.
However, the perceptions of health and function to the general
public, health care professionals, and caregivers may be sub-
stantially different than those of patients with CP. Ideally it
would be the patient who tells us the important functions and
goals we should be measuring, but in this population, their neu-
rological impairment may prevent such communication. In
developing a list of areas to study (construct), we have to be
confident that the content is important (content validity), that
it examines whether an instrument appears to be measuring
what it intends to measure (face validity), and that the metrics
used are sensitive enough to identify subtle changes following
an intervention (responsiveness). Construct validity is generally
used when dealing with abstract variables, such as quality of
life, and is the most rigorous test of validity. The proposed or
hypothetical underlying factors are referred to as constructs.

Construct validity examines the logical relations that should
exist between a measure and characteristics of patients and pa-
tient groups. This test tries to address the question of whether
or not the scores of the questionnaire correlate with other
related constructs in the anticipated manner. Construct valida-
tion is an ongoing process of learning more about the construct,
making new predictions, and then testing them. Given that a
proxy is required to give this information, the tool must be pro-
ven to be accurate between different people and at different
times (reliable).

Sources of Bias
Proxies (parents/caregivers) may be prone to overestimating
disability prior to an intervention (in order to justify making a
decision on a major intervention) or overestimating postopera-
tive improvement for the same reason. This is particularly the
case with retrospective studies but may also be seen prospec-
tively when the study is carried out around the time of a major
decision/intervention. Such biases may be minimized by per-
forming not only prospective studies, but also longitudinal
studies that capture prospective data long before and after a
specific intervention is undertaken.

Caregiver Priorities and Child Health Index of
Life with Disabilities Project
The Child Health Index of Life with Disabilities (CPCHILD) ques-
tionnaire was devised to address the lack of an instrument spe-
cific to interventions in children with severe CP. Acknowledging
it as a proxy measure for functional and health status, extensive
development of the construct was performed. Parents, care-
givers, and health care workers were involved in formulating
questions, and assigning relative importance of each. Face, con-
tent, and construct validation as well as its reliability and
responsiveness to change were rigorously assessed by the
developers.21,31 A separate study to assess the validity and reli-
ability of CPCHILD (Dutch version) found it to be sufficiently
reliable and valid as a proxy for health status and well-being in
nonambulatory patents with CP.22

The CPCHILD consists of 37 items distributed over six sec-
tions representing the following domains:
● Activities of daily living/personal care (nine items).
● Positioning, transferring, and mobility (eight items).
● Comfort and emotions (nine items).
● Communication and social interaction (seven items).
● Health (three items).
● Overall quality of life (one item).

A higher score reflects a better quality of life, and is trans-
formed to a scale of 0 to 100.

Using the CPCHILD tool to assess outcomes following spinal
fusion surgery, Bohtz et al29 retrospectively studied a series of
50 consecutive patients undergoing spinal fusion with a mini-
mum 2-year follow-up. They noted no correlation between
complications and HRQoL or satisfaction following surgery.
They observed an improvement in HRQoL and a high satisfac-
tion rate following surgery but noted it did not significantly cor-
relate with objective radiographic changes. In a similar-style
retrospective review of 33 patients, Sewell et al32 compared the
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radiographs and the CPCHILD score of patients with scoliosis
who underwent observational treatment and compared them
to those undergoing surgery. They found that in the observation
group scoliosis worsened on radiographic parameters and that
there was a slight worsening of the overall CPCHILD scores. In
the operative group, radiographic parameters improved, and
the overall CPCHILD score also significantly improved. In both
groups, a change in pain was the most significant factor affect-
ing quality of life. Neither group showed a difference in mobi-
lity, GMFCS level, feeding, or communication before and after
treatment. This suggests that the presence of pain is an impor-
tant factor when considering the potential benefit of surgery.

26.2.7 Future Directions
Further study is required to assess the long-term outcomes of
surgery in patients with CP to see if these benefits are long-last-
ing and have any impact on patient quality of life. Large cohorts
of patients across multiple centers are required to study the
effects of confounding factors such as disease heterogeneity or
surgical variation. Elucidation of variables that effect changes in
quality of life will be important in determining which patients
benefit the most from surgery and which are most at risk. The
expansion of the Harms Study Group to include spinal deformity
in patients with CP promises to yield useful data. This prospec-
tively collected, multicenter database records CPCHILD scores at
preoperative, operative, and postoperative visits. Current analy-
sis of these data with 2-year follow-up will yield results about
impact on quality of life utilizing a reliable, valid outcome meas-
ure, CPCHILD. In tandem, research to demonstrate the respon-
siveness of CPCHILD to detecting quality-of-life changes with
interventions in this population is also underway. Additionally,
5-year results from the Harms Study Group database will be
instrumental in examining longer term quality-of-life outcomes.

26.3 Myelomeningocele
Most patients with myelomeningocele and scoliosis who
undergo deformity correction surgery are full-time sitters, and
the goals of surgery are to correct sitting balance and improve
self-reported outcome measures including physical function
and self-perception.33 Historically, Mazur et al34 reported on
functional outcomes following correction of scoliosis deformity
in 49 patients with myelomeningocele. The best sitting balance
was obtained with a combined anterior and posterior fusion,
where improvement in sitting balance occurred in 70% of the
patients. When investigating the outcomes of the subset of
ambulatory patients in this series, none of the patients had
improvement in their ambulatory status postoperatively, and
67% had decreased walking ability following anterior and pos-
terior spinal fusion. While their series and others35,36 have
focused on clinician-driven outcome measures such as sitting
balance and ambulation, more recent research has focused on
patient- and caregiver-reported quality-of-life measures.

Wai et al37 have published their work developing and validat-
ing the Spina Bifida Spine Questionnaire (SBSQ) to assess phys-
ical disability related to scoliosis. The SBSQ is a 25-item
questionnaire designed to incorporate quality-of-life measure-
ments from the viewpoint of the patients and caregivers. The
same group of researchers then used the SBSQ to investigate

the relationship of spinal deformity with physical function.33

They administered the SBSQ questionnaire to 80 children with
myelomeningocele, including 24 who had undergone surgical
stabilization, and found that after adjusting for neurological
level, there was no significant relationship between the magni-
tude of the spinal deformity and self-perception or overall
physical function. In the subgroup of 24 patients who had
undergone surgical stabilization, increased coronal imbalance
was associated with a worse outcome in sitting balance.

Sibinski et al38 investigated long-term outcomes of patients
with myelomeningocele treated nonoperatively for scoliosis.
They performed a prospective study of 19 skeletally mature
patients. Patients were divided into groups based on neurologic
motor level, ambulation status, and sitting stability. They then
filled out several questionnaires in order to assess different
aspects of physical function and quality of life including the
SBSQ. Their results showed that while the severity of the scolio-
sis deformity decreases quality-of-life outcomes, it had no
correlation with physical function, self-perception, or self-moti-
vation. They hypothesized that the decrease in quality-of-life
scores may be related to other aspects of the condition, for
instance, the ability to walk, rather than the scoliosis itself.

26.4 Spinal Cord Injury
Data on the HRQoL outcomes in children and adolescents with
SCI have been sparse. There are currently no validated condi-
tion-specific instruments for measuring HRQoL in SCI-related
scoliosis. In other forms of neuromuscular scoliosis, higher level
of neurologic injury and disability is related to lower HRQoL
outcomes;39 however, Vogel et al40 followed 46 adult patients
who sustained SCI as children and found that life satisfaction
was not significantly associated with level of injury, age at
injury, or duration of injury. Instead, they found that satisfac-
tion was related to education level and employment. Similarly,
there were no differences between HRQoL in children with tet-
raplegia and those with paraplegia when a generic pediatric
quality-of-life measurement was administered to children with
SCI and to their parents.41

Research done at Shriners Hospitals for Children has laid the
groundwork for a disease-specific HRQoL instrument to be used
in pediatric neuromuscular scoliosis related to SCI. Hunter et
al42 developed the Shriners Pediatric Instrument for Neuromus-
cular Scoliosis (SPINS) and tested the instrument on 14 children
with SCI, demonstrating comprehensibility in that group. Fol-
lowing validity testing, the aim of SPINS is to allow for meas-
urement of the impact of bracing versus surgery on the HRQoL
of children with SCI and neuromuscular scoliosis.

26.5 Duchenne Muscular
Dystrophy/Spinal Muscular
Atrophy
Instruments used to measure HRQoL in progressive, flaccid
neuromuscular disorders are varied. A recent literature review
identified 21 articles using 15 different quality-of-life scales
applied to patients with muscular dystrophy.43 In the pediatric
and adolescent groups, the most commonly used scale included
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the generic Pediatric Quality of Life Inventory (PedsQL) or one
of two disease-specific subsets of this scale: the PedsQL Duch-
enne Module or the PedsQL Neuromuscular Module. The
PedsQL Duchenne Module has been validated by comparing the
results of a group of 117 boys with Duchenne muscular dystro-
phy (DMD) with those of matched healthy children.44 This
study showed that mean scores were significantly lower for
boys with DMD in the physical and psychosocial domains. The
PedsQL Neuromuscular Module was validated by comparing
the results of a group of 167 children with spinal muscular atro-
phy (SMA) to a healthy control group.45 Similarly, children with
SMA and their parents report significantly lower HRQoL than
the healthy children. However, neither of these disease-specific
instruments has been used to investigate spinal deformity in
this population or the effects of treatment on HRQoL.

To address HRQoL specifically related to scoliosis in this pa-
tient population, Bridwell et al46 devised and validated a ques-
tionnaire that was administered to 55 patients with DMD or
SMA who had previously undergone spinal fusion. The ques-
tionnaire assessed patient function, pain, cosmesis, self-image,
and quality of life at the most recent follow-up examination.
They showed that 81% of the patients had overall improvement
in their quality of life compared to preoperatively, and 96% of
the patients had an improvement in sitting balance. Despite the
overwhelming positive quality-of-life scores, 5 patients (10%)
who were able to feed themselves prior to surgery were no lon-
ger able to feed themselves following fusion because their spine
was taller and they could no longer get their hands to their
mouth. A study similar to Bridwell’s using the PedsQL generic
and disease-specific modules has not yet been published but
will contribute more objective data regarding the effect of sco-
liosis treatment in this patient population.

26.6 Conclusion
Patients with neuromuscular scoliosis remain a challenging
population for spinal deformity surgeons. Collecting and evalu-
ating HRQoL data to assess for response to intervention also
represents a challenge. Available data are often sparse, flawed,
or conflicted when examining the effects of surgical deformity
correction on HRQoL outcomes in these patients. However, the
development of validated disease-specific metrics and prospec-
tively collected data comparing the effects of interventions may
provide answers and guide decision-making to maximize pa-
tient quality of life.
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27 Baclofen Pump: Preoperative, Intraoperative, and
Postoperative Management
Brian P. Scannell and Burt Yaszay

Abstract
Spasticity and dystonia can be managed operatively with the
placement of an intrathecal baclofen pump. This therapy has
been shown to improve spasticity, range of motion, ease of care,
and patient/caregiver satisfaction. Preoperatively, it is impor-
tant to determine indications for implantation of the baclofen
pump and identify treatment goals. Test dosing can be per-
formed prior to implantation to ensure appropriate therapeutic
response. Many patients who are candidates for intrathecal
baclofen also are candidates for spinal fusion. Timing of pump
implantation is controversial, but based on the available litera-
ture, it appears to be safe for implantation before, during, or
after spinal fusion. There is no conclusive evidence that baclo-
fen pumps increase the risk of scoliosis requiring surgery. We
describe various surgical techniques for implantation based on
this timing. Postoperatively, the surgeon and multidisciplinary
team managing these patients need to be aware of potential
medical and surgical complications related to intrathecal baclo-
fen pumps.

Keywords: baclofen, spasticity, neuromuscular scoliosis, spinal
fusion, intrathecal baclofen

27.1 Preoperative Management
27.1.1 Tone Management
Hypertonia can manifest itself secondary to a number of differ-
ent etiologies. Neuromuscular disorders such as cerebral palsy
(CP) are the most common, but many other disorders such as
traumatic/acquired brain injury, metabolic disorders, leukody-
strophies, hydrocephalus, and spinal cord injuries are also asso-
ciated with hypertonia.1 Hypertonia can cause impairments in
quality of life and lead to problems with rehabilitation.2 It can
present as spasticity, dystonia, rigidity, or a mixed combination.
Spasticity is the most frequently observed form. It is an
increased muscle tone as a result of an externally imposed
muscle movement.3 Dystonia is a less common but more com-
plicated form of hypertonia.1 It consists of abnormal involun-
tary contractions in muscle groups causing abnormal posturing
of the neck, torso, or extremities.3 Both spasticity and dystonia
can lead to rigidity or simultaneous contracture of muscle ago-
nists and antagonists.3 Often, there is a mixture of spasticity
and dystonia in children with various tone disorders.

Management of hypertonia can involve both nonoperative
and operative approaches. Nonoperative approaches include
physical/occupational therapy, orthoses, casting, chemodener-
vation with botulinum toxin, and enteral medications such as
benzodiazepines. One enteral medication that is frequently
used is baclofen. Baclofen binds to GABAB receptors (metabo-
tropic transmembrane receptors for gamma-aminobutyric acid)
and inhibits the release of excitatory neurotransmitters and
substance P, which results in decreased spasticity.4 The enteral

form of baclofen can work very well but can also cause signifi-
cant sedation, fatigue, and hypotonia.1 Sedation is reported to
occur in 7 to 70% of patients on enteral baclofen.2

Operative management of hypertonia consists of various
orthopaedic surgeries (soft tissue and bony), dorsal rhizotomy,
intrathecal baclofen, deep brain stimulation, and other meth-
ods.1 Intrathecal baclofen delivered by an implanted pump was
first approved by the Food and Drug Administration in 1996 for
the treatment of hypertonia. Intrathecal baclofen is approved
for treatment of spasticity related to a number of disorders
including CP.5 Evidence for its efficacy in spastic and dystonic
CP was first published by Butler et al6 in 2000. It results in
fewer systemic side effects than enteral baclofen and has a
higher efficacy rate.7 Due to systemic absorption of enteral
baclofen, only small concentrations reach the spinal cord and
cerebrospinal fluid (CSF) despite high doses. Intrathecal deliv-
ery of baclofen allows for high concentrations to diffuse into the
superficial layers of the spinal cord dorsal horn, often avoiding
the cerebral side effects.8

27.1.2 Indications/Treatment Goals for
Intrathecal Baclofen Pump
The indications for implantation of intrathecal baclofen pumps
are primarily for intractable spasticity or spasticity not opti-
mally managed by physical therapies, oral baclofen, or other
medications including botulinum toxin injections.9,10 Addition-
ally, patients with intolerable side effects to enteral baclofen
may be good candidates.9 Patients and their family members
need to have the ability and motivation to attend regular fol-
low-ups and monitoring.10

The treatment goals and benefits of intrathecal baclofen are
well documented in the neuromuscular population. Penn and
Kroin11 first reported its use for severe spasticity with immedi-
ate reduction of muscle tone to near normal levels, and others
have demonstrated the efficacy of intrathecal baclofen in chil-
dren with CP.12 Multiple studies have shown benefits in
patients with CP. Gooch et al13 demonstrated improved satisfac-
tion of care providers, ease of care, and decreased pain. Other
studies have also found improved ease of care14 as well as
improved gait in ambulatory patients.15 Additionally, Gerszten
et al15 demonstrated a decreased need for subsequent ortho-
paedic surgery for lower extremity spasticity. In summary,
intrathecal baclofen pumps have the ability to improve spastic-
ity, range of motion, ease of care, pain, caregiver satisfaction,
hygiene, and gait.9,10

27.1.3 Timing of Intrathecal Baclofen
Implantation
Many patients who are candidates for intrathecal baclofen
pumps are also at risk for the development of scoliosis. Thus,
the timing for intrathecal baclofen pump and catheter
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placement is often discussed in reference to the timing of spinal
fusion: before, during, or after scoliosis surgery. Although there
is extensive literature discussing this timing, significant contro-
versy remains as to whether insertion of an intrathecal baclofen
pump causes progression of scoliosis.16,17,18,19,20,21,22,23,24 There
is also concern and debate as to whether prior placement of an
intrathecal baclofen pump can further complicate CP scoliosis
surgery and increase the risk for wound complications.23,24,25

Specifically, there is concern that the intrathecal baclofen cath-
eter can prevent complete closure of the fascia, result in a CSF
leak, or interfere with placement of instrumentation.

Numerous studies have evaluated progression of scoliosis
after placement of a baclofen pump. Two small series of patients
reported accelerated scoliosis progression after baclofen pump
placement.17,18 Segal et al,17 in their series of five patients with
a rapid curve progression, found a mean progression of 44
degrees over 11 months leading to spinal fusion in all patients.
Burn et al20 found an annual progression of Cobb angle of 19
degrees in 32 patients after intrathecal baclofen pump place-
ment. This study also found that the Cobb progression was
higher in patients who were skeletally immature. Another study
found an increase in scoliosis progression from 1.8 degrees per
year prior to implantation to 10.9 degrees per year after
implantation.16

Despite these studies suggesting curve progression, two stud-
ies that compared matched cohorts of CP patients with and
without a baclofen pump found no difference in the rate of sco-
liosis progression.21,22 Senaran et al21 compared 25 matched
patients with quadriplegic CP who had scoliosis (controls) who
did not receive an intrathecal baclofen pump to 26 patients
who did receive the pump. The average curve progression for
the baclofen pump group after implantation was 16.3 degrees
per year compared to 16.1 degrees per year in the control
group. Shilt et al22 also found that patients receiving an intra-
thecal baclofen pump experience a natural progression of sco-
liosis similar to that of patients without this therapy.

Timing of baclofen pump placement and spinal fusion has
also been studied. Controversy exists as to whether the pres-
ence of a baclofen pump complicates posterior spinal fusion.
Caird et al23 and Borowski et al24 both report single center
experiences evaluating complications associated with intrathe-
cal baclofen pump placement and spinal fusion. Caird et al23

compared 20 patients with spastic quadriplegic CP with baclo-
fen who underwent posterior spinal fusion to 20 matched
patients without a baclofen pump. They found increased reope-
ration and rehospitalization and a higher infection rate in the
baclofen pump group (20 vs. 0%, p = 0.063). However, in this ser-
ies, two patients who developed wound infection had a history
of decubitus ulcers prior to the spinal fusion, and four patients
who were readmitted postoperatively for complications had
been previously hospitalized for pulmonary problems.

Borowski et al24 compared four groups of patients with CP.
The four groups included: (1) posterior spinal fusion prior to
baclofen pump placement (n = 26); (2) posterior spinal fusion
and baclofen pump placement concurrently (n = 11); (3) poste-
rior spinal fusion after baclofen pump placement (n = 25); and
(4) baclofen pump placement only (n = 103). In all four groups,
they found an infection rate of 8 to 9% with no differences
between groups. There was also no difference in device or cath-
eter complications between groups. They concluded that

baclofen pumps can be implanted and managed without any
increase in complication rate before, during, or after spinal
fusion.

A recent multicenter study by Yaszay et al25 is the largest
study to date comparing patients undergoing posterior spinal
fusion with (N = 32) and without (N =155) previously placed
intrathecal baclofen pumps. This study found no difference
between groups in OR (operating room) time or intraoperative
EBL (estimated blood loss), and an overall wound complication
rate was not significant between the baclofen pump group
(16%) and the nonbaclofen pump group (15%). The deep infec-
tion rate was 6.3% in the baclofen pump group and 5.8% in the
nonbaclofen pump group. Both of these complication rates
compare favorably to that of Caird et al.23

Based on the studies by Borowski et al24 and Yaszay et al,25

while it may be inconvenient for the surgeon, baclofen pumps
do not appear to increase the complexity of surgery or the risk
for wound complications. Yaszay et al25 states that when coun-
seling patients and their caregivers on the timing of pump
placement, it does not appear to compromise the care of the pa-
tient if the baclofen pump is placed first.

27.1.4 Test Dose for Intrathecal
Baclofen Implantation
Commonly a trial test dose is given prior to proceeding with
placement of an intrathecal baclofen pump. This can be per-
formed on an inpatient or outpatient basis and will vary from
center to center. The goal is to determine whether the patient
responds to the treatment rather than to determine long-term
functional improvements.10 Typically, the test dose of baclofen
is administered via lumbar puncture or a temporary catheter
into the CSF. The amount for the test dose is typically between
10 and 50 µg in children and 25 and 100 µg in adults. The larg-
est effect of a test dose in cerebral spasticity is between 2 and 8
hours with a maximum effect seen typically around 4 hours
after injection.26

After administration of the test dose, it is important to have
the resources in place to fully assess the effect of the medica-
tion. Trained medical personnel typically perform this assess-
ment. Assessments should be at multiple time points after
injection and include spasticity assessments with scales such as
the modified Ashworth scale and should also include patient/
caregiver subjective assessment.2 Based on the response, it may
be recommended to proceed with intrathecal baclofen pump
implantation.

Some centers no longer perform test dosing for children with
spasticity as nearly all have a good response to the therapy.
However, the majority of children who “do not respond” to
bolus doses have dystonia, and therefore, a trial is strongly rec-
ommended in these patients prior to implantation.27

27.2 Intraoperative Management
27.2.1 Surgical Placement of Intrathecal
Baclofen Pump
There are two components to the intrathecal baclofen pump
infusion systems: pump and catheter. The pump commonly is
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implanted subcutaneously below the fascia on the abdominal
wall and the catheter is implanted and travels from the pump
to the CSF. The pump commonly holds enough drug for 4 to 6
months of therapy and should be replaced at the end of its bat-
tery life at approximately 5 to 7 years.2 Because of its subcuta-
neous location, it can be refilled with a subcutaneous injection
into the pump.

As many of these patients undergo spinal fusion, the surgical
approach for intrathecal baclofen pump placement may vary
depending on whether it is being done before, during, or after
the scoliosis surgery. Intrathecal baclofen pumps placed prior to
spinal fusion are technically less demanding than after spinal
fusion. Under general anesthesia, patients can be positioned
prone or in a lateral decubitus position. A midline incision is
placed at approximately L2/L3 or L3/L4. A 14-gauge Tuohy nee-
dle is placed into the dural sac. The catheter is then advanced to
the desired level. Most pumps are placed on the right side to
avoid current or future gastrostomy tubes. A separate incision
is made in this location, and a subcutaneous or subfascial
pocket is developed in order to place the pump. The catheter is
then tunneled from the spine to the pump and is tested to
ensure backflow of CSF.9

Borowski et al24 describe their technique when placing the
intrathecal baclofen pump after a spinal fusion. Patients are
typically positioned in a lateral decubitus position and a 5-cm
incision is made through the previous midline scar. Subperios-
teal exposure of the fusion mass is performed. Fluoroscopy is
used to locate the implants, and then a burr is then used to
open a hole in the fusion mass at L2–L3 or L3–L4. The Tuohy
needle is then used to penetrate the dural sac and the remain-
ing procedure is similar to that described earlier.

Other authors describe a different technique via a cervical
approach when inserting an intrathecal baclofen pump after a
spinal fusion.28,29 A 5-cm incision is made midline at the supe-
rior aspect of the fusion mass. A limited laminectomy in the
cervical spine can expose the dura. A purse-string suture is then
inserted into the dura, which is then opened with a no. 11
blade. The catheter is then advanced to the appropriate level.
Implantation via a cervical approach has been shown to be safe
and feasible with low complications.29

Concurrent spinal fusion and intrathecal baclofen pump
placement has also been described by Borowski et al.24 The spi-
nal fusion is completed in the standard fashion with the surgi-
cal drapes brought more lateral toward the flank. Prior to
wound closure, the Tuohy needle is inserted at the levels dis-
cussed previously. The catheter is then inserted and anchored
to the spinous process nearest the puncture site with a strain-
relief fastener. The catheter is then pulled through the paraspi-
nal muscles and tunneled into the subcutaneous tissue and
anchored to the fascia laterally. CSF flow is confirmed and the
spinal incision is closed. The patient is then turned supine and
re-prepped. The subfascial pump pocket is developed. The lat-
eral wound with the catheter is opened and the catheter is then
tunneled to the pump.

27.2.2 Location of Catheter Tip
The location of the catheter tip at the time of implantation can
vary depending on its desired effect. Vender et al30 proposed
placement at T6–T10 for patients with spastic diplegia and

paraplegia, T1–T2 for spastic quadriplegia, and C5–T1 for dysto-
nia and complex movement disorders. Grabb et al31 found equal
improvement of upper and lower extremity spasticity in chil-
dren with catheter placement in the midthoracic spine. In this
study, there is also good data demonstrating improved dystonia
with higher catheter placement in the cervical spine.

27.3 Postoperative Management
27.3.1 Management of the Pump
Initial postoperative management of the intrathecal baclofen
pump should consist of a multidisciplinary approach. Proper ti-
tration of the dose is important to optimize efficacy and mini-
mize side effects. Many patients are well controlled on an initial
low dose, but the magnitude of this effect dissipates over time,
resulting in higher future dosing.32 Dosing can be programmed
various ways including continuous infusions or pulsatile bolus
dosing.7 Currently, no studies have compared the efficacy of
simple continuous infusion to pulsatile bolus dosing. However,
some centers have transitioned to bolus dosing as a result of
finding a higher rate of satisfaction.7

After the initial titration during first few weeks after implan-
tation, intensive physical therapy is recommended in particular
to improve trunk control, as this can be problematic following
implantation.10 Patients can also be slowly weaned off some of
their oral medications.2 Comprehensive routine follow-up
varies by institution, but it is recommended to have personnel
involved in the patient care following implantation who have
expertise and interest in the long-term management of dosing.

27.3.2 Complications after Intrathecal
Pump Placement
While the safety and efficacy of intrathecal baclofen pumps has
been evaluated,13,15,27 there are still significant complications
associated with their placement. Complications related to pump
placement are well reported in the pediatric literature.27,33,34,35,
36,37,38 Medical, perioperative surgical, and postoperative surgi-
cal complications of intrathecal baclofen pumps are summar-
ized in ▶ Table 27.1.

The incidences of catheter- and pump-related complications
are variable in the literature. Complications include pump mal-
function, pump hypermobility or malposition, catheter dis-
lodgement, catheter breakage, and catheter malfunction.
Armstrong et al14 reported 10 catheter- or pump-related com-
plications in 19 patients over 568 months. Rippe et al39

reported a total of 264 catheter complications in 785 patients.
In a review of 316 surgical procedures related to intrathecal
baclofen pumps, Borowski et al33 found that 39 of the 316 pro-
cedures (12.3%) were associated with device-related complica-
tions, including complications caused by catheter breakage (9),
disconnection (7), and malfunction (16). Pump malfunction has
been reported to be as high as 14% and can result from rotor
malfunction, reservoir depletion, and programming malfunc-
tions.40,41 Complications related to catheters and pumps are a
common reason for rehospitalization and reoperation.23

Wound complications and infections are also a common
reason for rehospitalization and reoperation in patients after
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intrathecal baclofen pump placement. When infection does
occur, there is a high reoperation and removal rate (44–59%) of
the catheter and pump.34,37 Overall, acute infection rates range
from 4 to 10%.33 Fjelstad et al35 found the rate of infection after
pump placement to be higher in children than in adults (10 vs.
0%). However, this may have been related to patient selection as
more of the pediatric patients had a diagnosis of CP compared
to the adult population. One study found a significant increase
in infection rate with subcutaneous pump placement compared
to subfascial placement (20.1 vs. 3.6%, p < 0.001) and thus rec-
ommend subfascial placement.38 As discussed previously, the
infection rate shows no difference whether pumps are
implanted before, during, or after spinal fusion surgery.25

CSF leak can also occur. In a study by Motta et al38, 4.9% of
430 consecutive patients developed a CSF leak. Another series
reports a higher incidence of CSF leak of 17%.36 Fifty-six percent
of these patients recovered spontaneously, and 44% underwent
revision surgery for treatment of the CSF leak or explantation.

Medical-related complications also occur at a frequent rate.
Complications include vomiting (12%), headaches (12%), and
meningitis (8%).37 Urinary retention and constipation have also
been reported. Borowski et al33 found 46% of patients with new
or increased constipation problems and 17% with acute urinary
retention. New-onset seizures or worsening seizures have also
been reported.42

27.3.3 Surgery after Intrathecal Pump
Placement: Revision and Spinal Fusion
Revision
As stated previously, revision surgery occurs frequently secon-
dary to infection and catheter/pump problems.23,34,37 In one
series, explantation was required in 44% of patients with wound
complications.37 Patients of smaller size, younger age, or with a
gastrostomy tube were more likely to encounter complications
necessitating explantation.37 If cultures from around the pump
and in the CSF are positive, then explantation is likely required
followed by intravenous antibiotics.28 If the pump and catheter
are removed, baclofen withdrawal should be anticipated and
patients should be managed with enteral baclofen. Hallucina-
tions, confusion, agitation, seizures, hyperthermia, and severe

rebound spasticity can occur 12 to 72 hours after abrupt
cessation.43

When pump or catheter failure occurs, this often needs to be
addressed with revision of the malfunctioned component. For
example, Borowski et al33 had three pump revisions secondary
to hypermobility or flipping of the pump, which has also been
reported by other authors.30 This issue can be resolved by
directly addressing the pump problem with reoperation. Cathe-
ter fractures and disconnection are common and can easily be
addressed operatively.33

Spinal Fusion after Intrathecal Pump
Placement
Some surgeons have concerns when performing a spinal fusion
when an intrathecal baclofen pump has been previously
implanted. In these patients, there are options as to how to deal
with the catheter. Surgeons can identify the catheter on their
midline approach to the spine, keep it intact, and then work
around the catheter. This requires significant care on the part of
the surgeon to not injure/fracture/crimp the catheter upon
placement of the spinal instrumentation.24 This also puts the
catheter at risk for inadvertent removal.

A second option for catheter management is to expose the
catheter through the incision, cut, and remove it.25 The dura
can be sealed uneventfully and a new catheter placed after spi-
nal fusion. A third option is to transect the catheter. Using a
repair kit, a reanastomosis can be performed at the end of the
case. No matter how the catheter is managed, it requires atten-
tion by the surgeon and preoperative planning to avoid compli-
cations of CSF leakage or postoperative catheter-related
problems.

27.4 Conclusion
Intrathecal baclofen is an excellent treatment option for
patients with spasticity or dystonia that is refractory to other
medical management. Although concerns exist for progression
of scoliosis after intrathecal baclofen pump placement, this pro-
gression is likely related to the natural history of the underlying
disorder(s) rather than the pump placement. Timing of pump
placement and spinal fusion do not appear to compromise the
care of the patient. The complications of intrathecal baclofen
are not insignificant, but the benefits appear to outweigh the
complications. The decision to proceed with placement requires
a conversation with caregivers regarding the benefits, treat-
ment goals, complications, and potential for revision surgery.
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