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Preface

 Pathomechanics

(patho-mi-kan'i-ks)
Changes in the normal biomechanical function of a joint, an extremity, or the torso as 

the result of trauma or disease. Source: The Free Dictionary

This book is about common disorders of the human foot and ankle. The primary 
purpose is to explore the role of mechanical factors which contribute to the cause of 
foot pathologies. Reciprocally, the mechanics of the foot are in turn significantly 
altered by those same pathologies. Before studying foot disorders, the first chapters 
of this book will provide an understanding of how the human foot functions during 
its primary activities of standing and walking. It will be shown that the unique ana-
tomic features of the human foot are the same structures which are vulnerable to 
injury and deformity.

Early in my career, I was influenced by certain theories of foot function which 
directed my philosophy in the evaluation and treatment of patients in clinical prac-
tice. Most notably, the teachers of biomechanics at the California School of Podiatric 
Medicine during the 1970s embraced the “Root Theory” as well as other explana-
tions of foot function taught by Inman, Close, Efltman, Manter, and Hicks [1–6].

The pathomechanics of common foot disorders were taught primarily from the 
sentinel text “Normal and Abnormal Function of the Foot” written by Merton Root, 
John Weed and William Orien [7]. The conservative treatment options for most foot 
disorders focused mainly on foot orthotic therapy, which were also based upon the 
teachings of Root, Weed, and Orien. The surgical treatments I was taught combined 
a body of knowledge contributed by orthopedic surgeons and podiatric surgeons. In 
particular, forefoot surgery correcting digital deformities as well as hallux abducto 
valgus (HAV) focused heavily on procedures developed by podiatrists. The etiology 
of digital deformities and the correction of those deformities was based upon func-
tional anatomy. At that time, podiatric physicians were surging far ahead of their 
orthopedic colleagues in developing innovative surgical interventions which were 
based upon biomechanical principles.

When I graduated from podiatric medical school in 1980, gait labs studying 
human movement were just being developed and were primarily supported by run-
ning shoe companies. Academic institutions such as Penn State University, the 
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University of Oregon, and the University of Calagary started offering graduate pro-
grams focusing on the study of the biomechanics of the lower extremity. These 
programs were headed by Peter Cavanaga, Barry Bates, and Benno Nigg.

Outcomes research testing the efficacy of treatment interventions for orthopedic 
conditions using randomized clinical trials was an unknown practice in the 1970s. 
Medical journals published papers describing orthopedic and podiatric treatment 
interventions that were mostly retrospective reviews or simply “expert opinion,” 
which today would qualify as Level 4 or 5 evidence.

Shortly after I graduated from podiatric medical school, and for the next 30 years, 
a renaissance occurred in the world of lower extremity biomechanics and orthope-
dic surgery. An academic discipline developed by movement scientists and engi-
neers known as “biomechanists” began studying lower extremity function during 
walking and running. New insights emerged regarding the kinematics, or movement 
of skeletal segments, as well as the kinetics, which studied the forces acting on those 
segments. Surgeons began performing research with biomechanists to study 
pathomechanics as well as evaluating procedures and their functional effects on the 
lower extremity. Surgical procedures took a quantum leap in technical sophistica-
tion thanks to arthroscopy as well as advances in hardware for internal fixation. 
Concomitantly, the academic community set standards for outcomes research and 
evidence based medicine to measure the reliability of treatment interventions. 
Certainly, the 1980s and 1990s were the most exciting times for anyone treating 
lower extremity pathologies as new understanding and new technologies for treat-
ment underwent meteoric growth.

During this time period, some of what I had been taught in podiatry school was 
challenged, if not disproven, in terms of how the human foot functioned. Certainly, 
our concept of the ideal or “normal” foot was contradicted. As a result, the goals and 
strategies for foot orthotic therapy were heavily scrutinized.

Many of the surgical procedures which were “gold standard” in the correction of 
forefoot pathologies were abandoned and replaced by newer procedures. Outcomes 
research began showing which procedures worked better than others. A better 
understanding of pathomechanics as well as improved technologies produced more 
favorable and predictable outcomes.

As more insight became available about the pathomechanics of common foot 
and ankle problems, it became apparent that a knowledge of anatomy, physiology, 
and physics would be essential to understanding the etiology of musculoskeletal 
disorders. This posed a challenge to any podiatric physician in clinical practice and 
an even greater challenge to a teacher in the podiatric profession. I began teaching 
podiatric medical students almost immediately upon completion of my residency 
program in 1981, and within several years began lecturing at professional confer-
ences on various topics of lower extremity biomechanics and surgery. I basically 
went back to school to learn from other disciplines and had to synthesize new infor-
mation which could be clinically relevant to the ever-changing practice of podiatric 
medicine.

This interest in teaching started my own journey to better understand foot func-
tion. Early on, I focused solely on new research published in podiatric, orthopedic, 

Preface



ix

and academic biomechanics journals. It was 20  years later in my career when I 
“discovered” the brilliant insight of anatomists and anthropologists who had a 
unique insight into function of the human foot. In most cases, this insight was based 
upon comparative anatomy, showing how and why the human foot functions in a 
superior fashion compared to all other primates.

The anatomists who provided the most influence for this book include
Hicks, MacConaill, Lewis, Bojsen-Moller, and Sarrafian [5, 6, 9–17]. None of 

these researchers proposed a “theory” of foot function or foot treatment. Instead, 
they described the anatomy of the human foot in a manner different than what is 
seen in standard medical textbooks. In a sense, anatomy is a pure science and the 
descriptions of the component parts of the human foot cannot be distorted or be 
misrepresented. Conversely, describing functional anatomy and proposing how cer-
tain structures of the human foot function and differ from all other animals provides 
the potential for speculation and opinion. When these anatomists published their 
observations, there were no technologies available to validate their hypotheses. 
They often used the crude techniques of still photography and footprints. 
Notwithstanding, it will be shown that all five of these anatomists were nearly 100% 
correct in their initial assumptions as many subsequent scientific investigations vali-
dated their conclusions.

When evaluating current knowledge about function of the human foot as well as 
insights from the anatomists 50–100 years ago, there are 4 basic concepts which 
stand true:

 1. The human foot is an osteoligamentous structure, twisted upon itself to provide 
stiffness as well as compliance. This spring-like structure of the human foot is 
capable of storing and releasing energy better than any other primate.

 2. Pronation and supination of the forefoot is coupled with supination and prona-
tion of the rearfoot, and all these motions are coupled with rotation of the talo-
tibiofibular unit.

 3. The lateral column of the foot is essential for providing medial transfer of load 
to the forefoot during terminal stance and pre-swing.

 4. Pronation of the forefoot is essential to engage the windlass, stabilize the 
digits, and enable push off across the transverse axis of the 1st and 2nd 
metatarsophalangeal joints (MTPJ’s).

As each foot disorder is studied, a common theme will surface where one or 
more of these four features has been disrupted. Recognizing the underlying mechan-
ical aberration is an important prerequisite to implementing an effective treatment 
intervention. My goal in writing this book is to provide clinicians an understanding 
of pathomechanics which will ultimately improve treatment outcome for their 
patients.

Oakland, CA, USA Douglas H. Richie Jr 
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Comparative Anatomy and Introduction 
to the Twisted Plate Mechanism

“Man’s foot is all his own. It is unlike any other foot. It is the 
most distinctly human part of his whole anatomical makeup. It 
is a human specialization and, whether he be proud of it or not, 
it is his hallmark and so long as Man has been Man and so long 
as he remains Man, it is by his feet that he will be known from 
all other members of the animal kingdom” [1].

Frederic Wood Jones, 20th century anatomist

1

Key Points
• The human foot contains certain anatomic features which enable efficient 

upright bipedal ambulation that are not seen in other primate feet.
• Failure of one or more of these unique structures accounts for most of the 

pathologies seen in the human foot today.
• The human foot resembles the chimpanzee foot during various phases of 

embryonic and fetal development until the lamina pedis or footplate 
“twists” into its uniquely human anatomic alignment.

• Humans are unique in possessing a lateral column with osseous locking at 
the calcaneocuboid joint which facilitates load transfer to the medial col-
umn during terminal stance.

• Push off across the transverse axis of the first and second MTPJs is another 
unique feature of humans compared to primates and is dependent upon 
pronation of the forefoot allowing pre-tensioning of the central band of the 
plantar aponeurosis.

• The human foot is not entirely rigid during midstance and terminal stance 
and actually undergoes more motion across the midfoot joints during pre- 
swing than what is seen in other primate feet.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-54201-6_1&domain=pdf
https://doi.org/10.1007/978-3-030-54201-6_1#DOI
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 The Specialization of the Human Foot

The unique function of the human foot is made possible by certain specialized ana-
tomic features which are not found in any other primate species. Paradoxically, 
these unique structures are prone to failure and cause the most common disorders of 
the human foot. The trade-off for specialization of the human foot is a vulnerability 
to injuries which can ironically progress and significantly hamper the unique form 
of ambulation for which these structures are designed to enable.

The specialization of the human foot has enabled upright, bipedal ambulation. 
Human ambulation is not limited to upright bipedal walking. Certain features enable 
a human to participate in endurance running at a level of efficiency which exceeds 
all other mammals. Indeed, the human foot may be better suited for running than 
walking.

Teaching the specialization of the human foot requires comparison to other pri-
mate feet. Some observers would challenge this approach. For example, compari-
sons of the human foot to the ape foot are not valid from an evolutionary standpoint 
since there has never been identified a common ancestor shared by the two species. 
It is important to note that by teaching comparative anatomy, it does not suggest that 
humans descended from apes, as there is no supporting evidence of this theory [2]. 
Studying comparative anatomy teaches why the human foot performs better than 
the ape foot. It also allows appreciation of the many unique features of the human 
foot which, when they fail, can lead to one or more significant pathologies. 

The specialized structures of the human foot include an enlarged calcaneus, 
well-developed longitudinal and transverse arches, short toes, and an adducted, 
non-opposable hallux. In comparative anatomy, the central plane of the human foot 
is the second metatarsal, according to French anatomic tradition. Thus, positioning 
of the hallux away from the midline of the body and toward the second metatarsal 
in this traditional anatomic tradition is called “adduction.” That is why comparative 
anatomists describe the prehensile hallux and first ray of the primate foot as being 
“abducted.” Prehension is the act of grasping or gripping. In all other discussion 
regarding the first ray in this book, the modern anatomic plane of reference is the 
midline of the body. Thus, the condition “hallux abductovalgus” refers to a move-
ment of the hallux toward the second metatarsal and away from the midline.

The human midfoot has always been considered unique in its ability to become 
“rigid” during midstance, allowing heel rise and efficient propulsion via tension 
created by the tendo Achilles. More recent kinematic studies have revealed that 
stiffness or rigidity of the midfoot joints of humans is a misconception as there is 
significant motion or compliance across the midfoot joints when humans ambulate. 

• The human foot does not possess an osseous locking mechanism across the 
midfoot joints but does rely on static and dynamic restraint provided by 
soft tissue structures which stiffen the foot prior to terminal stance and 
which provide the storage and release of energy for efficient ambulation.

1 Comparative Anatomy and Introduction to the Twisted Plate Mechanism
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In fact, anthropologists have given better insight into the compliance of the human 
foot and have shown similarities with the ape foot, not previously discovered by any 
other academic disciplines. This will be explored in detail later in this chapter.

Bipedalism is not unique to humans. Many animals can ambulate while standing 
only on their hind feet, albeit for brief periods of time. Gibbons ambulate with a 
bipedal gait 10% of the time, yet have a mobile prehensile foot structure with an 
opposable hallux, just like all arboreal primates. What makes Gibbons unique com-
pared to all other nonhuman primates is the presence of an Achilles tendon compa-
rable in size to humans.

An adducted (non-opposable) hallux with a rectus, adducted (non-divergent) first 
ray is not unique to humans. Other animals such as squirrels, chipmunks, prairie 
dogs, beavers, and raccoons have non-divergent first rays in their hind feet which 
enable them to stand up on those feet for brief periods of time. The black bear has 
hind feet with tarsometatarsal joints in similar alignment as humans which allow 
this animal to also stand upright on two feet. Compared to humans, the first meta-
tarsal of the black bear is the smallest in diameter, while the fifth metatarsal is the 
largest.

None of these animals, however, can run upright on two feet. Bramble and 
Lieberman discuss in their classic article that running, rather than walking, is the 
ultimate differentiating performance feature of the human foot [3]. They argue that 
the springlike mechanisms of the human foot, made possible by several muscle and 
ligamentous features, are activated far greater during running than walking. Further 
adaptations for long-distance or endurance running in humans are hypertrophy of 
the gluteal muscles and spinal extensor muscles which stabilize the trunk during 
running but not walking. Also, humans have a decoupled shoulder girdle which is 
essential for running. The development of a specialized system to dissipate body 
heat during running was a key advancement for the human species. With these fea-
tures, Bramble and Lieberman point out that humans can outrun almost any animal 
on the planet over distances greater than 10 km or for periods of time exceeding 
1 hour [3]. Endurance running rather than short sprints is what enables humans to 
be superior to all other primates in terms of mobility for hunting.

Within the foot itself are many specialized features which enable upright bipedal 
walking and running in a manner which cannot be achieved by any other primates. 
Among the apes, the chimpanzee foot most closely resembles the human foot. The 
chimpanzee foot contains the same number of bones as the human foot. At first 
glance, the bones of the human foot and chimpanzee foot look remarkably similar. 
However, subtle differences in shape of the bones as well as key soft tissue struc-
tures make the human foot unique among all other mammals (Fig. 1.1). The com-
parisons described are based upon the work of McNutt et al. [2].

In chimpanzees, the tibia is oriented in a varus alignment to the supportive sur-
face. In addition, the ankle joint itself is angulated into varus due to a high lateral 
rim of the talus. The posterior facet of the subtalar joint in the chimpanzee is ori-
ented almost vertical, or perpendicular, to the supportive surface, and the calcaneus 
is thus positioned lateral to the talus. The posterior calcaneal facet is highly convex 
in the chimpanzee, providing a high range of inversion and eversion for grasping. 
Therefore, chimpanzee foot can evert and achieve a plantigrade position despite the 

The Specialization of the Human Foot
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varus alignment of the tibia and ankle because of the extreme range of motion avail-
able at the subtalar joint.

In the human ankle and hindfoot, the dorsal rim of the talus is parallel to the 
distal articular surface of the tibia and parallel to the supportive surface. Thus, the 
human foot is in a more everted position relative to the tibia and ground compared 
to the chimpanzee foot. The posterior facet of the subtalar joint is oriented parallel 
to the supportive surface but inclined or pitched dorsally from proximal to distal. 
Compared to the chimpanzee, the subtalar joint surface is flat, providing less mobil-
ity but more stability during upright bipedal gait.

The human calcaneus is unique in several ways. The entire posterior tuber of the 
calcaneus is three times the volume of the chimpanzee tuber [4]. Interestingly, the 
calcaneal tuber is wider in humans, but shorter than what is seen in the chimpanzee 
foot. A shorter calcaneus has a shorter moment arm for the Achilles acting at the 
ankle joint. Raichlen and co-workers theorize that the shorter calcaneal tuber in 
humans places more stretch on the Achilles which increases elastic energy storage 
[5]. They propose that storage of elastic energy by Achilles provides reduced energy 
cost during running, but not during walking.

Energy storage is also improved within the bones themselves in the lower extremity 
of humans. Latimer points out that while the human calcaneus is wider in girth than 
other primates, there is another critical difference in the ratio of cortical -to -cancellous 
bone [6, 7]. The human calcaneus has a thin cortical shell, and the primary contents are 
dominated by cancellous bone in a higher proportion than any other primate. This 
human adaptation is also seen in the distal tibia at the ankle and proximal tibia at the 
knee. Latimer shows that compared to cortical bone, cancellous bone has a lower elas-
tic modulus and therefore is capable of storing energy better than cortical bone. 
Furthermore, the vast internal network of trabeculae in cancellous bone increases the 
overall skeletal surface area available for energy storage.

The human calcaneus has a lateral process which is plantarly positioned. This 
increases the weight-bearing surface of the calcaneus compared to the chimpanzee 
where the lateral process is dorsally positioned away from the supportive surface. 
The increased surface area and volume of the calcaneus allow the human foot to 
accept high-frequency loads during heel strike. The peroneal trochlea of the calca-
neus is more robust and proximally positioned in the chimpanzee to allow a larger 
fulcrum and longer moment arm for the peroneus brevis and longus tendons to act 
on the divergent first ray for grasping. The peroneal trochlea is smaller and more 
dorsally positioned on the calcaneus of the human foot.

The articulation of the calcaneus and the cuboid is unique in humans with two 
osseous structures which facilitate “locking” of the joint into a close-packed posi-
tion. A beak or proximally directed projection of bone is seen in the human cuboid 
at its plantar-medial proximal aspect (Fig. 1.2). This proximally directed beak of the 
cuboid articulates with the coronoid fossa on the inferior edge of the articular sur-
face of the calcaneus. A dorsal “overhang” located in the superomedial corner of the 
human calcaneus locks over the dorsal surface of the cuboid. Both of these osseous 
structures, unique to the human calcaneus, provide restraint of motion in the sagittal 
plane at the calcaneocuboid joint when this joint is moved into a pronated, or close- 
packed position.

The Specialization of the Human Foot
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There is an articular facet facilitating motion between the cuboid and navicular 
in chimpanzee feet, while human feet lack such a facet and instead have an interos-
seous ligament to restrict motion between these two bones. Thus, the navicular and 
cuboid are free to rotate upon each other in the chimpanzee foot. Overall, the mid-
foot joints of the human foot are adapted for stability at the sake of mobility.

The first ray of the human foot is adducted and parallel to the lesser metatarsals, 
while the first ray in the chimpanzee is divergent. The difference in alignment occurs 
at the articulation of the first metatarsal with the medial cuneiform. In the chimpan-
zee, the articular surface of the medial cuneiform is convex which enhances mobil-
ity. This articular surface of the first metatarsocuneiform joint is directed medially 
in the chimpanzee to facilitate grasping of the entire ray across the foot. In humans, 
this articulation is rotated laterally, bringing the first metatarsal parallel to the lesser 
metatarsals. Also, the first metatarsocuneiform joint in the human foot has a flat 
surface for stability and load bearing. The medial cuneiform of the human foot pos-
sesses a tubercle for insertion of the peroneus longus tendon, while this tendon 

a b

Fig. 1.2 Right calcaneocuboid joint from (a) man and (b) gorilla. Plantar aspect. The calcaneal 
process of the cuboid (arrow) extends posteriorly into a recess on the calcaneus. In the gorilla, the 
joint surfaces are extended medially (asterisks), while the calcaneal process is absent. (Adapted 
from: Bojsen-Møller [16])

1 Comparative Anatomy and Introduction to the Twisted Plate Mechanism
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primarily inserts on the first metatarsal in the chimpanzee to increase the lever arm 
for pulling the first ray across the foot in grasping.

The metatarsal heads of the human foot are designed for dorsiflexion of the digits, 
while in the chimpanzee foot, the metatarsal heads are adapted for plantarflexion of 
the digits. The articular surfaces of the heads of the metatarsals in the human foot are 
dorsally domed, while they are prolonged plantarly in the chimpanzee foot. The 
shafts of metatarsals 2–5 are inverted in the chimpanzee foot to enable opposition to 
the hallux for grasping. The lesser metatarsals are everted in the human compared to 
the chimpanzee, bringing the MTPJs and the toes out of a varus position and orient-
ing them to the ground for weight bearing. The articulations of the tarsometatarsal 
joints are elongated from dorsal to plantar in humans, while they are flatter in the 
chimpanzee. Therefore, the midfoot joints are anatomically stiffer in humans.

The phalanges of the human foot are shorter and stouter than the chimpanzee. 
Shorter phalanges allow greater dorsiflexion  range of the MTPJs due to reduced 
lever arm of the toe flexors. The base of the proximal phalanx is canted in humans 
to favor dorsiflexion, while in the chimpanzee foot, the cant of the proximal phalanx 
will favor plantarflexion and grasping.

Finally, there are unique ligament structures in the human foot which are essen-
tial for upright bipedal ambulation. In the human foot, the position of the calcaneus 
under the talus has moved it away from an articulation with the fibula, which is seen 
in the chimpanzee foot. While this position of the calcaneus in the human foot opti-
mizes rearfoot alignment for a heel rocker and forward progression, it also creates a 
precarious situation for osseous stability in the frontal and transverse planes. As a 
result, in the human foot, the calcaneus relies upon ligamentous attachments to the 
bones located proximal in order to limit rotational moments from ground reaction 
forces. Adaptive features which address the lack of osseous stability laterally across 
the ankle and subtalar joints include the anterior talofibular ligament and calcaneo-
fibular ligament which are well developed in the human ankle and poorly developed 
in the chimpanzee ankle [8].

There are several soft tissue structures unique to the human foot. Humans contain 
a long Achilles tendon designed to store and release elastic strain energy for ambula-
tion. The establishment of the medial and lateral arches of the human foot requires 
four unique ligaments  which are not well developed in the chimpanzee foot: the 
plantar aponeurosis, the long plantar ligament, the plantar cuboideonavicular liga-
ment, and the bifurcated ligament [9]. The role of these ligaments in providing the 
unique bipedal gait in humans will be discussed further. First, it is important to show 
how the unique features of the human foot develop in the embryo and fetus.

 Ontogeny of the Human Foot

Further insight into the comparative anatomy and specialization of the human foot 
can be gained by studying the embryonic development of the lower limb. While 
some subscribe to the notion that “ontogeny recapitulates phylogeny,” it has been 
shown that such an assumption is filled with shortcomings. Just as in the proposed 
evolution of the human foot, there are gaps in understanding the uniqueness of the 
ontogeny relative to other species.

Ontogeny of the Human Foot
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 Does Ontogeny Recapitulate Phylogeny of the Human Foot?

Probably, the most unique feature of the human foot from an evolutionary stand-
point is the alignment of the first ray and hallux to the long axis of the foot. There is 
a  false, but well-accepted notion that the human foot evolved from an ape-like 
ancestor. A perceived monumental advancement allowing humans to assume an 
upright bipedal gait was the loss of the divergent first ray and prehensile hallux seen 
in all other primate creatures. Yet, at no time, during embryonic and fetal develop-
ment does the human foot demonstrate a prehensile hallux [10]. Furthermore, there 
is no fossil evidence of a prehensile hallux in any of the “prehuman” hominoid spe-
cies. A prehensile hallux is seen only in nonhuman primates.

Conversely, several “ape-like” foot structures are seen in the human embryo, 
which then differentiate into unique specialized features seen only in the adult 
human foot. We will explore the appearance of these features during the embryonic 
stage, which is the first 8 weeks after fertilization, while the fetal stage starts at 
8  weeks after fertilization and  culminates with birth. The designated weeks and 
months of the embryo and fetus refer to the time after fertilization. The descriptions 
are based upon the work of Sarrafian and Kelikian [11].

 Ankle and Hindfoot Development: Twisting the Plate of Bones

In the ape species, which includes baboons, gorilla, and chimpanzee, the talus and 
the calcaneus are oriented side-by-side in the horizontal plane rather than stacked 
vertically as seen in the human foot. Therefore, in the ape foot, the talus and calca-
neus lie adjacent in the transverse plane. This alignment orients the talus and calca-
neus parallel to the weight-bearing surface, i.e., the substrate. With the talus lying 
next to the calcaneus, the articular surface of the subtalar joint is oriented in a verti-
cal fashion, permitting wide ranges of transverse plane and frontal plane motion of 
the hindfoot.

The ankle joint of the ape foot is angulated medially due to the orientation of the 
distal tibia and the trochlea of the talus. This facilitates grasping for an arboreal 
existence. The tibia and fibula of the ape ankle are equidistant from the substrate, 
i.e., equally aligned from the ground. The fibula articulates with the calcaneus in 
most ape species and in many other mammalian species. In most ape feet, the articu-
lation between the tibia and fibula, i.e., the ankle syndesmosis, seen in the human 
foot is either not well developed or may be nonexistent. Thus, the nonhuman pri-
mate ankle is wider than the human ankle and has weight bearing shared between 
the tibia and talus as well as the fibula which articulates with the calcaneus. The 
large range of frontal and transverse plane motion in the ankle and subtalar joints 
allows the ape to bring their feet plantigrade, despite a varus orientation of the tibia.

This parallel arrangement of the talus and calcaneus seen in the ape foot, oriented 
side-by-side in the transverse plane, is also seen clearly in the 7-week human 
embryo, or Horizon 20. At this stage, the calcaneus is in contact with the fibula, and 

1 Comparative Anatomy and Introduction to the Twisted Plate Mechanism
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the distal margin of the tibia and fibula is on the same plane. All of these features are 
identical with a fully developed ape-like foot (Fig. 1.3).

A critical change occurs during the embryonic development of the human foot 
between Horizon 20 and 22 which is approximately the eighth embryonic week 
(Fig. 1.4). Rather quickly, a well-developed distal tibiofibular ankle articulation 
(syndesmosis) has formed providing cavitation for the ankle joint. The tibia has 
retracted proximally with the talus, while the fibula remains at its original distal 
location. Most importantly, the calcaneus has moved under, or inferior to the 
talus, and these two bones are now oriented vertically. This represents a vertical 
compression of the talus and calcaneus. It also partially establishes the “twisted 
plate” orientation of the bones of the human foot, unique to humans, where the 
rearfoot bones are compressed vertically and metatarsals are compressed horizon-
tally. MacConnail was the first to describe the twisted plate arrangement of the 
bones of the human foot [10]. Saraffian expanded upon this observation to show 
how the “twist” of the plate of foot bones established the medial, lateral, and 
transverse arches of the human foot [11]. The osteoligamentous structure of the 
human foot, oriented as a twisted plate, will be explored in more detail and will 
be a common theme throughout this book.

The ankle joint has rapidly progressed between embryonic weeks 7 and 9 to 
align the bones for optimal dorsiflexion and plantarflexion, using one articulation 
between the tibia and the talus. This realignment sacrifices grasping, with reduced 
inversion and eversion of the ankle and hindfoot. With the need for grasping no 
longer necessary, the subtalar joint has rotated almost 90° to minimize frontal plane 
motion, perhaps an improvement for overall stability during bipedal gait.

The arches of the human foot cannot maintain their integrity without key sup-
portive ligamentous structures which are not seen in most other primate feet. These 

FIBULA

TALUS

CALCANEUS

CUBOID

NAVICULAR

TIBIA Calcaneus articulates with
the fibular and lies lateral
to the talus

Tibia: Has not contact with
the fibula and extends distal
to the fibula

Fig. 1.3 The flat footplate: The 18-mm human embryonic foot
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unique ligaments are the plantar fascia and the long and short plantar ligaments [9]. 
These structures do not develop until after the third month of fetal development and 
follow the appearance of important muscular structures.

Prior to the twisting events which positioned the calcaneus under the talus, key 
tendons have already developed. The insertions of the tibialis anterior and the 
Achilles are visible in the 7-week embryo. Some of the plantar intrinsic muscles are 
also visible including the quadratus plantae and abductor hallucis which appear in 
the 6-week embryo. The adductor hallucis and flexor hallucis brevis are not well 
developed at 6 weeks as the first metatarsal has not yet moved from its abducted 
position. This will not occur until after the eighth embryonic week.

 Ontogeny of the Forefoot

When the metatarsals and digital rays first become visible in the mesenchymal 
stage, or the fifth and sixth week of embryonic development, the metatarsals are 
spread apart. The angle of divergence of the first and second metatarsals in the 
2-month embryo is 32° which decreases to 9° at 9 months and 6° in the adult. The 
first metatarsal has a lateral, (valgus) twist  or torsion starting at 25°valgus at 
3 months, ending up at 13° valgus in the adult. This valgus torsion in the adult first 
metatarsal is often confused to be a result of hallux abductovalgus deformity, yet it 
is a normal finding. The second metatarsal has a medial (varus) twist of 13° at 
3 months reducing to 5° varus in the adult. The medial torsion of the second meta-
tarsal and lateral (pronatory) torsion of the first metatarsal are remnants of the 

Talus and tibia have migrated
proximal relative to the fibula

Fibula articulates with
the Talus and extends
distal to Tibia

Calcaneus has rotated
under the Talus

Fig. 1.4 The twisted footplate: 33-mm human embryonic foot

1 Comparative Anatomy and Introduction to the Twisted Plate Mechanism
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grasping function of the foot seen in other primates whose twisting arrangement of 
the metatarsals is much more exaggerated [3].

The hallux and first metatarsal are deviated medially in the transverse plane in 
the 7-week embryo. This is partly attributed to the angle of the neck of the talus. 
However, the more important contribution to alignment of the first metatarsal is the 
distal articular surface of the medial cuneiform which is angulated 45° medial in the 
7-week embryo. This angle diminishes to almost zero by 12 weeks. The adducted, 
or medially deviated, first metatarsal suggests an embryonic portrayal of a prehen-
sile hallux, or opposable first ray and hallux. However, while the first ray is medially 
deviated in the 7-week human embryo, it never assumes the appearance of an inde-
pendent, opposable structure or a true prehensile hallux [10]. When the deep trans-
verse metatarsal ligament becomes visible at 12 weeks, the bridge or connection 
between the first and second metatarsal is evident. There is no true independence of 
the first ray from the rest of the foot. Never is there a time when this soft tissue 
bridge between metatarsals 1 and 2 is not evident [10]. When the deep transverse 
ligament develops, it bridges across all five metatarsals. Conversely, a prehensile 
thumb is fully developed in the hand of the 7-week human embryo with no bridging 
of a transverse metatarsal ligament between metacarpals 1 and 2.

The 12-week fetus demonstrates an adducted hallux and adducted first metatar-
sal. Based on current anatomic terms, this means that the hallux and first metatarsal 
are abducted away from the midline of the body and, according to traditional French 
anatomic terms, adducted toward the second metatarsal. This realignment coin-
cides with the appearance of the insertion of the peroneus longus tendon on the base 
of the first metatarsal and medial cuneiform. The oblique course of the peroneus 
longus tendon across the midfoot to insert on both the first metatarsal and medial 
cuneiform is a unique human feature. In the ape foot, the peroneus longus follows 
more along the long axis of the foot and inserts only to the first metatarsal.

In the 12-week fetus, the deep transverse metatarsal ligament has wrapped fully 
around the head of the first metatarsal to maintain its new adducted alignment closer 
to the second metatarsal. The sesamoids also chondrify at 12 weeks which is clearly 
a milestone of fetal development of the first ray and supportive structures of the first 
MTPJ.  The sesamoids are now anchored to the deep transverse metatarsal liga-
ment which is a unique human feature. It is also a critical anatomic relationship 
which allows the progression of hallux abductovalgus deformity.

Another key differentiating feature of the human foot is decreased length of the 
digits. This is thought to be an advantage for bipedal gait and progression of the 
center of mass over the toes during forward propulsion. Longer digits have a longer 
lever arm for the soft tissue restraints, i.e., the long digital flexor tendons to resist 
dorsiflexion at the metatarsophalangeal joints. In the fetus, the lesser digits 2–5 are 
longer than in the adult. The gradual shortening of the digits which occurs during 
fetal development to the adult occurs mainly at distal phalanges. The unique human 
characteristic of a “great toe,” or hallux, which is wider than any of the other toes, 
is fully evident by the tenth week of fetal development. Conversely, the first meta-
tarsal is shorter than the second metatarsal at 3 months (ratio 0.73) and then grows 
faster than the second metatarsal ending up with a ratio of 0.33 at birth. Thus, digital 

Ontogeny of the Human Foot
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length as well as metatarsal length demonstrates an ape-like configuration in the 
human embryo, progressing to a unique human-like relationship by the end of fetal 
development. The increased length of metatarsals 1 and 2 increases the lever arm for 
push off by the triceps during terminal stance and offers a distinct advantage over 
the nonhuman primate foot where the first metatarsal is the shortest of all five 
metatarsals.

 Rotation of Segments

At the seventh embryonic week, the feet are in full equinus, with no dorsal crease at 
the ankle, and the lower extremities are positioned in extreme external rotation. In 
the eighth week, the thigh and lower leg begin internally rotating. At 12 weeks, the 
foot is now positioned external relative to the leg yet is still positioned in equinus or 
plantarflexion at the ankle. The magnitude of equinus reduces during the third fetal 
month, but the foot remains inverted or supinated. The first metatarsal has already 
adducted or moved toward the second metatarsal at 12 weeks. By the fourth month, 
the foot pronates out of its supinated position, but still ends up slightly supinated, 
while equinus positioning at the ankle fully reduces. A slight metatarsus varus 
remains at 12 weeks. The pronation rotation of the entire foot seen at month 4 con-
tinues thru fetal development and is not yet complete in the newborn.

During fetal development, the calcaneus increases in length, particularly within 
the main body of this bone. An angle of torsion exists between the long axis of the 
calcaneal tuber and tibial diaphysis at 12 weeks. The calcaneus is rotated into a 
supination-varus angle of 36° at 3 months which reduces to 26° at 9 months. The 
calcaneus continues to rotate in a valgus direction in the newborn to finally reach an 
angulation of 3° varus in the adult.

At the end of the eighth embryonic week, the skeletal components of the foot are 
composed of cartilage and are fully formed. At the ninth week, the talus begins 
changing into a “human” form, compared to a previous ape-like shape during the 
embryonic stage. The declination angle of the talar neck has increased to 25° (i.e., 
the head and neck of the talus plantarflex after the eighth embryonic week). The 
lateral process of the talus is well developed and articulates with the fibula. This 
coincides with the unique position of the talus which has retracted with the tibia 
proximally, placing it on top of the calcaneus. The proximal migration of the tibia 
and talus leaves the fibula behind which is now positioned distal to the tibia and the 
talus (Fig. 1.4).

The next major change in the talus occurs between 5 months and 9 months of fetal 
development when the angle of the talar neck, relative to the trochlea, moves later-
ally, into abduction, from a 32-degree angle to a 25-degree angle (Fig. 1.5). With 
respect to the calcaneus, the neck of the talus rotates lateral. The talar neck/calcaneal 
angle measures 36° at 5 months, reducing to 30° at 9 months and 23° in adult. The 
trochlear/calcaneal angle measures 6° at 5 months and 1° at 9 months and adult. The 
net result is adduction (lateral displacement) of the head and neck of the talus to align 
over the calcaneus, closing down the talocalcaneal angle in the transverse plane.

1 Comparative Anatomy and Introduction to the Twisted Plate Mechanism
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The head of the talus undergoes lateral or valgus rotation measuring 19° valgus 
or pronated at 5 months, increasing to 26° valgus at 9 months and finally achieving 
37° of valgus or lateral rotation in the adult (Fig. 1.6). The biplane changes of shape 
of the talus during fetal development are a critical and unique specialization of the 
human foot compared to other primates. These changes in the talus initiate a twist-
ing of the forefoot relative to the rearfoot in the direction of pronation and also carry 
the first ray into adduction toward the second metatarsal. Ultimately, this places the 
plane of all of the metatarsals flat on the ground (Fig. 1.7).

It takes 9  months to complete the twisted plate configuration of the osseous 
structures of the human foot during embryonic and fetal development. This begins 
at the eighth embryonic week, with rotation of the calcaneus medially from its lat-
eral position, to become positioned inferior to the talus. The twisting of the entire 

5 months Adult

10°

3°

40°

24°

Anterior view
Left Foot

Fig. 1.5 Transverse plane rotation of the trochlea (yellow) and neck of talus (blue) relative to 
calcaneus
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foot out of supination, which occurs between the fourth and ninth fetal months, 
occurs within the shape of multiple bones, as well as at the articulations between the 
rearfoot and the forefoot. Further valgus twisting of the forefoot on the rearfoot after 
birth and until adulthood establishes the medial, lateral, and transverse arches of the 
foot (Fig. 1.8).

 The Twisted Plate Provides the Specialized Function 
of the Human Foot

The horizontal arrangement of the metatarsals relative to a vertical position of the 
talus and calcaneus is what most anatomists consider to be the final and most spe-
cialized feature of the human foot. This “twisted plate” orientation of the foot bones 
was elegantly described by MacConaill, an Irish anatomist: [12]

The bones and ligaments of the human foot form a twisted osteo-fibrous plate of irregular 
thickness; the degree of torsion of the tarsometatarsal part of this plate is alterable. The 
torsion of the foot skeleton is brought about in intra-uterine life. By comparison with the 
upper limb; the whole lower limb is defined to be permanently pronated; the twist of the foot 
skeleton is a twist in the same sense as that of the whole limb. Accordingly, any movement, 

Foot plate

Twisting

Untwisting

Fig. 1.8 Twisting a plate 
of bones establishes the 
medial, lateral, and 
transverse arches of 
the foot
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or set of movements, which brings about a lessening of the torsion of the foot skeleton will 
be called supinative; and any movement, or set of movements, which brings about an 
increase of the torsion will be called pronative. The foot will be said to be supinated when 
it has been untwisted as much as is normally possible; and as being pronated when it has 
been twisted as much as is normally possible.

MacConaill uses the term “lamina pedis” to describe the bones of the foot, absent 
the talus. He, like many anatomists, considers the talus to be part of the leg, not the 
foot. The twisted plate model proposed by MacConaill describes medial rotation of 
the calcaneus to align vertically under the talus. The forefoot rotates into eversion, 
moving away from a grasping position to become plantigrade on the ground. 
Twisting of the lamina pedis during embryonic development results in a vertical 
“compression” of the bones of the rearfoot (calcaneus and talus), while the bones of 
the forefoot are compressed horizontally (Fig. 1.9). This leaves the narrow calca-
neus as the only bone in the rearfoot to remain in contact with the supportive sur-
face. Therefore, ground reaction forces have a limited surface area to act upon in the 
rearfoot. The narrow weight-bearing surface of the calcaneus limits the length of the 
lever arm of ground reaction forces to apply torque on the subtalar joint. At the same 
time, with placement of the calcaneus beneath the talus, the Achilles has an increased 
length of lever arm acting at the ankle and subtalar joints. The posterior facet of the 
subtalar joint is now oriented perpendicular to the line of action of the Achilles 
which further facilitates the lever arm. The longer, perpendicular lever arm of the 
Achilles has significant influence on frontal plane movement of the rearfoot at the 
subtalar joint in the human foot.

In the forefoot, the wide flat plane of the metatarsals will allow ground reaction 
forces to provide a cantilever effect on the narrow calcaneus supporting the rear-
foot. From an anatomical standpoint, it is easy to see how ground reaction forces 

Forefoot bones are
compressed horizontally

Rearfoot bones are 
compressed vertically

Fig. 1.9 The twisted plate 
arrangement of the bones 
of the human foot
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acting on the weight-bearing surface of the metatarsal heads will have an extended 
lever arm to apply torque on the midtarsal joint and the subtalar joint. This mecha-
nism is entirely dependent upon the stiffness of the numerous joints which lie 
between the metatarsal heads and the calcaneus. Conversely, the narrow weight-
bearing surface of the rearfoot has reduced capacity to influence alignment of the 
forefoot.

When the forefoot is supinated, the lamina pedis is “untwisted” and the human 
foot is stiff due to maximal tensioning of the plantar ligaments. MacConaill pro-
poses that this intrinsic stiffening is an essential mechanism for the human foot to 
achieve upright bipedal gait. According to MacConaill, the untwisting of the lamina 
pedis or footplate is a response to rearfoot position: as the rearfoot pronates, the 
forefoot supinates (Fig. 1.10). This notion validated a previous observation from 
Steindler who proposed that all five metatarsals will rotate on their proximal joints 
to remain on the ground in response to rotation of the rearfoot [13]. Finally, 
MacConaill was the first to describe how twisting of the forefoot into pronation 
established the medial, lateral, and transverse arches of the foot (Fig. 1.8). “Twisting” 
of the forefoot into pronation and the rearfoot into supination will relax the plantar 
aponeurosis, the long plantar ligament, and the spring ligament (Figs.  1.10 and 
1.11). These assertions were later validated by Saraffian [14].

It is interesting to note the contrast of opinion about the “ideal” position for the 
function of the human foot. MacConaill asserted that the “untwisted” or supinated 
position of the forefoot on the rearfoot provided increased tension on the plantar 

Internal rotation of
fibiotalar unit

Hindfoot
pronated

Forefoot
supinated

Midfoot
pronated

Arch
lowers

Increased tension in plantar aponeurosis

Fig. 1.10 Untwisting the plate
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aponeurosis, the spring ligament, and the long plantar ligament and stiffened the 
entire foot for stability (Fig. 1.12). He also observed that in relaxed stance the rear-
foot was pronated and the forefoot was supinated (i.e., “untwisted” footplate), 
enabling the joints of the rearfoot and midfoot to move into a “synarthrodial” posi-
tion or close-packed position. Upon closer scrutiny, the supinated position of the 
forefoot on the rearfoot does tension ligaments and stabilizes the talonavicular joint 
which has no osseous locking. However, the calcaneocuboid joint is less stable with 
forefoot supination. From an anatomical standpoint, the calcaneocuboid joint 
is close-packed in its pronated position, not in its supinated position.

 Clinical Application of the Twisted Plate Mechanism

Seringe and Wicart, both pediatric orthopedic surgeons, noted the previous work of 
MacConnail, Hicks, and Inman describing the response of the foot bones to internal 
and external rotation of the tibia [15]. They note that after MacConnail, two pediat-
ric surgeons, Meary and Queneau, renamed the lamina pedis the “calcaneopedal 
unit” which includes all the bones of the foot except the talus. In agreement with 
MacConnail, these pediatric surgeons observe that the talus, void of any muscular 
attachments, is locked in the ankle mortise and moves in the transverse plane with 
the tibia and fibula. The combination of the tibia, fibula, and talus is termed the 
“talotibiofibular unit” (Fig. 1.13). These two separate functioning units provide a 
“horizontal segmentation” of the foot, according to Seringe and Wicart which differ 
from traditional segmentation of the foot into medial and lateral (sagittal) columns 

External rotation of 
fibiotalar unit

Hindfoot
supinated

Midfoot
supinated

Decreased tension in plantar aponeurosis

Arch raises

Forefoot
pronated

Fig. 1.11 Twisting the plate
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or rearfoot-midfoot-forefoot (transverse) segments (Fig. 1.14). More importantly, 
the response of the calcaneopedal unit to rotation of the tibio-fibular-talar rotations 
is identical to what MacConnail described previously with the twisting of the lam-
ina pedis in response to loading and unloading of the foot.

Seringe and Wicart note the misconception of segmental foot motion which 
occurs when only the subtalar joint is moved with inversion and eversion, in an off- 
weight- bearing position:

The subtalar joints have a fairly simple function when the foot is not loaded. The calcaneus 
is said to pitch, turn and roll under the talus. The three basic movements of dorsiflexion/
plantar flexion, abduction/adduction and pronation/supination are automatically associated 
in a unique eversion/inversion movement around the Henke axis (first described in 1859). 
Eversion combines dorsiflexion, abduction and pronation of the foot, while inversion com-
bines plantar flexion, adduction and supination. However, this only applies to the unloaded 
foot (when examining a seated or lying subject). The function of the subtalar joints in the 
loaded foot and during walking is completely different. They have been studied relatively 
little and are relatively complex. Some of the distinct features of these joints have been 
somewhat forgotten:

• previously described interaction with the TN joint;
• role in the twisting-untwisting of the foot (flattening of the loaded foot and hollow-

ing of the unloaded foot);
• role in the axial rotation movements of the leg.

Seringe and Wicart describe how certain congenital deformities of the foot 
begin with positioning of the calcaneopedal unit relative to the talotibiofibular 
unit. In pes cavus, muscular imbalance leads to pronation of the forefoot 
(Fig. 1.15). Then, following the twisted plate mechanism, proximal rotation of 
skeletal segments follows. Plantarflexion of the first metatarsal along with 

Interosseous
talocalcaneal ligament

Talus is an intercalary bone
and moves with the leg

Spring ligament

Bifricate ligament

Fig. 1.13 Horizontal segmentation between the foot and the leg. The talotibiofibular unit is 
shaded and the calcaneopedal unit is gray. This establishes a horizontal separation of two function 
units, connected by the interosseous talocalcaneal ligament and the spring ligament complex. 
(Adapted from Seringe et al. [15])
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forefoot pronation creates a medial cavus deformity with the intermediate cunei-
form bone being at the apex. The rearfoot responds to forefoot pronation with 
supination rotation which drives the talus into dorsiflexion and abduction while 
the leg externally rotates. The elevation of the intermediate cuneiform also cor-
responds to raising the transverse arch of the midfoot. The cavus deformity along 
with acquired claw toe deformities is accentuated in the off-weight-bearing con-
dition when the foot is taken off the ground and the lamina pedis “untwists” as 
described by MacConnail.

Conversely, Seringe and Wicart observe that the flexible congenital flatfoot 
deformity is accentuated with weight bearing which induces “untwisting” of the 
calcaneopedal unit, identical to untwisting of the lamina pedis as described by 
MacConnail (Fig. 1.16). Furthermore, the flatfoot deformity appears to originate 
first from calcaneal valgus combined with internal rotation of the talotibiofibular 
unit. In adult acquired flatfoot, loss of stability at the talonavicular joint allows 
adduction and plantarflexion of the talus which is coupled to calcaneal eversion. 
Forefoot supination is a twisting response to rearfoot pronation. Seringe and Wicart 
acknowledge that in pes planus, the calcaneopedal unit will move into abduction as 
one single body in the child, but eventually the forefoot will move into abduction 
across the midtarsal and tarsometatarsal joints as the condition progresses. This 
gradual “untwisting” of the calcaneopedal unit described by Seringe and Wicart will 
be studied in detail relevant to the pathomechanics of the adult acquired flatfoot 
deformity in Chap. 7.

Medial column and lateral column Rearfoot and forefoot

Fig. 1.14 Traditional 
division of functional units 
of the human foot
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 Twisting the Plate and Locking for Optimal Foot Function

Bojsen-Moller proposed that the stability of the foot was almost entirely dependent 
upon “locking” of the calcaneocuboid joint which he observed would occur when 
the forefoot was pronated on the rearfoot [16]. In this case, the plate would be 
“twisted” to provide forefoot pronation. According to Saraffian, this twisting would 
relax tension on the plantar aponeurosis and the long plantar ligament. However, an 
osseous locking of the calcaneal-cuboid joint occurs with pronation of the forefoot 
on the rearfoot which is integral to optimal load transfer for a propulsive gait.

In his landmark paper, Bojsen-Moller begins with a detailed description of the 
calcaneocuboid joint of humans compared to the gorilla and chimpanzee foot. In 
the human foot, the cuboid has a “calcaneal process” located at the plantar and 
medial margin which extends into a recess on the calcaneus and is restrained by 
the plantar calcaneocuboid ligament (Fig. 1.2). The calcaneocuboid joint is a con-
cavoconvex arrangement (saddle-shaped joint) which allows the cuboid to rotate 

PRO

ER

SUP.

Fig. 1.15 Mechanism of 
pes cavus deformity. Rigid 
pronation of forefoot 
twists the rearfoot into 
supination and the 
tibiotalarfibular unit into 
external rotation. (Adapted 
from Seringe et al. [15])
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on the calcaneal process as a pivot. Pronation of the midtarsal joint moves the 
calcaneocuboid joint into a close-packed position, whereby the joint surfaces 
become congruent and stable. An anatomic “locking” of the calcaneocuboid joint 
occurs with pronation of the midtarsal joint, whereby dorsal excursion of the 
cuboid is limited by the dorsal- medial border of the calcaneus which overhangs 
the cuboid and by a tightening of the plantar, lateral, and dorsal calcaneocuboid 
ligaments (Fig. 1.17). The key soft tissue support, unique to humans, is the long 
plantar ligament which spans the calcaneocuboid joint plantarly. In supination of 
the forefoot, the calcaneocuboid ligaments are taut, but anatomic locking of the 
joint is not possible since the joint is not close-packed and the articular surfaces 
are not fully congruent.

In contrast, the calcaneocuboid joint of the ape foot as described by Bojsen- 
Moller surfaces appeared flat and did not have a close-packed position at pronation. 
In addition, the ape foot lacks a dorsal overhang of the calcaneus over the cuboid 
and lacks a plantar calcaneal process. Thus, motion of the forefoot on the rearfoot 
in the ape foot is unrestrained by any close packing or locking of the calcaneocu-
boid joint. Thus, a midfoot break occurs during heel rise in the ape and chimpan-
zee foot.

Fig. 1.16 Mechanism of 
pes planus. Pronation of 
rearfoot untwists the 
forefoot into supination 
and allows tibiofibular unit 
to internally rotate. 
(Adapted from Seringe 
et al. [15])
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 High-Gear Push Off

The second critical part of Bojsen-Moller’s paper is the observation that the meta-
tarsal parabola provides two axes of motion available across the forefoot during 
push off [16] (Fig. 1.18). The relative equal lengths of the first and second metatar-
sals establishes a transverse axis of motion across the evenly aligned first and sec-
ond MTPJs with joint axes of motion oriented perpendicular to the line of 
progression. An oblique axis is aligned along the descending lengths of the third, 
fourth, and fifth metatarsals which is angulated from the line of progression. Humans 
have two options for push off depending upon stability of the foot prior to heel rise 
(Fig. 1.19).

Depending upon which axis is favored during push off, two “gears” of leverage 
are proposed by Bojsen-Moller which differ in ability to tension the plantar fascia 
and engage the windlass mechanism, previously described by Hicks [17]. Hicks 
observed that the plantar aponeurosis was pulled distally around the heads of the 
metatarsals with dorsiflexion of the digits during heel rise. The “winding” of the 
plantar aponeurosis around the head of the metatarsal was similar to a drum or 
winch on a sailing ship which maximized leverage for pulling in a line of rope. 
Hicks observed that when the windlass mechanism was engaged, the plantar apo-
neurosis shortened and the medial longitudinal arch was raised (Fig. 1.20).

According to Bojsen-Moller, the “high-gear push off,” across the transverse axis 
of the first and second MTPJs, improves efficiency of the windlass compared to the 
“low-gear push off” across the oblique axis. The first metatarsal, with a larger radius 
compared to the lesser metatarsals, has a better mechanical advantage to increase 
tension and “shortening” of the plantar aponeurosis as the hallux is driven into 
extension during heel rise. The plantar aponeurosis invests the sesamoids, which 
when properly situated beneath the head of the first metatarsal, increases its radius 
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Fig. 1.17 The key ligaments of the calcaneocuboid joint
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of curvature and greatly enhances the mechanical advantage of the hallux to engage 
the windlass mechanism. The sesamoids provide a radius of curvature of the first 
MTP which is twice that of the third metatarsal. When the sesamoids are shifted 
laterally in HAV deformity, this mechanical advantage of the windlass is compro-
mised by shortening the radius of curvature of the first MTPJ.

Transverse axis

Oblique axis 

Fig. 1.18 The functional 
axes for push off across the 
forefoot

a b

Fig. 1.19 (a) High gear push off across the transverse axis. (b) Low gear push off across the 
oblique axis

1 Comparative Anatomy and Introduction to the Twisted Plate Mechanism



27

If load is directed to the first and second MTPJs during terminal stance or during 
the third rocker, a “high-gear” push off occurs across the transverse axis alignment 
of these joints relative to the line of progression. Conversely, if load is directed later-
ally to the MTPs 3–5 during the third rocker, a low-gear push off occurs across an 
oblique axis relative to the line of progression.

A final part of the study by Bojsen-Moller involved a human subject who was 
filmed with a high-speed camera on a walkway with a glass plate enabling view of 
the tissues on the plantar surface of the foot during walking gait [16].

High-gear push off across the transverse axis of metatarsals 1 and 2 was observed 
with the following:
• The forefoot was pronated in relation to the hindfoot.
• The lateral part of the ball was elevated very early from the ground.
• The plantar aponeurosis became tensed and could be seen through the skin.
• The tensioning of the peroneus longus tendon was visible on the lateral aspect of 

the foot.
At low-gear push off over the oblique axis, the following observations 

were made:
• Foot  contact was transmitted from the heel to the lateral part of the ball of 

the foot.
• Push off thru occurred thru the lateral toes which were forced into 

dorsiflexion.
• The great toe gripped and stabilized the foot on the medial side.
• This appeared to cause a retrograde supination of the midfoot and rearfoot.

Fig. 1.20 The windlass mechanism tensions the plantar fascia with extension of the hallux during 
terminal stance and pre-swing
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• The leg became externally rotated, the foot inverted at the subtalar joint, and 
the forefoot adducted in relation to the hindfoot, i.e., supination in the trans-
verse tarsal joint.

• The medial arch became high, but neither the plantar aponeurosis nor the pero-
neus longus could be seen through the skin.

Bojsen-Moller compares these findings of a low-gear push off to similar observa-
tions of gait seen in nonhuman primates (Fig. 1.21). Apes and chimpanzees lack a 
well-developed plantar aponeurosis and cannot stabilize the medial column of their 
feet. Their grasping feet must move from an inverted position to a fully pronated 
position at the hindfoot to achieve a plantigrade position. Based upon the work of 

a b

Fig. 1.21 Load is carried across lateral metatarsals in ape foot (a) and across first MTPJ in human 
foot (b)
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Elftman and Manter, Bojsen-Moller concludes that the motion of the ape foot into 
pronation, in order to achieve a plantigrade position, unlocks the midtarsal joint. A 
midfoot break occurs in the ape foot during heel rise and propulsion which directs 
push off thru the oblique axis of digits 2–5 (Fig. 1.22).

In terms of anatomic specialization in humans, the first metatarsal and hallux 
have moved into an adducted position to line up with the remaining metatarsals and 
thus function with the rest of the forefoot. Relative to the vertical orientation of the 
talus and calcaneus, the heads of the metatarsals and the entire forefoot have become 
“twisted” or pronated as described by MacConaill, so that the heads of the lateral 
metatarsals and the pulp of the lateral toes rest on the ground, while the medial and 
lateral longitudinal arches are established [12]. This twisting of alignment of skel-
etal segments is achieved partly from change of shape of certain bones and also due 
to rotation of these segments across certain joints within the foot itself.

 What Initiates High-Gear Push Off?

The high-gear push off requires pronation of the forefoot on the rearfoot which is 
initiated by the peroneus longus muscle acting across the stable fulcrum of the cal-
caneocuboid joint. As Bojsen-Moller states:

The functional pronation of the human forefoot for the high gear push off is the final step in 
the process of producing a fast and efficient lever for propulsion. Among the muscles the 
peroneus longus and assists in the internal rotation of the crus which forces the foot to use 
the transverse axes.

The peroneus longus requires a stable calcaneocuboid joint which is elevated 
above the substrate in order to maximize the plantarflexion lever arm of the 

a b

Fig. 1.22 (a) Pre-swing in human foot. (b) Midfoot break in ape foot
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peroneus longus. A key specialization of the human foot is the presence of a lat-
eral arch which elevates the cuboid from the substrate (Fig. 1.23). The ontology 
of the human foot twists the forefoot on the rearfoot to establish the medial and 
lateral longitudinal arches. The cuboid sits at the apex of the lateral arch and is 
supported by both osseous and ligamentous structures which are not seen in any 
other primate feet. In contrast, the medial arch is entirely dependent upon liga-
mentous support for stability.

Pronation of the forefoot on the rearfoot at the MTJ in late midstance pre- 
tightens the plantar aponeurosis before heel rise. As the rearfoot pronates, 
ground reaction force is increased on the medial column of the foot, and the first 
metatarsal will dorsiflex accordingly. Further tension is developed in the plantar 
aponeurosis as soon as the heel leaves the ground causing dorsiflexion moment 
of the entire forefoot. The larger diameter of the head of the first metatarsal 
combined with the additional circumference of the sesamoids favors greater 
mechanical advantage of the first MTPJ over the lesser MTPJs to engage the 
windlass mechanism which will raise the arch and stiffen the foot for propulsion 
(Fig. 1.20).

a  Human foot

b  Chimpanzee foot

Fig. 1.23 Meary’s angle: Comparison of human foot (a) and chimpanzee foot (b) in midstance. 
In humans, the medial column is aligned from the talus, (blue  line) thru the first metatar-
sal (black line). The medial, lateral, and midfoot arches are established. The cuboid is elevated 
from the substrate. In chimpanzees, the cuboid is weight-bearing.
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 Testing the Theory of High-Gear Push Off

A kinematic study was carried out by Griffin and co-workers to verify Bojsen- 
Moller’s observations [18]. Griffin et al. attempted to validate that medial transfer 
of weight to the forefoot and engagement of the windlass thru the first MTPJ were 
more efficient in humans compared to great apes (bonobos) during ambulation. 2-D 
digitized video capture was utilized to measure dorsiflexion of digits 1–3 from mid-
stance thru toe-off in human and bonobo subjects.

There was significantly greater excursion of dorsiflexion of the first MTPJ in 
humans (range 24–53°) compared to the bonobo (range 10–38°). At the second 
MTPJ, dorsiflexion in humans ranged from 25 to 47° while in the bonobo, the 
range was 14–34°. Thus, the overall dorsiflexion of the MTPJs was greater in 
humans compared to the great apes and occurred in a greater magnitude at the 
first MTPJ.

Pressure data in this study showed a medial transfer from midstance thru toe-off 
in the human subjects with a peak pressure under the first metatarsal during late 
stance [18]. This medial shift did not occur in the bonobos, but instead pressure 
increased in the lateral metatarsals during toe-off. Also, a midfoot break was 
observed in the bonobo subjects with increased weight bearing of the lateral arch at 
midstance. No midfoot break was seen in the human subjects. The authors con-
cluded that the greater excursion of dorsiflexion of all the MTPJs in humans was 
due to specializations of the human foot which includes:

• A stable calcaneocuboid joint
• An adducted first metatarsal (MT) that is substantially larger than the lateral 

metatarsals
• Distal articular regions of the MTs that are oriented in a way to allow greater 

metatarsophalangeal joint excursion in the sagittal plane
• Relatively short pedal phalanges

In summary, this study by Griffin et  al. verified the observations which had 
been made by Bojsen-Moller 30 years earlier regarding the role of lateral column 
stability to facilitate transfer of load medially to the first MTPJ during terminal 
stance and propulsion [16]. Both authors verified that this was a unique human 
feature.

 What Is the Ideal Alignment of the Human Foot?

In reality, MacConaill describes a stable position of the human foot during static 
bipedal stance, while Bojsen-Moller is proposing an ideal position of the foot dur-
ing terminal stance in dynamic gait. MacConaill describes a natural tendency for 
people to instinctively spread their feet apart during prolonged, quiet standing which 
essentially supinates the forefoot against the rearfoot. Without muscle action during 
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quiet stance, this positioning of the foot tenses the plantar ligaments and stiffens the 
foot for stability. However, this is not the ideal position of the foot for push off and 
engagement of the windlass, according to Bojsen-Moller. Both authors are correct 
in describing stiffening mechanisms which operate within the human foot during 
different stages of the gait cycle. During midstance with the foot in single leg sup-
port, an everted hindfoot with inverted (supinated) forefoot would maximally ten-
sion supportive ligaments while minimizing the need for active muscle tension to 
stiffen the foot for stability. In terminal stance and pre-swing, the foot needs to 
move from a stiff “untwisted” plate of bones into a more ideal position which will 
shift weight bearing to the medial column, engage the windlass, and facilitate high- 
gear push off. Stiffness is now exchanged for a springlike behavior as elastic recoil 
of soft tissues plantarflexes the forefoot during pre-swing.

The importance of lateral column specialization enabling the unique function of 
the human foot has been described by Kidd [19]. He points out that fossil evidence 
shows that specialization of the lateral column preceded medial column specializa-
tion in prehumans or hominid species. Kidd asserts that stabilization of the calcaneal- 
cuboid joint and elevation of the lateral longitudinal arch were critical precursors to 
the development of an adducted first ray and hallux for weight bearing of the medial 
column. This is in agreement with Bojsen-Moller. Indeed, when examining the 
sequence of chondrification and ossification of the bones of the foot in utero, this 
hierarchy for specialization is repeated. The central metatarsals chondrify first fol-
lowed by the fifth metatarsal and the cuboid. The talus and the calcaneus are next to 
chondrify. The first metatarsal and medial cuneiform follow, and the navicular is the 
last bone of the foot to chondrify. Clearly, the medial column lags behind the lateral 
column in the order of maturation.

 The Myth of Midfoot “Locking”

The locking of the calcaneocuboid joint described by Bojsen-Moller and specializa-
tion of the lateral column described by Kidd are part of an overall observation of a 
unique feature of the human foot: stiffening of the midtarsal joint. This stiffen-
ing mechanism of the midtarsal joint in humans eliminates the sagittal plane insta-
bility  causing the “midfoot break” seen in apes (Fig. 1.22). Nonhuman primates 
show a “double heel lift” during gait where an early heel rise during midstance 
causes increased sagittal plane mobility as the rearfoot plantarflexes on the forefoot 
across the midfoot joints (Fig. 1.22). Once the midfoot eventually stiffens, a second 
heel rise occurs to initiate terminal stance. Elftman and Manter observed this mid-
foot break in chimpanzees and then proposed a mechanism explaining how the mid-
foot break is eliminated in human feet during ambulation [20]. They proposed that 
humans possess an osseous “locking mechanism” based upon the angulation of the 
articular facets across the midtarsal joint which allows conversion of the foot from 
a mobile adapter during the contact phase of gait, to a so-called rigid lever for pro-
pulsion [21]. The unique angulation of the axes of motion and the articular facets of 
the talonavicular joint and the calcaneal-cuboid joint was theorized by Elftman and 
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Manter to be made possible by the position of the calcaneus beneath the talus in the 
human foot, compared to the side-by-side relationship in all other primate feet.

This notion that the axes of the talonavicular and calcaneocuboid joints can be 
parallel or divergent, depending upon subtalar joint position, explains the locking 
mechanism of the midtarsal joint as proposed by Elftman and Manter. This locking 
mechanism of the midtarsal joint, dependent upon rearfoot alignment, has been 
accepted and embraced by virtually all disciplines studying or treating the foot and 
ankle for the past 85 years. A stiff, stable midfoot, attributed primarily to this locking 
mechanism, is a trait which has been proclaimed uniquely “human” compared to all 
other primates, enabling bipedal gait. Inexplicably, it is not just the fact that the this 
osseous locking mechanism based upon divergent joint axes has been refuted in more 
recent kinematic studies, but the fact that the uniqueness of midfoot stability in 
humans has also been appropriately challenged. Despite this valid research, clini-
cians still cling to the concept of midfoot locking. It is interesting that the challenge 
to this concept has not come from academic biomechanists, but rather by anthropolo-
gists who have performed elegant biomechanical research in this subject area.

Karl T. Bates, an anatomist and anthropologist, performed plantar pressure studies 
on healthy humans while walking and compared the findings to a bonobo and an 
orangutan while walking [22]. Surprisingly, there was overlap in pressure patterns 
where the healthy humans showed intermittent weight bearing and increased pressure 
under the lateral column, similar to the apes. Kinematic data from this study verified 
that increased lateral pressure corresponded to increased motion or compliance of the 
lateral arch. Clearly, the lateral midfoot is not consistently stiff in healthy humans dur-
ing gait, but instead shows compliance in random fashion (Fig. 1.24). This will be 
further discussed in Chap. 3 with kinematic studies of foot function. Furthermore, 
Bates et  al. showed that elevated lateral midfoot pressure was associated with 
decreased stiffness of the first metatarsal and hallux. However, the authors suggested 
that midfoot stiffening is reliant on soft tissue structures rather than osseous locking. 
This study verified Bojsen-Moller’s concept of lateral column stiffness being requisite 
to shifting weight to the medial forefoot and activating the windlass during propul-
sion. In turn, this would lead to increased stiffness of the first ray and hallux.

R1 R1

R2 R2

R3 R3

R4 R4

Fig. 1.24 Many humans will show a brief midfoot break with 3-D motion capture. At beginning 
of terminal stance, many humans will exhibit sagittal plane motion across the midtarsal joint 
(R4) which may be a result of gastrocnemius contracture or from loss of stability at the calcaneo-
cuboid joint.
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Jeremy DeSilva, an anthropologist, evaluated plantar pressure and midfoot kine-
matics in 398 healthy adults. Approximately 8% had a midfoot break as seen in apes 
[23]. These human subjects with a midfoot break were excessive pronators with low 
arch profile. Both Bates and DeSilva speculated that stiffness of the midfoot joints 
in humans is more dependent upon soft tissue restraints than osseous “locking” of 
the midfoot joints.

A direct comparison of midfoot kinematics in humans and chimpanzees was 
performed by Holowka, another anthropologist [24]. During midstance, the chim-
panzees showed twice the sagittal plane motion across the midfoot joints, but the 
difference was only about 4°. Conversely, during terminal stance and pre-swing, 
humans actually use 10° more motion than chimpanzees across the midfoot joints. 
This motion across the midfoot joints of humans is in the direction of plantarflexion 
and adduction which is essential to generating push off power during propulsion. 
Adduction of the forefoot across the midfoot is coupled with external rotation of the 
tibia and rearfoot and directs weight bearing to the medial column to accept weight 
transfer and engage the windlass. Also, directing weight bearing thru the transverse 
axis of the longer second and first metatarsals enhances the lever arm of the triceps 
surae for push off and forward propulsion. This combined plantarflexion-adduction 
motion at the midfoot joints of humans during terminal stance and pre-swing (after 
heel rise) is threefold greater in magnitude than seen in the chimpanzee foot. The 
authors observed that this motion was of greater magnitude at the cuboid-fifth meta-
tarsal joint than at the calcaneocuboid joint, a finding verified by later kinematic 
studies which will be discussed in Chap. 3.

In summary, three anthropologists have provided compelling evidence that humans 
can actually have a midfoot break and that motion across the midfoot joints is actually 
greater in humans than nonhuman primates. These anthropologists directly chal-
lenged an age-old belief that there is an osseous locking mechanism operating across 
the midtarsal joint of humans. Most importantly, they proposed that soft tissue struc-
tures such as the plantar fascia, the long plantar ligament, and plantar intrinsic muscles 
are primarily responsible for the unique ability of humans to stiffen their feet during 
the stance phase of gait. Stiffening, which is enabled by static and dynamic soft tissue 
structures, rather than from osseous locking, is the hallmark of stability of the human 
foot. These anthropologists also speculated that the interaction of these structures was 
managed by a sensorimotor system which fine-tunes and co-ordinates stiffening and 
acceleration across key joints of the lower extremity. As we further explore current 
research and knowledge about the kinematics of the human foot, it will be clear that 
the conclusions made by these anthropologists are entirely correct.

 What Stiffens the Human Foot?

The wide acceptance of a locking mechanism of the midtarsal joint as proposed by 
Elftman and Manter is partly due to the fact that the average human foot does dem-
onstrate this finding with a simple  off-weight bearing examination. The midfoot 
joints will demonstrate either an increase or decrease in range of motion depending 
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upon rearfoot position. Off weight bearing, the human foot will demonstrate stiffen-
ing of the midtarsal joint with loading when the subtalar joint is moved from a posi-
tion of maximal pronation to maximal supination. Several studies have verified this 
unique change of compliance of the human midfoot joints depending upon the posi-
tion of the rearfoot.

Phillips and Phillips measured increased frontal plane rotation of the forefoot on 
the rearfoot when the subtalar joint was moved from a neutral position to a maxi-
mally pronated position [25]. Gatt and co-workers used a 3-D multisegment foot 
model to determine the change in dorsiflexion of the foot as the subtalar joint was 
moved from a pronated position to a neutral position and finally to a supinated posi-
tion [26]. Although this study was intended to measure ankle joint dorsiflexion rela-
tive to subtalar joint position, the multisegment foot model detected that more 
sagittal plane motion was occurring within the foot itself than at the ankle joint. 
Furthermore, moving the foot into a pronated position at the subtalar joint increased 
motion between the forefoot and the rearfoot. Gatt and co-workers disputed whether 
a midtarsal joint “locking” occurred since there was still significant motion between 
the forefoot and the rearfoot at both neutral and supinated positions of the subtalar 
joint. In both studies reported by Phillips et al. and Gatt et al., the major increase in 
forefoot to rearfoot motion occurred when the subtalar joint moved from a neutral 
position to a fully pronated position [25, 26]. Moving the foot from subtalar neutral 
to a supinated position had only a mild influence on forefoot motion. As will be 
demonstrated in Chaps. 2 and 3, the human foot does not move to a neutral position 
at the subtalar joint until the terminal stance phase of gait has been reached, well 
after a required stiffening of the midfoot should have taken place for efficient push 
off. Therefore, the human foot does not apparently rely on a change of rearfoot posi-
tion to stiffen the midfoot joints during late midstance and terminal stance.

Blackwood  and co-workers carried out a cadaver study which also measured 
greater flexibility of the forefoot in the sagittal plane when the subtalar joint was 
everted with less flexibility  measured when the subtalar joint was inverted [27]. 
However, this effect was only demonstrated in the sagittal plane, not the frontal 
plane. Blackwood et al. concluded that the stiffening of the forefoot to the rearfoot 
may have involved multiple joints, not just the midtarsal joint.

If stiffening of the midfoot during gait were due to the establishment of divergent 
or conflicting joint axes at the midtarsal joint, kinematic studies would be able to 
demonstrate the asynchronous movement between the talonavicular and calcaneocu-
boid joints. However, this has not been the case. In a dynamic cadaver study, Nester 
et al. showed synchronous movement at the talonavicular joint and the calcaneal- 
cuboid joint during the stance phase of gait [28]. In a subsequent study of healthy 
human subjects, Nester was unable to measure any consistent coupling between seg-
ments of the foot but also demonstrated that the midfoot joints also showed signifi-
cant motion dispelling the notion of “locking” of the midtarsal joint [29].

Okita and co-workers performed a dynamic cadaver study and also demon-
strated that the midfoot joints actually become more compliant during terminal 
stance [30]. Interestingly, they did actually measure a divergence of joint axes in 
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the midfoot and rearfoot, but the onset of the divergence, during the early stance 
phase, did not correspond with increased rigidity of the foot. Instead, the foot 
became rigid during heel rise when the joint axes became non-divergent. The 
authors concluded that soft tissue structures including tendons  and ligaments 
would have to account for the stiffening of the human foot during the propulsive 
phase of gait.

 The Springlike Function of the Human Foot

The human foot has been considered unique and superior to other primate feet 
because it carries out the dual function of being both a mobile adapter during the 
contact phase of gait and then converts into a rigid lever for propulsion. This notion 
was first proposed by Inman and Mann and has since been accepted and promoted by 
many authorities over the past 60 years [31–33]. However, as previously discussed 
in the studies of midfoot break and as will be shown in Chap. 2, the human foot is a 
highly compliant structure and never demonstrates true “rigidity” during any phase 
of the walking or running gait cycle. Rather, the human foot is unique in its ability 
to store and release elastic energy during ambulation. This mechanism has been 
termed the “arch spring” by Ker et  al. [34] They showed how compression and 
recoil of the longitudinal arch of the human foot allow storage and return of elastic 
energy by key ligaments, most notably the plantar fascia. The ability to store and 
release elastic energy in the feet has been demonstrated in other primates but is most 
efficient in humans [35, 36].

The human foot contains three unique ligamentous structures which play a 
critical role for stiffening and elastic recoil for return of energy during walking. 
These three structures include the plantar aponeurosis, the long plantar ligament, 
and the bifurcated ligament [9]. The long plantar ligament is ideally located to 
provide stiffness to the lateral column (Fig. 1.25). There are two portions of the 
long plantar ligament: a proximal or posterior band originates from the plantar 
aspect of the body of the calcaneus just anterior to the tuber and inserts on the 
plantar aspect of the cuboid and a more superficial anterior portion continues from 
the posterior portion and inserts on the base of metatarsals 3, 4, and 5. The super-
ficial and medial fibers of the long plantar ligament form the roof of the peroneus 
longus tendon tunnel. The short plantar ligament has a more anterior attachment 
to the calcaneus and fans out antero-medially to attach to the plantar surface of the 
cuboid, just proximal to the peroneus longus tendon tunnel (Fig. 1.26).

The lateral column of the foot lacks the longitudinal support seen in the medial 
column provided by the central band of the plantar aponeurosis which originates on 
the medial calcaneal tubercle. The primary longitudinal support of the lateral col-
umn is the long plantar ligament acting as a tie-rod across the truss of the lateral 
longitudinal arch. The long plantar ligament spans the calcaneocuboid joint and is 
critical to maintaining the elevated position of this joint from the supportive surface. 
Other ligaments which support the calcaneocuboid joint are the two components of 

1 Comparative Anatomy and Introduction to the Twisted Plate Mechanism



37

Long plantar 
ligament

Fig. 1.25 The lateral truss structure of the human foot

 

Fig. 1.26 Drawing shows 
lateral view of transverse 
tarsal joint. 1 talonavicular 
ligament, 2 lateral 
calcaneonavicular 
ligament, 3 medial 
calcaneocuboid ligament, 4 
dorsolateral 
calcaneocuboid ligament, 5 
inferior calcaneocuboid 
ligaments (short and long 
plantar ligaments), 6 
cervical ligament, 2 and 3 
bifurcate ligament, asterisk 
peroneus longus tendon, T 
talus, N navicular, C 
calcaneus, Cu cuboid. 
(From Melão et al. [51]. 
Reprinted with permission)
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the bifurcate ligaments, the medial calcaneocuboid ligament and lateral calcaneona-
vicular ligaments, as well as the dorsolateral calcaneocuboid ligaments (Fig. 1.27).

Among other structures, the long plantar ligament is essential to resisting dorsi-
flexion of the forefoot on the rearfoot and is a primary structure to prevent a midfoot 
break [9]. The calcaneocuboid and calcaneonavicular bands of the bifurcated liga-
ment restrain motion across the midtarsal joint. The orientation of the bifurcated 
ligaments suggests a function to restrict conflicting motion between the navicular 
and the cuboid. The plantar cuboideonavicular ligament restricts frontal plane rota-
tion between the cuboid and navicular (Figs. 1.17 and 1.27). This ligament is not 
well developed in the ape foot which actually demonstrates an articular facet for 
motion between the calcaneus and navicular. The human foot demonstrates an inter-
osseous ligament between the cuboid and navicular to further restrict frontal 
plane motion.

The apparent locking of the midtarsal joint via supination of the subtalar joint as 
demonstrated by Phillips and Phillips [25] as well as Gatt et al. [26] might be due to 
tensioning of all of these ligaments surrounding the calcaneocuboid joint. As the 
rearfoot is moved from inversion to eversion, alignment and tension on the long 
plantar and bifurcate ligaments will change which allow increased motion across 
the midfoot joints.

The critical differentiating feature of the human foot is the medial longitudinal 
arch spanned by the plantar aponeurosis  (i.e. plantar fascia), providing twice the 
contribution to arch stability as the spring ligament and plantar ligaments combined 
[37]. The plantar fascia has been shown to undergo some stretch during midstance 
but must remain stiff for activation of the windlass mechanism [38].

There is also some recent evidence showing the importance of the transverse 
arch of the midfoot for providing overall stiffness of the human foot [39]. The trans-
verse arch begins medially at the medial cuneiform and then extends laterally across 

a b

Fig. 1.27 Plantar calcaneocuboid ligaments. (a and b) Sagittal proton density MR image after 
intraarticular injection of gadolinium solution (a) and photograph of corresponding gross anatomic 
section (b) in cadaveric specimen show long plantar ligament (solid arrows), with low signal inten-
sity, making floor of peroneus longus tendon (asterisk) tunnel. Note two bands of short plantar 
ligament (open arrows): one deep reinforcing articular capsule and another more superficial, both 
of which appeared striated. Arrowhead points to lateral calcaneonavicular ligament (medial com-
ponent of bifurcate ligament). (From Melão et al. [51]. Reprinted with permission)

1 Comparative Anatomy and Introduction to the Twisted Plate Mechanism



39

the cuneiforms ending at the cuboid. The second cuneiform is shaped in a fashion to 
provide a keystone function to the transverse arch. Venkadesan and co-workers 
make a convincing argument with experimental evidence that a transverse arch cur-
vature will impart more stiffness on the human foot than will a longitudinal arch 
curvature. They show that the presence of a transverse arch in the human foot 
accounts for the significant increased stiffness compared to other primate feet which 
lack a transverse arch. They verified these assumptions by performing a cadaver 
study measuring vertical deformation of the foot with loading. When the plantar 
intertarsal ligaments supporting the transverse arch were cut, a significant 40% loss 
of stiffness in the foot occurred. Venkadesan compared this finding to the work of 
Ker et al. who showed that stiffness of the foot decreased by just 23% when the 
plantar fascia was transected [34].

Besides passive ligamentous structures, certain dynamic mechanisms contribute 
to energy storage and return during human gait. Compared to other primates, the 
human Achilles is well developed and elongated for improved storage and release of 
elastic energy. Studies have shown that the stretch and recoil of the Achilles tendon 
provides a 35% energy recovery. This energy return increases to 52% when the 
plantar aponeurosis and plantar ligaments recoil after loading [35, 40].

Kelly and co-workers conducted a series of studies showing the ability of the 
plantar intrinsic muscles to affect stiffness of the longitudinal arch of the foot [41, 
42]. These studies showed activation of the plantar intrinsics  which occurs in 
response to loading of the foot and elongation of the medial arch. However, an 
in vivo study by these researchers showed that the plantar intrinsic muscles do not 
affect arch structure during midstance but do stiffen the foot during terminal stance 
and push off [43]. Kelly et al. suggest that the plantar intrinsic muscles are critical 
for providing plantarflexion moment across the MTPJs during terminal stance and 
pre-swing which enables the ankle to perform positive work for push off. This link 
between forefoot stiffness and efficient energy release at the ankle has been demon-
strated in previous investigations [44, 45].

Hick’s model of the windlass mechanism assumes that the plantar fascia is stiff 
and resistant to elongation. Indeed, studies show that increased dorsiflexion of the 
first MTPJ increases stiffness of the plantar aponeurosis [46, 47] (Fig.  1.20). 
However, other studies have demonstrated that the plantar aponeurosis can undergo 
elongation with loading which could compromise function of the windlass [48, 49]. 
Welte and co-workers developed an apparatus to measure arch deformation and 
stiffness in nine human subjects [50]. As the hallux was dorsiflexed to engage the 
windlass, the length of the arch shortened as expected. However, when the foot was 
loaded while the first MTPJ was dorsiflexed and the windlass was engaged, stiffness 
of the arch was actually reduced compared to the plantar-flexed position of the hal-
lux. Activating the windlass mechanism actually increased flexibility of the longitu-
dinal arch of the foot when vertical load was applied in this study. A higher arch has 
the capacity to flatten and elongate, allowing absorption and storage of energy. 
Welte et al. propose that the shortening and elongation of the arch which occurs 
with activation of the windlass mechanism may optimize the length of key liga-
ments which can then undergo stretch/shortening for energy storage and return [50] 
(Fig. 1.28).

The Myth of Midfoot “Locking”
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The work of Kelly and others has shown that, contrary to popular belief, the arch 
of the human foot is not totally stiff or rigid during terminal stance. The original 
model of a “locking mechanism” between two divergent axes of the midtarsal joint 
has been challenged. The windlass mechanism by itself does not explain the raising 
of the arch and triplane motion of the foot during push off.

 Summary

In summary, the human foot demonstrates unique anatomic structures which 
optimize upright bipedal ambulation. Some of these features, such as anatomic 
locking of the calcaneal-cuboid joint, impart stiffness on the midfoot and allow 
transfer of load from lateral to medial for push off across the transverse axis of 
the metatarsophalangeal joints. Other key ligamentous structures unique to the 
human foot, particularly the plantar aponeurosis, function as an engine for energy 
storage and return, thus enabling a propulsive gait. Further springlike action is 
provided by the tendo Achilles after storage of elastic energy from eccentric 
loading during midstance. For the Achilles to provide positive work across the 
ankle during push off, the forefoot must be stiff to resist ground reaction forces. 

Arch loaded 

arch elongation

applied force

recoil

The Arch Spring Mechanism

Arch-spring

Fig. 1.28 The arch spring mechanism
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The plantar intrinsic muscles appear to play a key role in providing forefoot stiff-
ness via plantar stabilization of the metatarsophalangeal joints against the sup-
portive surface.
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Human Walking: The Gait Cycle

Walking is convenient means for traveling short distances. In 
the absence of pathology, gait appears coordinated, efficient, 
and effortless.

– Jacqueline Perry

2

Key Points
• There are eight phases of the walking gait cycle.
• Understanding the terminology of the phases of gait is important when 

reviewing studies of the pathomechanics of foot pathologies.
• External moments created by ground reaction force drive the motion of 

skeletal segments, while muscles are activated to restrain that motion.
• Evaluation of walking gait in the clinical setting will reveal many of the 

underlying mechanisms contributing to lower extremity pathology.

 Introduction

The primary function of the human foot is to support the body for upright, bipedal 
ambulation. Walking and running gait has been extensively studied over the past 
50 years, and many of the pathologies discussed in this book are related to abnormal 
kinematics or kinetics during ambulation. For this reason, a chapter is devoted to the 
walking gait cycle to review the critical events which are commonly referred to in 
medical publications which discuss foot and ankle pathologies.

Critical to understanding normal and pathologic gait is recognizing the role of 
ground reaction forces (GRF) as well as the role of muscles and ligaments acting on 
specific joints of the lower extremity. Terminology has evolved over the years to 
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describe the various phases of the walking gait cycle. Understanding this terminol-
ogy and the important events of the gait cycle will allow better understanding of the 
mechanisms which cause various foot pathologies.

 Kinetics

A force acting at a distance from the rotational axis of a joint is known as a moment 
of force. The terms moment and torque essentially describe moment of force, which 
is calculated by M = F x D, where M is the moment of force in newton-meters 
(N-m), F is the force in Newtons (N), and D is the distance in meters (m).

Two types of moments are described in the scientific literature. Internal moments 
are generated by structures within the body. Active internal moments are produced 
by muscular contraction, while passive internal moments are produced by bone and 
cartilage within the joint as well as ligaments surrounding a joint. External moments 
originate outside the body and are produced by gravitational forces or by ground 
reaction force (GRF).

A simple example of joint moments is provided by a description of the motion of 
the knee joint during walking. Shortly after heel strike during the walking gait cycle, 
the knee flexes due to an external flexion moment created by ground reaction forces 
passing posterior to the knee joint axis. This external flexion moment is resisted by 
an internal extension moment produced by contraction of the quadriceps muscle.

Internal joint moments can also be produced by ligaments which develop tension 
during the translation of certain skeletal segments. A patient with a genu valgum 
deformity will develop abnormal external knee abduction moment as GRF passes 
lateral to the knee joint. This external knee abduction moment is resisted by the 
medial collateral ligaments of the knee which develop tension and thus exert an 
internal knee adduction moment. For clinicians, appreciating internal moment of 
force produced by bones, cartilage, ligaments, and tendons, in response to external 
joint moments, is critical to understanding the pathomechanics of injury.

Not only understanding how soft tissue structures produce internal joint moments, 
but also the timing and type of muscle contraction acting on joints have a critical 
role in pathomechanics of injury. Muscles can contract and produce active tension 
while shortening, which is termed a concentric contraction. Conversely, a muscle 
can produce active tension while it is being lengthened by joint movement which is 
termed an eccentric contraction. Muscles create more power and are more vulner-
able to injury during an eccentric contraction than during a concentric contraction.

Muscle contraction can impart “stiffness” to a joint or skeletal segment. However, 
muscles themselves cannot store energy or have elastic recoil, while tendons can. A 
good example of muscular stiffening and tendon recoil is the action of the gastroc-
nemius and soleus during the midstance and terminal stance phases of the gait cycle. 
These muscles contract eccentrically to restrain ankle joint dorsiflexion during the 
stance phase of gait. Elongation of the Achilles tendon during midstance stores elas-
tic energy which then recoils rapidly in pre-swing, providing push off or propulsion. 
Push off is not due to active concentric contraction of the calf muscles, but rather 
due to elastic recoil of the Achilles tendon.

2 Human Walking: The Gait Cycle
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As we study the phases of the gait cycle, it will become apparent that the primary 
stabilization of the joints of the lower extremity is provided by eccentric contraction 
of muscles. The essence of human walking is characterized by muscular restraint of 
joints during a forward fall. Specifically, the forward fall is controlled by eccentric 
muscular contraction rather than by active push off created by concentric contrac-
tion. Instability of joints results more often from failure of eccentric muscular stabi-
lization rather than concentric muscle contraction.

The gait cycle was originally broken down into three phases of the stance phase, 
contact, midstance, and propulsion, while the swing phase had no subdivisions [1, 
2]. Now, with the development of gait labs using high-speed cinematography, it 
became clear that distinct events occur during both stance and swing requiring dif-
ferentiation into eight subdivisions or gait phases [3] (Fig.  2.1). These phases 
accomplish three tasks: weight acceptance, single limb support, and swing limb 
advancement. An understanding of the gait phases is important when interpreting 
research relevant to the pathomechanics of foot and ankle problems.

Many clinicians and researchers refer to a specific “rocker” phase of the gait cycle. 
The rockers describe anatomic motions during a specific phase of the stance period of 
the gait cycle (Fig. 2.2). The rockers allow progression of the stance phase limb over the 
supportive foot. Referring to a rocker has some value when discussing pathomechanics 
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because it emphasizes a segment of the foot where motion is primarily occurring. 
Conversely, the concept of a rocker infers that the foot is primarily rotating as a rigid 
body and ignores other substantial movement which is occurring at multiple joints of the 
foot during the entire stance phase of gait. This will be discussed in detail in Chap. 3.

 Key Events in the Walking Gait Cycle

A description of each phase of walking will focus on the location of the ground reac-
tion force (GRF) vector which generates external moment at three key joints of the 
lower extremity: the hip, knee, and ankle. Within the foot, a more detailed descrip-
tion of kinematics will be provided in Chap. 3. The external moments created by 
GRF cause rotational moments at the major joints of the lower extremity which are 
counteracted by muscular contraction. Muscle contractile force provides stability via 
controlled deceleration and acceleration. Neuromuscular control is provided by the 
sensorimotor system which will also be further studied in Chap. 3.

 Phase 1 Initial Contact 0– 2% of the Gait Cycle (Fig. 2.3)
Initial contact is an important descriptive term because it includes those people who 
strike the ground with their heel, i.e., heel striker, versus those who might strike 

Fig. 2.3 Initial contact
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with their forefoot or midfoot. In order to heel strike, there must be adequate exten-
sion of the hip, and there must be adequate range of motion of the ankle to allow 
dorsiflexion of the foot to a position which is at least 90° to the leg.

At initial contact, the knee is extended and the ankle is dorsiflexed. The gastroc-
nemius is at maximal length. A tight gastrocnemius would limit extension of the 
both the hip and knee, and the foot may be unable to dorsiflex at the ankle. Thus, a 
shortened stride along with a midfoot or forefoot strike may be observed as com-
pensation for a tight gastrocnemius at initial contact. A shortened stride can also be 
the result of restricted range of motion at the hip.

At initial contact, GRF is directed anterior to the hip, creating flexion moment. Also, 
GRF is directed anterior to the knee, creating external extension moment. Muscle 
activity prior to foot strike is primarily located in the quadriceps, providing knee exten-
sion, as well as with the tibialis anterior which is dorsiflexing the foot.

 Phase 2 Loading Response 2–12% of the Gait Cycle (Fig. 2.4)
Loading response is characterized by controlled plantarflexion of the ankle as the 
foot rolls forward over the heel bringing the forefoot to the ground. This event is 

Fig. 2.4 Loading response
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known as the heel rocker or the “first rocker.” The body is falling forward over the 
rounded surface of the calcaneus, and GRF is suddenly shifted posterior to the knee 
but remains anterior to the hip. Thus, GRF creates external flexion moment at the 
hip. Yet, the hip begins moving into extension during loading response and through-
out the remainder of the stance phase. Hip extension occurs because concentric 
contraction of the hamstrings and gluteal muscle groups overpowers the external 
hip flexion moment from GRF vector. As a result, the hip begins extending and 
continues to do so until just before toe-off.

During loading response, the GRF moves posterior to the knee, moving the knee 
into flexion. The subtalar joint is moving in the direction of pronation which is 
coupled with internal tibial rotation and flexion of the knee joint. Internal rotation of 
the tibia is required to “unlock” the knee from full extension. Loss of coupling 
between the foot and leg has been observed in some pathologies such as adult 
acquired flatfoot deformity as discussed in Chap. 7.

Plantarflexion at the ankle is resisted or decelerated by the leg extensors: the 
tibialis anterior (TA), the extensor hallucis longus (EHL), and the extensor digi-
torum longus (EDL) which all contract eccentrically as they are lengthened.

 Phase 3 Midstance 12– 31% of the Gait Cycle (Fig. 2.5)
Loading response ends when the forefoot contacts the ground. This event also cor-
responds with toe-off of the opposite limb. Thus, loading response ends at the same 
time that double support ends. Midstance marks the beginning of single support and 
is one of the most critical phases of the walking gait cycle.

During midstance, the body is rotating like an “inverted pendulum” over a single 
supporting foot which is fixed on the ground. The sensorimotor system is critical to 
maintaining balance and postural control during this precarious support phase. The 
motion of the tibia over the foot at the ankle joint during midstance is known as the 
“ankle rocker” or the second rocker of the stance phase of gait. Clinicians also 
describe this ankle rocker motion as “tibial progression” over the fixed foot which 
can be restrained or inhibited by contracture of the gastrocnemius muscle. Tibial 
progression requires a stiff, stable midfoot.

With loss of weight bearing of the contralateral limb, GRF affecting the single 
supporting limb is directed medial to the hip joint, creating external adduction 
moment. The trunk and pelvis are stabilized over the supportive limb by contraction 
of the ipsilateral (stance limb) hip abductors. Weakness of these muscles will 
shorten the single support phase.

The knee changes direction during midstance, moving from flexion into exten-
sion. This is driven by GRF which moves anterior to the knee joint. GRF is still 
anterior to the ankle joint causing dorsiflexion. Extension of the knee and dorsiflex-
ion of the ankle during midstance cause lengthening of the gastrocnemius. This 
elongation, combined with eccentric contraction increases strain in the gastrocne-
mius muscle during midstance.

2 Human Walking: The Gait Cycle
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Forward momentum causes passive dorsiflexion at the ankle joint which is 
restrained by eccentric contraction of the triceps surae. Tension develops in the 
posterior calf musculature which creates internal plantarflexion moment at the 
ankle. GRF at the forefoot and plantarflexion moment at the ankle increase plantar 
pressures in the forefoot during late midstance.

The soleus is primarily responsible for restraining tibial advancement or ankle 
joint dorsiflexion during midstance. As tibial advancement is decelerated, the for-
ward fall of the body moves the femur over the restrained tibia, and the knee moves 
into extension during the second half of midstance. Therefore, a stable tibia is 
essential for knee extension during midstance. Weakness of the soleus will cause the 
knee to remain in flexion, resulting in a “drop down” or crouched compensation of 
the entire body during midstance.

Fig. 2.5 Mid stance

Kinetics
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 Phase 4 Terminal Stance 31–50% of the Gait Cycle (Fig. 2.6)
Terminal stance is commonly referred to as the heel rise phase of the walking gait 
cycle. Up until this phase, the rockers have relied on a rounded anatomic surface 
upon which the foot pivots over, i.e., the calcaneus and the dome of the talus. The 
round contour of the metatarsal heads provides the third rocker or the “forefoot 
rocker” during terminal stance.

The timing of heel rise varies among individuals depending on the stability of the 
midfoot joints and available range of motion of the ankle joint. Timing of heel rise 
also varies according to walking speed. Terminal stance begins when the swing 
phase limb passes by the stance phase limb and ends when the swing phase limb 
strikes the ground. Thus, heel rise should not occur until the swing phase limb has 
reached or passed forward of the stance phase limb.

Heel rise also marks the initiation of subtalar joint supination which occurs at the 
beginning of terminal stance. In terms of timing, this important event occurs at 31% 
of the total gait cycle and 60% of the stance phase of gait (see Fig. 3.1, Chap. 3). 
Clinically, inversion of the rearfoot will not be observed until the swing phase limb 

Fig. 2.6 Terminal stance
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has passed beyond the stance phase limb. Pelvic rotation to advance the swing phase 
limb will externally rotate the tibio-fibular-talar unit of the stance phase limb to 
supinate the hindfoot.

The hip reaches full extension at the end of terminal stance, when the contralat-
eral swing phase foot strikes the ground. The hip abductors remain active during 
terminal stance to support the pelvis and trunk.

Heel rise during early terminal stance is not accompanied by ankle joint plan-
tarflexion. In fact, the ankle joint is at maximum dorsiflexion during initial heel rise. 
While this may appear confounding, the heel will rise from the ground due to 
motion at joints proximal to the ankle. This is explained by the following mechanism:

Knee flexion tilts the tibia anterior, causing the heel to rise from the ground 
during terminal stance. Knee flexion results from the release of powerful 
eccentric contraction of the gastrocnemius which has been building during 
midstance. This contraction overpowers external extension moment which has 
been directed at the knee joint during midstance. Both the gastrocnemius and 
soleus reverse to a concentric contraction as the ankle joint begins plantarflexing-
halfway thru terminal stance, or 45% of the gait cycle. Therefore, the initial 
heel rise which initiates terminal stance is brought about by knee flexion, not 
by ankle plantarflexion. Ankle plantarflexion does not occur until later in ter-
minal stance.

In summary, the calf musculature undergoes an eccentric contraction to deceler-
ate ankle joint dorsiflexion during midstance and early terminal stance. Halfway 
into terminal stance, the calf muscles contract concentrically which generates push 
off power. This also corresponds to the timing of peak plantar pressure under the 
forefoot during this phase of gait (Fig. 2.7).

 Phase 5 Pre-swing 50–62% of the Gait Cycle
Pre-swing begins another double support period when the opposite foot has made 
contact with the ground, and this phase ends when the previous single supportive 
foot has completely left the ground.

The final fourth rocker or “toe rocker” occurs during pre-swing which is actually 
an advancement of the foot over the first metatarsophalangeal joint. Thus, it should 
be termed the “great toe rocker.” The great toe rocker has also been described as 
“high-gear push off” by Bojsen-Moeller as opposed to “low-gear push off” over the 
lateral lesser metatarsophalangeal joints.

The concept of “push off” during walking gait has been debated for many years 
by researchers. The terminal stance and pre-swing phases of gait were previously 
combined and called the “propulsive” period of gait or the “push off” phase [4]. 
This description was later challenged by Jacqueline Perry who asserted that the 
peak of GRF at the forefoot during this period was not due to active tension from the 
triceps providing a downward thrust, but rather due to body position exerting 
increased center of pressure on the forefoot [3]. This is verified by the lack of EMG 
activity in the calf musculature during pre-swing. Perry proposes that the gastroc- 
soleus contractile force “locks” the ankle in terminal stance so that the limb and foot 
rotate on the forefoot rocker.
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Later, other researchers verified Perry’s assertion that push off power during ter-
minal stance and pre-swing results from elastic recoil of soft tissue structures rather 
than active contractile muscle activity [5, 6]. The spring mechanism of the human 
foot is discussed in detail in Chap. 1.

Roll off occurs during the forefoot rocker, or terminal stance. The ankle is not 
plantarflexing in early terminal stance, but the heel rises due to knee flexion. The 
ankle is stiff due to contractile activity of the triceps surae resisting ground reaction 
forces against the forefoot during heel rise.

Push off occurs in pre-swing. The description of a “push off” phase of gait will 
be used synonymously with “pre-swing” in this book. In this phase, abrupt cessation 
of contraction of the gastroc-soleus causes elastic recoil of the Achilles, generating 
significant plantarflexion power across the ankle [3]. Thus, an actual propulsive 
event occurs. The ankle will be observed to rapidly plantarflex during pre-swing, at 
50% of the gait cycle.

Fig. 2.7 Pre swing
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The segment of the foot between the ankle and the metatarsal heads must be a 
rigid lever to support the body mass which is now forward positioned on the foot 
and providing a significant dorsiflexion force across the midfoot and ankle joints. 
The plantarflexion force of the calf during heel rise cannot be effective if the mid-
foot joints are not stable during this critical phase of gait. Excessive motion across 
the midfoot joints will inhibit heel rise.

Stability of the midfoot joints during terminal stance and pre-swing is provided 
by several dynamic and passive mechanisms. These mechanisms are specialized in 
the human foot to provide resistance to the “midfoot break” seen in other primates. 
This topic is discussed in detail later in Chap. 1, but the primary contribution to 
midfoot stability is the combination of dynamic muscle activity and elastic recoil of 
specific ligamentous structures.

Subtalar joint motion accelerates in the direction of supination during terminal 
stance and pre-swing [2]. Maximal supination of the rearfoot averages 7° and is 
achieved at the end of pre-swing, or at 62% of the gait cycle [1]. Supination of the 
rearfoot has a stiffening effect across the midfoot joints. Research has shown that 
stiffening of the foot during terminal stance and pre-swing is not due to an osseous 
“locking mechanism” but rather due to tensioning of key ligaments. Some of the 
stiffening of ligaments across the midfoot joints is facilitated by subtalar joint supi-
nation. This topic is discussed in Chap. 1 and in Chap. 3.

Efficient gait requires stability or stiffness of the metatarsophalangeal joints. As 
the center of pressure moves forward during terminal stance, dorsiflexion moment 
increases across the MTP joints. Controlled mobility of these joints is critical to 
progression thru the forefoot rocker. Proper functioning of the toe flexors, both 
extrinsic and intrinsic, as well as proper tension from the plantar aponeurosis con-
trols or restrains dorsiflexion of the digits on the metatarsal heads. Excessive trans-
verse plane and frontal plane motion of the first metatarsal compromises the 
plantarflexors of the hallux in HAV deformity. This loss of purchase by the hallux 
leads to overload of the lesser metatarsals during terminal stance and pre-swing and 
is a common cause of metatarsalgia. This will be discussed in Chaps. 5 and 7.

During pre-swing, the hip begins to flex, the knee is already flexing, and the 
ankle joint is already plantarflexing which started halfway thru terminal stance. 
Flexion of the knee and hip literally “pulls” the foot off the ground during pre- 
swing. Arthritic conditions of the knee and hip can give the false impression of 
reduced ankle joint motion as the foot appears to lack push off or propulsion.

Powerful concentric contraction of the triceps ceases at the end of terminal 
stance, allowing the release of stored elastic energy which causes the ankle to plan-
tarflex during pre-swing. The foot rotates on the metatarsal phalangeal joints which 
are moving into extension which tightens the plantar aponeurosis. This engages a 
“windlass mechanism,” whereby the plantar aponeurosis winds around the metatar-
sal heads like a winch, effectively shortening and stiffening the fascia to resist bend-
ing dorsiflexion moments across the midfoot joints and metatarsals themselves (see 
Fig. 1.19, Chap. 1). There is also an elastic recoil of the plantar aponeurosis as the 
heel is lifted from the substrate (see Fig. 1.26, Chap. 1).
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The subtalar joint continues to move in the direction of supination which is cou-
pled with external rotation of the tibia. The stability of the foot during this critical 
phase of the gait cycle is dependent upon several mechanisms including stiffening 
from elastic recoil of the plantar aponeurosis, contraction of the plantar intrinsics, 
elastic recoil of the tibialis posterior, and favorable tensioning of the plantar liga-
ments from a supinated position of the subtalar joint.

 Phase 6 Initial Swing 62–75% of the Gait Cycle Events (Fig. 2.8)
Also known as toe-off, this marks the end of the stance phase of gait which occurs 
at 60% of the gait cycle. It also marks the beginning of the swing phase of gait.

The hip continues to flex due to contraction of the rectus femoris and the adduc-
tor magnus which has been active during pre-swing. Ground reaction force has 
reduced to almost zero at toe-off. Hip flexion causes further knee flexion.

The “ankle” reaches maximum plantarflexion, approximately 30° at toe-off. In 
reality, the ankle and multiple midfoot joints plantarflex during pre-swing and initial 

Fig. 2.8 Initial swing
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swing. Plantarflexion of the midfoot joints in humans is in the range of 10° during 
pre-swing and initial swing, providing a high level of mobility which is not seen in 
other primates. This is discussed in Chap. 1.

The triceps surae has ceased contracting before initial swing, and the tibialis 
anterior becomes the major lower leg muscle reversing ankle plantarflexion and 
initiating dorsiflexion which will continue thru swing.

 Phase 7 Mid-swing 75–87% of the Gait Cycle (Fig. 2.9)
This phase begins when the swinging foot becomes even with, or adjacent to the 
opposite stance foot and ends when the swing limb moves forward and the tibia 
becomes vertical to the ground. The toes have their closest clearance to the ground 
when the feet are adjacent during swing.

The hip reaches 20° of flexion aided by the iliopsoas contraction. There is very 
little muscle contraction around the knee during this phase. The knee is carried 
passively into flexion by hip flexion with the foot lagging behind. The tibia 
assumes a vertical alignment because the hip flexion and knee flexion magnitudes 

Fig. 2.9 Mid swing
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are equal. The ankle has been moving into dorsiflexion after toe-off due to con-
traction of the tibialis anterior. The subtalar joint remains slightly supinated dur-
ing swing, primarily due to the tibialis anterior.

 Phase 8 Terminal Swing 87–100% of the Gait Cycle (Fig. 2.10)
The tibia moves from a vertical position to the ground to a forward position as the 
knee extends and the foot “reaches” forward. Thus, the foot is ahead of the knee 
joint at foot strike during walking. In running, the foot remains directly beneath 
the knee.

The hip achieves maximum flexion as the swing phase limb reaches forward dur-
ing terminal swing. The knee moves into extension due to inertia of the swinging 
shank of the lower leg. The hamstrings contract eccentrically to decelerate this 
motion. Contracture of the hamstrings or the gastrocnemius will inhibit full knee 
extension during terminal swing. The tibialis anterior continues to contract, holding 
the ankle somewhere around neutral or 90-degree foot-to-leg alignment at foot strike.

Fig. 2.10 Terminal swing
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 Common Compensatory Changes Observed in Gait

Gait evaluation will give insight into the contributing mechanisms which cause 
most of the pathologies discussed in this book. In each chapter, the pathomechanics 
of the condition will be studied relevant to specific events during the walking gait 
cycle. Clinicians should be able to conduct a brief gait evaluation to look for certain 
compensation or movement of a skeletal segment which will help with the diagnosis 
and with the formulation of a treatment plan. Many of the studies cited in this book 
giving insight into the pathomechanics of common foot problems were performed 
in sophisticated gait labs with 3-D motion capture, EMG, and plantar pressure mea-
surement. While these resources are not readily available to the average clinician, 
much information can be gained from a cursory gait evaluation of the patient walk-
ing up and down a hallway or across the floor of the clinic.

Besides detecting overall impairment, an experienced clinician can observe 
motion and alignment of key skeletal segments of the lower extremity during gait 
evaluation. Watching a patient walk can verify whether pain is causing compensa-
tion in gait and whether deformity might be either a cause or the result of another 
underlying pathology.

Upper body posturing can suggest a neurologic deficit or a balance disorder. 
A “hip strategy” will be used by a balance - impaired patient during single sup-
port as the upper body sways to maintain postural control. Limb length discrep-
ancy can be detected by uneven pelvic alignment or heel off which might appear 
asymmetrical. Congenital or acquired frontal plane deformity of the knee can 
have profound effects on foot posture and must be recognized before planning 
reconstructive foot and ankle surgery or when prescribing custom orthotic 
devices.

Contracture of the gastrocnemius is believed to cause many foot and ankle 
pathologies and can often be detected with a cursory gait evaluation. Traditionally, 
clinicians will look for an “early heel off” which would actually be an observation 
of heel rise occurring before the opposite limb reaches a side-by-side relationship 
with the stance limb. Sometimes a gastrocnemius contracture will cause the midfoot 
to compensate with excessive sagittal plane motion, such that an early heel off does 
not occur (Fig. 2.11). However, these patients may demonstrate a midfoot strike 
rather than heel strike during touchdown which can be a sign of equinus deformity.

These observations are best made when viewing the patient from both anterior 
and posterior perspectives as they walk away from and back to the observer. Further 
information can be obtained from a medial/lateral or side view of the patient 
walking:

 1. At initial contact, a tight gastrocnemius will cause diminished ankle joint dorsi-
flexion and restriction of full knee extension. In the “normal” subject, the ankle 
should be dorsiflexed to a neutral or 90-degree position on the leg, and the knee 
should be at full extension at heel strike.
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 2. Contracture of the gastrocnemius will limit tibial progression during the second 
rocker. This will cause an early heel off seen before the swing phase foot passes 
by the stance phase foot. This heel rise is initiated by knee flexion, not ankle 
plantarflexion. Early knee flexion is often caused by contracture of the gastroc-
nemius crossing posterior to the axis of the knee joint.

 3. However, tibial progression can also be misleading as it can occur without a 
“rocker” occurring at the ankle joint. In adult acquired flatfoot deformity, there 
is often an unstable midfoot which may undergo excessive sagittal plane motion. 
This condition will reveal a “midfoot break” observed from a side view of the 
patient. There will be a delay in heel rise as the entire tibia and rearfoot  plantarflex 
across the midtarsal joint. Until the midfoot stiffens and sagittal plane motion at 
the midtarsal joint stops, the heel will not rise off the ground. Thus, a delay in 
heel rise occurs in most flatfoot conditions even though there may be  
gastrocnemius contracture.

 4. Heel rise marks the beginning of the terminal stance phase, and this event 
should occur after the swing phase foot has passed by the stance phase foot. 
Heel rise also begins the “third rocker” as the tibia stops moving over the 
foot, and the entire foot plantarflexes across the metatarsophalangeal joints 
(MTPJs). At this point, the foot should have achieved maximal stiffness due 
to tensioning of extrinsic and intrinsic muscles. This enables the tibia and 
foot to move together as one rigid body over the metatarsal heads and toes. 
Ideally, the third rocker demonstrates motion across the transverse axis of the 
first and second MTPJs. There are some pathologies which cause lack of 
push off thru this transverse axis. Patients will appear to roll off laterally 
across the forefoot (see Fig. 1.19, Chap. 1).

 5. Pre-swing is the most important phase of the gait cycle in terms of foot stability 
and generation of power. Push off during pre-swing should be directed thru the 
hallux. Dorsiflexion of the first metatarsophalangeal joint should achieve 40° 
while engaging the windlass mechanism. Proper functioning of this mechanism 
should be evidenced by rear foot supination coupled with external rotation of 
the tibia.

 6. Loss of motion across the first MTPJ with full engagement of the windlass 
may be difficult to measure with direct observation. However, looking at the 
hip and opposite foot from a side view can help detect lack of efficient push 
off. Incomplete or premature ending of the third rocker will stop full exten-
sion of the hip at the end of terminal stance. Normally, the hip continues full 
extension thru heel rise until heel strike of the opposite foot. Hallux rigidus 
will stop hip extension over the stance phase foot prematurely. Lack of push 
off across the transverse axis may be a result of midfoot instability. When 
viewed from the side, the patient may demonstrate excessive midfoot motion 
or “midfoot break” during late midstance and terminal stance (Fig. 2.11). This 
finding is also seen as a compensation for gastrocnemius contracture with the 
midfoot joints providing sagittal plane motion for tibial progression when 
ankle joint dorsiflexion is blocked.
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Fig. 2.11 The midfoot break during late midstance
At beginning of terminal stance, many humans will exhibit sagittal plane motion across the mid-
tarsal joint (R4). (From Amis [7])
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Motion of the Foot: Joints, Muscles, 
and Sensorimotor Control

The human foot is a masterpiece of engineering  
and a work of art.

–Leonardo da Vinci

3

Key Points
 1. Kinematic studies show that many joints in the foot move during the stance 

phase of gait in multiple planes. Some joints move more than previously 
recognized:
 – The talonavicular joint and the calcaneocuboid joints move more than 

the subtalar joint.
 – The midfoot joints contribute more sagittal plane motion than the ankle.
 – The medial column moves more than the ankle.
 – The lateral metatarsals move more than the medial metatarsals.
 – The navicular-cuneiform joints move more than the midtarsal joint.
 – The ankle is not a pure mitered hinge joint. It moves in the transverse 

and frontal planes.
 – There is more frontal plane motion in the ankle than the subtalar joint.

 2. The torque producing capacity of a muscle is dependent upon cross- 
sectional area and moment arm.

 3. Moment arms for the lower extremity muscles change as foot position 
changes.

 4. The tibialis posterior has a longer moment arm for transverse plane adduc-
tion of the foot than for inversion of the foot.
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 Introduction

The human foot has often been described as an engineering marvel converting from 
a “mobile adapter” during the first half of stance to a “rigid lever” during the second 
half. This dichotomous behavior has been considered to be the singular and most 
differentiating feature of the human foot compared to all other primates and living 
creatures. However, recent research studying the kinematics of the human foot has 
dispelled the notion that the human foot actually becomes “rigid” during the stance 
phase of gait. The notion of “rigidity” of the human foot and the myth of midtarsal 
joint “locking” has been explored in Chap. 1 and will be further studied in this chap-
ter. Thanks to modern technology, we now have the ability to measure motion of all 
the bones of the human foot as well as the physical forces acting upon the joints of 
the foot to enable bipedal ambulation.

 General Motion of the Foot Segments

The concept of a dichotomous behavior of the human foot during walking gait was 
proposed by Root et al. in 1977 [1]. They based their assumptions on their original 
cadaver studies as well as clinical observations of patients [2]. Root et al. also relied 
on previous published work of many authors including Close, Inman, and Wright 
who were the original pioneers studying lower extremity kinematics when they 
developed a gait lab at the University of California in the 1960s [3–5]. Although 
Root et al. did perform cadaver studies, their own gait studies were limited to esti-
mation of segmental motion based upon gross visualization of bone landmarks in 
real time. Root et  al. basically observed that the rearfoot, i.e., the subtalar joint, 
moved in the direction of eversion from heel strike to 30% of the stance phase of 
gait. This rearfoot motion was theorized to “unlock” the midtarsal joint according 
the previous observations of Elftman and Manter [6]. Unlocking of the midtarsal 
joint would enable adaptation to irregular surfaces while also assisting in shock 

 5. The plantar intrinsic muscles along with the plantar aponeurosis and the 
plantar ligaments store and release elastic energy in response to deforma-
tion of the longitudinal arch of the foot.

 6. Healthy feet display considerable compliance and variability of motion 
across multiple joints. There is no distinct pattern of motion which defines 
a “normal” foot.

 7. The sensorimotor system has ultimate control over motion of the skeletal 
segments of the lower extremity during ambulation. The timing of muscu-
lar contraction, the force of contraction, the activation of antagonist mus-
cles, and the pre-activation of muscles, all of which contribute to stiffness 
across joints creates multiple options for wide variation among the general 
population.
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absorption. Also, subtalar joint pronation is coupled with internal rotation of the 
tibia which is necessary to “unlock” the knee from full extension and allowing flex-
ion after foot touchdown.

At 30% of the stance phase of gait, Root et al. proposed that the subtalar joint 
begins inverting and would achieve a “neutral position” by heel rise or terminal 
stance which occurs at 60% of the stance phase [1]. Continued supination of the 
rearfoot would “lock” the midtarsal joint converting the foot into a “rigid lever” for 
propulsion during push off. Critical to this model of normal foot function was the 
notion that a pronated or everted hindfoot position carried beyond 30% of the stance 
phase of gait would be considered abnormal.

Root et al. relied on simple visual observation of the feet of many subjects and 
drew conclusions about how and when the joints of the foot moved during gait. 
Much of the focus was on the rearfoot where alignment of the posterior aspect of the 
calcaneus relative to the lower leg could be marked with a pen and then visualized, 
while a patient walked away from the observer. Clearly lacking in the 1970s was 
technology which could more accurately measure position and motion of bone seg-
ments of the foot.

In the 1980s, new technology was developed in gait labs around the United States 
which would allow accurate tracking of skeletal segments using external markers 
and high-speed cameras. The development of this new technology and surge of 
biomechanics research was largely funded by running shoe companies, and the 
insights gained from this research changed much of what we had previously learned 
about function of the foot during walking and running.

In the early 1990s, several studies were published which refuted some of the 
observations of Root et  al. regarding motion of the foot during walking gait. 
Specifically, these studies using 2-D motion tracking of the rearfoot angle to the 
lower leg disputed whether the rearfoot begins re-supination as early in the stance 
phase of gait as proposed by Root et al. [7–9].

Specifically, McPoil and Cornwall showed that the rearfoot pronated after heel strike 
and then remained in a pronated position until the end of midstance [9]. In this study, the 
rearfoot did not begin inverting or supinating until 60% of the stance phase which is the 
beginning of terminal stance and did not reach a “neutral” position until the start of 
swing phase. The pronated position of the rearfoot during the first 60% of the stance 
phase was in the same alignment as seen in the relaxed stance position of the subjects. 
This observation of minimal rearfoot motion during the stance phase of gait was verified 
by several other studies using the same 2-D motion tracking methodology [10–12]. 
However, these early kinematic studies used technology which was limited to evaluating 
frontal plane motion of the rearfoot only, during the first 60% of the gait cycle.

In 1999, multisegment foot models using three-dimensional stereophotogram-
metric analysis were developed which enabled measurement of motion between 
three segments: the leg, the rearfoot, and the forefoot [13, 14]. Early studies using 
3-D multisegment foot models demonstrated significant movement of the midfoot 
joints which exceeded the total motion of the subtalar joint in human subjects [14–
16]. Also, studies of human subjects using (3-D) multisegment foot models demon-
strated that within the foot, more motion occurs in the sagittal plane than the frontal 
or transverse plane in gait studies of human subjects [17, 18].
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3-D multisegment foot model studies enable tracking of skeletal segments 
throughout all phases of the walking gait cycle. Previous insight into frontal plane 
rearfoot motion from 2-D studies was verified with 3-D studies showing approxi-
mately 5 degrees of calcaneal eversion at 60% of the stance phase. The rearfoot is 
then observed to move to a 6° inverted position at toe-off, although there is wide 
variation among individuals (Figs. 3.1 and 3.2). Overall frontal plane motion of the 
rearfoot during the walking gait cycle with skin-mounted markers is approximately 
11°. This amount of motion is hardly detectable with the human eye.
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Fig. 3.1 Studies of healthy individuals show that the rearfoot pronates until 60% of the stance 
phase of gait and then supinates thru pre-swing

-12

-10

-8

-6

-4

-2

0

2

4

6

8

10

12

0 20 40 60 80 100

Percent stance

D
eg

re
es

 (
E

V
-/

IN
+

)

Fig. 3.2 The timing and magnitude of inversion-eversion of the rearfoot during the stance phase 
of gait varies significantly among healthy individuals
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Multisegment foot models demonstrated that significant motion occurs between 
the forefoot and the rearfoot during the stance phase of gait. In particular, studies of 
patients with rheumatoid arthritis and posterior tibial tendon dysfunction (PTTD) 
showed that the forefoot supinated as the rearfoot pronated, indicating an “untwist-
ing motion” as previously described by MacConnail [19, 20].

The significant motion of joints distal to the subtalar joint during walking dis-
puted the notion that the foot behaves as a rigid body during the stance phase of gait 
and that evaluation of rearfoot alignment alone would overlook substantial motion 
occurring in other joints.

The early multisegment foot model studies had shortcomings. There is a lack of 
consistency of methodology and selection of segments within the foot. Many stud-
ies modeled the forefoot as one rigid body, which proved to be misleading as future 
studies showed significant motion within the joints of the forefoot. The plane of 
reference for motion in each body plane varies among studies, and the motions 
described can be misleading. In some cases movement of bone segments are 
reported relative to the supportive surface and in other cases relative to other bones 
within the foot or the tibia. For the foot and ankle surgeon, some bone realignment 
procedures are important relative to the supportive surface such as a medial dis-
placement calcaneal osteotomy. In other cases such as hallux abductovalgus sur-
gery, realignment of the first metatarsal is performed relative to the lesser metatarsals.

Kinematic studies of multisegmented foot models mostly rely on surface mark-
ers placed on the skin which have movement artifact. Also, certain bones such as the 
talus, navicular, and the cuboid do not have natural osseous axes and are difficult to 
mount surface markers.

 The Bone Pin Studies

The solution to movement artifact from surface skin markers is the use of pins 
mounted into the bones themselves to more accurately track motion. This practice 
of placing bone pins in human subjects is prohibited in most countries. An alterna-
tive is implanting pins in cadaver specimens, but the challenge would be replicating 
dynamic gait to simulate true life motion of the skeletal segments.

Ward, Cocheba, and Patterson developed one of the first dynamic cadaveric gait 
simulators and published a series of studies using bone pins and strain gauges to bet-
ter understand the kinematics and kinetics of human walking [21, 22]. Ward teamed 
with Chris Nester, a PhD biomechanist, to conduct a landmark study of joint move-
ment within the human foot during gait using a dynamic cadaver walking simulator. 
[22] Subsequently, Nester was a subject and co-author of a similar bone pin study of 
the kinematics of walking using human subjects in the country of Sweden [23].

The findings of the two bone pin studies are remarkably similar and consistent, 
yet one study was performed using a dynamic cadaver walking simulator, while the 
other was performed on a small group of human subjects in Sweden. The findings 
of the two studies were eye-opening as they revealed considerable movement across 
joints of the foot which were previously thought to be relatively rigid and immobile 
(Table 3.1).
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Here are the key findings of the bone pin studies [22, 23]:

 The Lateral Metatarsals Move More than the Medial
The dynamic cadaver study showed that there is significant motion at the calcaneal- 
cuboid joint (9.8 Sagittal, 7.6 Frontal, 8.0 Transverse), but overall motion was half 
that of the talonavicular joint [22]. Both joints moved in tandem, verifying the 
concept of a midtarsal joint. As shown in Chap. 1, strong ligament attachments 
between the cuboid and navicular are unique features of the human foot. The more 
profound finding from this study was the amount of significant sagittal plane 
motion detected at the fourth and fifth metatarsal-cuboid articulation which mea-
sured 11.5°, exceeding the calcaneal-cuboid joint by 2°. This compares with sag-
ittal plane motion at metatarsals 1–3 at their respective cuneiforms which averaged 
6.1°. Clearly, the metatarsals do not all move together as one rigid body segment, 
and the lateral metatarsals move in a greater range than the medial.

 The Navicular-Cuneiform Joints Move More than the Midtarsal Joint
At the medial column, both studies showed that there was considerable sagittal 
plane motion at the navicular- cuneiform joint in the sagittal plane, measuring 11.4°, 

Table 3.1 Contribution to motion from the individual joints

Summary of the Bone Pin Kinematic Studies
Summary from the studies: Nester et al. [24] and Lundgren et al. [23]

Joint Range in degrees
* = Primary contributor

Sagittal
Tib-talar 18.1*
Cub-5th met 12.9
Nav-med cun 11.5
Talo-nav 10.3
Calc-cuboid 9.75
Tal-calc 7.3
Met 1-med cun 5.4

Frontal
Talo-nav 13.6*
Tib-tal 11.7
Cub-5th met 11.6
Talo-calc 9.8
Calc-cub 9.45
Nav-med cun 9.3
Met 1-med cun 6.1

Transverse
Talo-nav 16.5*
Tib-tal 8.9
Calc-cub 8.1
Tal-calc 7.8
Cub-5th met 7.45
Met 1-med cun 5.6
Nav-med cun 5.3

* = Primary joint contributor
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while sagittal plane motion at the first metatarsal-cuneiform joint was less than half, 
measuring only 5.6°. Overall, the motion between the cuneiforms and navicular in 
the sagittal plane was equivalent to motion between the talus and navicular or 
between the calcaneus and the cuboid. In other words, the navicular-cuneiform 
joints contribute as much sagittal plane motion as the midtarsal joint. This finding 
has surgical implications when deciding which joint fusion on the medial column of 
the foot might have the most profound stabilizing influence.

 The Midfoot Joints Contribute More Sagittal Plane Motion than 
the Ankle
Sagittal plane motion across the talonavicular, navicular-cuneiform, first metatarsal- 
cuneiform joints, as well as in the lateral column at the calcaneal-cuboid and cuboid 
fourth and fifth metatarsal joints exceeds the sagittal plane motion contributed by 
the subtalar joint and ankle joint combined. This places serious doubt about the 
validity of using the age-old technique of measuring “ankle joint dorsiflexion” by 
using the entire foot as the distal reference. When measuring foot-to-leg dorsiflex-
ion, at least half the motion is actually occurring in the foot, not the ankle. 
Furthermore, this study casts doubt on other multisegment fool model investiga-
tions which assumed that the forefoot functions as one rigid body.

 The Medial Column Moves More than the Ankle
The second bone pin study was conducted by Lundgren, Nester, and co-workers 
who utilized human subjects with bone pins implanted in their feet, and tracking of 
movement was accomplished with 3-D (three-dimensional) stereophotogrammetric 
analysis. Verifying the previous observations of the cadaver bone pin study from 
Nester et al. [23] this in vivo study showed that the overall contributions of the joints 
of the medial column of the foot (talonavicular, navicular-medial cuneiform, and 
first metatarsal medial cuneiform) were equivalent to the sagittal plane motion of 
the ankle joint. In other words, the human foot moves more during the stance phase 
of gait at the medial arch than at the ankle joint.

 Pure Ankle Joint Motion Can Now Be Measured
Bone pin studies allow the placement of markers on the talus which can allow iso-
lated measurement of the talocrural joint. Previous 3-D multisegment foot model 
studies using skin-mounted markers could not evaluate pure frontal and transverse 
plane motion at the ankle, separate from the subtalar joint. Sagittal plane motion at 
the ankle joint in the bone pin studies verified findings from previous investigations 
showing approximately 8° of dorsiflexion and 8° of plantarflexion.

 The Ankle Moves in the Transverse and Frontal Planes
The two bone pin studies show motion which contradicts the “mitered hinge” 
perception of ankle joint motion in humans. Specifically, there is more than 
just pure sagittal plane motion available at the talocrural joint. Previous kine-
matic studies have shown surprising high degree of transverse plane motion at 
the ankle joint [25, 26]. This observation was verified in the two bone pin stud-
ies showing and average of 8.9° of transverse motion of the talus relative to 
the tibia.

 Introduction
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 There Is more Frontal Plane Motion in the Ankle than 
the Subtalar Joint
There is also a surprising amount of frontal plane motion in the ankle joint during 
walking which averaged 8.1° in the Lundgren study. This is a similar amount of 
frontal plane motion measured in the subtalar joint which averaged 9.8° in the same 
study. The bone pin study from Nester actually measured more frontal plane motion 
in the ankle during walking compared to the subtalar joint (15.3° vs 9.7°) [23]. It 
should now be recognized that frontal plane motion of the “rearfoot” observed clini-
cally with gait analysis is actually contributed equally by both the ankle joint and 
the subtalar joint.

 The Talonavicular Joint and the Calcaneocuboid Joints Move More 
than the Subtalar Joint
The bone pin studies measured greater overall motion at the talonavicular joint than 
motion at the talocalcaneal (subtalar) joint. In fact, the talonavicular joint has more 
motion in all three body planes than any of the rearfoot or midfoot joints. In com-
parison with the subtalar joint, the talonavicular joint moves over 40° in all three 
body planes, while the subtalar joint moves 24°. In terms of frontal plane motion, 
the talonavicular joint moved an average of 13.6°, while the subtalar joint moved 
9.8°. Surprisingly, the calcaneal-cuboid joint moves 9.4° in the frontal plane which 
is equivalent to frontal plane motion at the subtalar joint. In fact the calcaneal- 
cuboid joint moves in a larger range of motion in all three planes compared to the 
subtalar joint.

 Majority of First Ray Motion Is as the Naviculocuneiform Joint
Motion between the navicular and the medial cuneiform is twice that of the motion 
occurring at the first metatarsal medial cuneiform joint. This dispels the myth that 
the first metatarsal medial cuneiform joint is the primary contributor to “hypermo-
bility” of the first ray in many foot pathologies. In fact, the bone pin studies verify 
that the first metatarsal medial cuneiform joint moves less than any other joint of the 
foot in all three body planes. Therefore, fusion of this joint would not be expected 
to have any significant effect on overall motion or function of the foot.

 The Lateral Metatarsals Move More than the Medial Metatarsals
The cuboid-fifth metatarsal joint has twice the sagittal plane motion than the first 
metatarsal medial cuneiform joint. This observation, combined with the measured 
motion across the calcaneal-cuboid joint, dispels the notion that the lateral column 
of the foot is relatively rigid during the stance phase of gait. In fact, the higher rate 
of nonunion with fusion of the calcaneal-cuboid joint versus the first metatarsal 
medial cuneiform joint might be explained by the significant difference between 
these joints in overall range of motion measured by the bone pin studies.

 The Lateral and Medial Columns Have the Same Sagittal 
Plane Motion
In the sagittal plane, the lateral column moves 23° using combined motion at fifth 
met cuboid and calcaneal-cuboid joints. Along the medial column, the combined 
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motion of the first metatarsomedial cuneiform joint, the navicular-cuneiform 
joint, and the talonavicular joint contribute 25°. Therefore, motion in the sagittal 
plane is relatively equivalent when comparing the medial columns with the lat-
eral. As with previous studies, the overall sagittal plane motion contributed by the 
joints of the foot exceed the motion contributed by the ankle by almost 50%. 
Measuring reduced foot-to-leg dorsiflexion range of motion clinically and diag-
nosing an ankle equinus condition are an erroneous assumption since the joints of 
the foot are providing most of the motion during this standard measurement 
technique.

The two bone pin studies conducted by Nester et al. and Lundgren et al. provide 
the most precise and reliable information about the movement of the bones of the 
human foot during walking gait [23, 27]. Besides reaffirming previous observations 
about rearfoot motion during walking, new insights into the motion of the lateral 
column as well as the metatarsal cuneiform joints were provided by these two stud-
ies which dispelled previous myths and misconceptions. Furthermore, a new under-
standing of the complexity of ankle joint motion provides essential information for 
the foot and ankle surgeon. A summary of both bone pin studies showing range of 
motion in three body planes is provided in Figs. 3.3, 3.4, and 3.5.

Tibio talar 18.1º

Talo navicular 10.3º

Navicular med cuneiform 11.5º

Cuboid 5th Met 12.9º

Sagittal
plane

Fig. 3.3 Sagittal plane motion of the foot: top 4 contributing joints
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Talo calcaneal 9.8º

Tibiotalar 11.7º

Talonavicular 13.6º

Cuboid 5th Met 11.6º

Eversion

Inversion

Fig. 3.4 Frontal plane motion of the foot: top 4 contributing joints

TaloCalcaneal 7.8º Tibio talar 8.9º

Talo navicular 16.5ºCalcaneocuboid 8.1º

Abduction Adduction

Fig. 3.5 Transverse plane motion of the foot: top 4 contributing joints
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The bone pin studies reaffirmed previous investigations about the contribution of 
various joints of the foot to overall range of motion. Clearly, the subtalar joint is not 
the major contributor to overall motion of the foot. This contradicts a long-held 
notion that the subtalar joint is the primary contributor to overall alignment and 
performance of the human foot in dynamic gait.

Lundberg et al. conducted a kinematic study of human subjects by implanting 
metal beads in certain bones of the feet and then tracking motion with radiographs 
as the foot was moved passively on a platform [27]. This investigation measured 
almost twice the range of motion in the talonavicular joint as the subtalar joint. 
Studies of arthrodesis of the midfoot and hindfoot joints in cadaver specimens have 
verified the minimal role of the subtalar joint in providing overall motion to the 
human foot. When the subtalar joint is fused, at least 50% residual motion is still 
available in the talonavicular and calcaneal-cuboid joints [25, 26]. Conversely, 
fusion of the talonavicular joint essentially eliminates all motion in the hindfoot 
including the subtalar joint [25, 26]. Clearly, the contribution of the subtalar joint to 
overall foot motion is significantly less than the talonavicular joint.

 How Does the “Normal” Foot Function in Gait?

Multisegment foot model studies have primarily focused on subjects with patholo-
gies such as posterior tibial tendon dysfunction and rheumatoid arthritis. Most of 
these studies have used relatively small numbers of subjects. There has been a void 
in understanding “typical” or normal kinematics of the human foot. At the same 
time, understanding how the bones and joints move in healthy feet allows the foot 
and ankle surgeon to identify abnormal function and perhaps choose surgical proce-
dures which help restore the foot to a more healthy or “normal” function.

A study performed by Nester and co-workers of 100 healthy, asymptomatic indi-
viduals provided insight into defining the kinematics of the “normal foot.” [28] 
Unique to this study was not only the large number of healthy subjects but also the 
3-D multisegment model which divided the foot into six segments using external 
skin-mounted markers: leg, calcaneus, midfoot (navicular and cuboid), the medial 
forefoot (first metatarsal), the lateral forefoot (fourth and fifth metatarsals), and the 
hallux (Fig. 3.6).

Despite the potential shortcomings of using skin-mounted markers, the findings 
of this study were quite similar to the bone pin studies showing overall sagittal plane 
motion dominates over frontal and transverse plane motion among all the joints of 
the foot. An important and critical finding to this study is the observation that the 
medial forefoot (first ray) and the lateral forefoot (fourth and fifth metatarsals at the 
cuboid) have significant motion independent of each other, and there is more frontal 
and transverse plane motion across the forefoot-midfoot junction than across the 
midtarsal joint (Fig. 3.7).
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Furthermore there was no evidence that the forefoot acted as a rigid body. And, 
as demonstrated in the bone pin studies, there was considerable motion between the 
forefoot and the rearfoot during terminal stance, refuting the concept of a “locking 
mechanism” of the midtarsal joint.

The goal of this study was to try to identify if there was a single pattern of move-
ment which predominated across all 100 healthy subjects .In terms of identifying 
predictable magnitude of “normal” motion at various joints of the human foot, this 
study of a large number of healthy subjects could not find any consistency. There is 
no pattern of motion to define a normal healthy foot. The notion of coupling between 
segments of the foot could not be verified. Rearfoot eversion averaged less than 5° 
during the stance phase, but there was wide variation (Fig. 3.7). In fact there is wide 
variation of magnitude of motion among all the joints of the foot in healthy asymp-
tomatic individuals.

Fig. 3.6 Nester et al. 
studied 100 healthy adults 
using a model which 
divided the foot into six 
segments. (From: Nester 
et al. [28])
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That is not to say that certain foot types do display more predictable motion in 
certain planes. Kinematic studies have verified certain patterns of motions seen in 
planus versus cavus foot types. These studies have measured increased frontal plane 
eversion of the rearfoot in pes planus foot types as well as increased transverse 
plane motion of the forefoot on the rearfoot in the direction of abduction [29]. Cavus 
feet on the other hand demonstrate a more inverted position of the rearfoot during 
gait [30]. However, beyond these simple and well-accepted observations of flat-
footed and high-arched individuals, movements of bone segments within the foot 
are not predictable based upon foot type.

Nester et al. suggested that neuromuscular mechanisms can affect direction and 
magnitude of joint motion within the human foot to explain the wide variation seen 
among healthy human subjects [28]. Variability of movement within a certain range 
is theorized to allow the body to adapt to environmental challenges and reduce over-
use of specific structures [31, 32]. Variability in foot strike and loading of the plantar 
surface of the foot reduces focal repetitive loading on specific structures and thus 
reduces the likelihood of skin ulceration [33]. In other words, variability is a healthy 
finding in human locomotion.

Conversely, reduced variability of motion of skeletal segments can suggest a 
pathologic condition. Patients with chronic ankle instability (CAI) demonstrate 
reduced stride-to-stride variability suggesting a more constrained neuromuscular 
system [34]. This reduced kinematic variability may be due to less variability in 

Fig. 3.7 Healthy individuals show significant motion between the forefoot and midfoot during 
walking gait. (From: Nester et al. [28])
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activation of lower extremity muscles, particularly the peroneus longus and tibialis 
anterior [35]. A rigid, almost spastic contracture of a muscle group is not healthy 
and seen in many pathologic conditions. Reduced variability of kinematic and mus-
cular activation during gait is thought to render patients with CAI more vulnerable 
to unexpected perturbation and risk of injury [36].

The mechanisms which contribute to neuromuscular control of the trunk and 
extremities during standing and walking are complicated and not yet fully under-
stood. However, this subject is worthy of study for any clinician treating the foot and 
ankle as it is integral to the pathomechanics and treatment of most pathologies 
which will be encountered.

 Neuromuscular Control

Ultimately the alignment and function of the skeletal segments of the lower extrem-
ity during upright standing, walking, and running is under the control of the senso-
rimotor system. This system utilizes components of the peripheral and central 
nervous systems and then coordinates muscle activity. To understand this intricate 
system, we will start with a review of the postural control mechanism which is just 
one part of the sensorimotor system.

Postural control is a neuromotor mechanism which functions to keep the body’s 
center of mass within its base of support [37]. In other words, postural control is a 
mechanism to keep the body upright during standing and walking. Postural control 
relies upon sensory input from multiple levels including the visual, the vestibular, 
and the somatosensory system. In the lower extremity, the sensorimotor system 
provides afferent input to the central nervous system from multiple sources includ-
ing the skin, tendons, muscles, and ligaments. The components of the sensorimotor 
system are depicted in Fig. 3.8.

Cortex

Cerebellum Brain Stem

Spinal
Cord

Vision

Vestibular

Extrafusal
Muscle FibersMuscle

Spindle

MuscleCutaneous
Articular

Somatosensory

Intrafusal
Muscle Fibers

Fig. 3.8 The sensorimotor 
system: dotted lines are 
afferent pathways; solid 
lines are efferent pathways. 
Reflexes occur at the spinal 
level, while more advanced 
motor control involves 
higher levels at the 
cerebellum, brain stem, 
and cerebral cortex
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The somatosensory system provides afferent input from tactile, pain, tempera-
ture, and proprioceptive sensors located in the lower extremities (Fig. 3.9).The term 
proprioception refers to three sensory perceptions: joint position sense, joint move-
ment, and sense of resistance. The somatosensory system receives proprioceptive 
input from the ligaments surrounding the joints as well as input from other sensors 
including muscles, tendons, and retinacula [32]. Pain, temperature, and tactile sen-
sations are all part of the somatosensory system. Tactile sensation alone has three 
components: touch, pressure, and vibration. The plantar surface of the foot is rich 
with tactile sensors which provide essential feedback for balance and postural con-
trol during standing and walking.

An essential component of the somatosensory system is the interaction of the 
Golgi tendon organs and the muscle spindles which connect to the gamma motor 
neuron loop [38]. These structures regulate muscle stiffness and respond to changes 
in length of muscle which occur in joint movement (Figs. 3.10 and 3.11). The mus-
cle spindles and Golgi tendon organs are critical proprioceptors for joint position. 
Joint movement places stretch on tendons which initiates a protective reflex to acti-
vate skeletal muscles to control movement. A sudden perturbation during walking 
will cause excessive joint motion which also activates compensatory muscular 
response to restore postural control and/or prevent potential joint injury.

Joint stiffness provides functional stability by limiting abnormal motion [39]. 
Joint stiffness is provided in part by muscle “stiffness” contributed by co- contraction 
of antagonistic muscles. This results in compression between articular surfaces 
which are the second part of the mechanism of joint stiffness [40]. Stiffer muscles 
thru pre-activation resist sudden joint displacement more effectively [41]. This is 
accomplished thru the gamma motor neuron loop.

Active muscles recruit the muscle spindle reflex loop to shorten the reflex time 
needed to prevent joint subluxation and injury. The muscle spindles keep the mus-
cles in a state of activation. In other words, the electromechanical delay in muscle 

Somatosensory Sensations

Tactile

Touch

Tickle
Pressure

Vibration
Temperature

Pain

Kinesthesia Joint
Position
Sense

Sense of
Resistance (force)

Conscious Proprioceptive
Senses

Fig. 3.9 Afferent input 
from the somatosensory 
system in the lower 
extremity
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activity is shortened when muscles are properly activated before a perturbation 
occurs, thus reducing the risk of joint injury [42, 43]. This pre-activation of muscles 
is controlled at supraspinal levels, often part of a “feed-forward” mechanism.

Motor control, or activation of motor neurons, occurs at three primary levels of 
the nervous system: the spinal cord, the brainstem, and the cerebral cortex. 
Immediate activation occurs at the spinal cord level via reflexes which control many 
of the muscular activities during gait. The brainstem modulates inhibitory muscle 
tone and is an essential area for postural control. The cerebral cortex regulates more 
fine-tuned muscular activity for complex and discrete voluntary movements.

The complexity of the sensorimotor mechanism explains why gait studies cannot 
define “normal” motion of the lower extremity skeletal segments during walking 
and running. The timing of muscular contraction, the force of contraction, the acti-
vation of antagonist muscles, and the pre-activation of muscles, all of which con-
tribute to stiffness across joints creates multiple options for wide variation. Even 
when all of the elements of the sensorimotor system are functioning optimally, the 
ultimate effects on walking or running gait will vary significantly among healthy 
individuals.

When trauma disrupts key elements of the sensorimotor system, compensation 
or dysfunction mediated by higher (supraspinal) centers will occur. Injury to joint 

Type II sensory (afferent) fiber

Type Ia sensory (afferent) fiber

Type Ib sensory (afferent) fiber

Tendon organ capsule
(connective tissue)

Tendon fascicies (collagen fibers)
connected to muscle fibers

(b) Tendon organ

(a) Muscle spindle

Intrafusal muscle fibers

Extrafusal
muscle fibers

Lymph space

Connective tissue capsule

Alpha motor (efferent) neuron to extrafusal muscle fiber

Gamma motor (efferent) neuron to intrafusal muscle fiber

Fig. 3.10 The muscle spindles and Golgi tendon organ

3 Motion of the Foot: Joints, Muscles, and Sensorimotor Control



79

mechanoreceptors will disrupt neuromuscular control mechanisms. Injury can also 
occur to other levels of the somatosensory system, altering afferent input. Pain from 
injury can affect multiple levels of the sensorimotor system including the gamma 
motor neuron loop.

Two common orthopedic injuries have been extensively studied in terms of their 
effects on the sensorimotor system: the ankle sprain and anterior cruciate ligament 
(ACL) rupture. Subjects studied immediately after ligament disruption at the ankle 
show impaired proprioception and delayed lower extremity muscular activation 
[44]. Subjects who fail to recover from an ankle sprain develop chronic ankle insta-
bility which is a complex disorder affecting all levels of neuromuscular control of 
the lower extremity [45]. Most notably, these patients demonstrate alteration in 
muscle activation around the ankle and in proximal joints indicating changes at 
higher motor centers [46]. After ACL injury, changes in muscle firing patterns are 
seen distally in the soleus and tibialis anterior as well as proximally in the hip mus-
culature [47]. These studies show that after orthopedic injury, alterations in motor 
control occur which must be identified and treated by the treating clinician. These 

Fig. 3.11 The patellar tendon-stretch reflex, via the muscle spindles, activates the alpha motor 
neuron innervating the quadriceps muscle Joint movement
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changes may be the result of interruption of somatosensory input or loss of integra-
tion for activation of motor response. There is significant evidence that balance 
training is effective in restoring sensorimotor control after orthopedic injury 
[48–51].

Ultimately, the sensorimotor system coordinates the activation of agonist and 
antagonist muscles to stabilize joints during locomotion. According to Perry [52], 
each weight-bearing limb has four functions during locomotion which are modu-
lated by the sensorimotor system:

 1. Upright stability is maintained despite an ever-changing posture.
 2. Progression is generated by the interaction of selected postures, muscle force, 

and tendon elasticity.
 3. The shock of ground impact at the onset of each stride is attenuated.
 4. Energy is conserved by the optimizing coordination and minimizing muscu-

lar effort.

Not only is the timing of activation critical to this system, but the eventual power 
and velocity of contraction of a muscle will dictate the motion at various joints. The 
muscles of the human body vary significantly in their physical structure which dic-
tates the amount of tension developed during active contraction. When clinicians 
consider off-loading or relieving “tissue stress” with treatment interventions, they 
must have an in-depth knowledge of the phasic muscle activity, strength and excur-
sion of the muscles, and the moment arm of the muscle/tendon unit acting across 
various joints.

 Do Joint Axes Determine Direction and Range of Motion?

A popular theory in podiatric biomechanics is that the orientation of a joint axis, 
specifically in the subtalar joint, will predict behavior and loads experienced by the 
entire foot during gait [53]. This theory has some validity but also has shortcomings 
which should be considered. Firstly, no joint anywhere in the human body has an 
axis of motion. Rather, motion of a joint will describe the alignment of the theoreti-
cal axis around which the skeletal segments are rotating. In this regard, motion 
defines the axis, and not vice versa. Secondly, passively moving the foot at only one 
joint, off weight bearing, cannot accurately predict the direction, range, and ulti-
mate axis of rotation of that joint during dynamic gait. All of the joints of the foot 
affect motion of the other joints, and moment arm of the muscles crossing those 
joints changes as joint position changes. Finally, the subtalar joint does not contrib-
ute the majority of motion of the human foot, and motion of the subtalar joint does 
not predict overall motion of the entire foot.

Motion occurring at any joint in the lower extremity is the result of the magni-
tude and direction external forces acting across the joint. These forces or moments 
are counteracted upon by both dynamic muscle-tendon structures as well as passive 
joint capsule and ligamentous structures. Even the shape and quality of the articular 
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surface of the joint will dictate the overall joint motion. Finally, the strength and 
timing of contraction of agonist and antagonist muscle groups coordinated by the 
sensorimotor system will have the final influence on the ultimate direction and 
range of motion of a joint during gait. It is the summary of all of these influences 
and not a simple theoretical axis which will ultimately determine how a skeletal 
segment will perform in dynamic gait.

Unfortunately, how the sensorimotor system will regulate upright stability and 
progression during ambulation is not predictable in each and every patient.

However, a general understanding of muscle function in the lower extremity will 
allow identification of impairment and will improve implementation of treatment 
interventions which could restore function to a more optimal level. Muscle function 
is dependent upon several key factors including phasic activity, muscle strength, and 
moment arm across various joints.

 Muscle Function in the Lower Extremity

 Phasic Activity

The timing and intensity of muscle activity in the lower extremities are depicted in 
Figs. 3.7 and 3.8 below and taken from the work of Perry [52]. In general, the exten-
sors work in concert with each other; however the tibialis anterior (TA) is most 
active at initial contact, while the extensor hallucis longus (EHL) is most active at 
mid swing (Fig. 3.12).

The ankle plantar flexors show more specialization of phasic activity (Fig. 3.13). 
The tibialis posterior (TP) contracts immediately at initial contact to decelerate or 
restrain internal rotation of the tibia and pronation of the subtalar and midtarsal 
joints. The flexor digitorum longus (FDL) does not contract until the start of mid-
stance and fails to provide any restraint during initial contact. This raises one of 
several questions about the suitability of the FDL for tendon transfer in adult 
acquired flatfoot (AAF) deformity.

The gastrocnemius and soleus peak during terminal stance or heel rise and then 
drop off sharply before pre-swing. This complete absence of muscular activity dur-
ing pre-swing or toe-off verifies that push off is not due to active contraction of the 
calf musculature.

 Muscle Strength

In a landmark study, Silver et al. evaluated strength and excursion of the muscles of 
the lower extremity [54]. Excursion was determined by measuring the length of the 
muscle fibers. Strength was a measurement of muscle volume divided by muscle 
fiber length. Thus, muscle mass by itself does not determine strength. The length of 
the fibers of the muscle counteracts the strength or tension the muscle can develop. 
Essentially, longer fiber length equates to decreased muscle strength.

 Muscle Function in the Lower Extremity
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Interesting insight is gained by the Silver study regarding the importance of cer-
tain muscle groups in the lower extremity. The ankle plantarflexors account for 
54.5% of overall lower extremity muscle strength, while the dorsiflexors account for 
only 9.4%. This underscores the critical function of the posterior leg musculature to 
control forward fall during gait. The soleus is the strongest muscle crossing the 
ankle joint accounting for 30% of the strength of the lower leg musculature, while 
the gastrocnemius provides 19.2% of overall strength. The medial head of the gas-
trocnemius provides 72% of the entire strength of the gastrocnemius.

Although overall percent of strength contributed by the ankle dorsiflexors is rela-
tively minor, there is a primary reliance upon the tibialis anterior (5.6%) which 
exceeds the combined power of the extensor hallucis longus (1.2%) and extensor 
digitorum longus (1.7%). The strength of the peroneus longus (5.5%) is more than 
twice that of the peroneus brevis (2.6%). The mean fiber lengths of the peroneus 
brevis and the tibialis posterior are identical. Despite an obvious strength difference, 
the flexor digitorum longus (1.8%) is commonly transferred as a replacement for the 
tibialis posterior (6.4%) in adult acquired flatfoot surgery.

Wickiewicz expanded on Silver’s study to provide more insight into the perfor-
mance of muscles of the lower extremity [55]. Instead of looking at gross length of 
the muscle fibers, Wickiewicz performed microscopic measurements to count the 
number of sarcomeres. Velocity of muscle contraction is dependent upon fiber 
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Fig. 3.13 Ankle plantar flexor muscles including the triceps surae (soleus, gastrocnemius ) and peri-
malleolar (TP, FDL, FHL, pernoneus longus, pernoneus brevis). Normal mean intensity and timing 
during free walking (quantified EMG). Intensity as a percent of maximum manual muscle test value 
(% MMT) indicated by height of shaded area. The dark shading indicates the activity pattern of the 
majority of subjects. The light gray area indicates less frequent activity patterns. Vertical bars desig-
nate the gait phase divisions. N = sample included in the data (dominant pattern, less frequent pattern 
if present).  (From Perry and Burnfield [52] Figs.4–6 Page 57 and 59. Reprinted with permission)
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length with longer fibers providing higher velocity. Longer fibers are actually made 
up of sarcomeres arranged end to end, or as Wickiewicz describes, they are sarco-
meres in series providing higher velocity. Force or tension is determined by the 
number of sarcomeres arranged side to side, or in parallel, which then increases the 
muscle cross-sectional area. Wickiewicz evaluated lower extremity muscle perfor-
mance based upon the principle that force and velocity are inversely proportional: 
high-velocity muscle contraction has less tension.

The Wickiewicz study showed that there is no “balance” between muscle groups 
in the lower extremity. The ankle dorsiflexors have fast-shortening velocities but 
develop only 15% the tension as the ankle plantarflexors. The EHL stands out above 
all the other dorsiflexors in velocity as it has three times the fiber length compared 
to cross-sectional area compared to the other dorsiflexors. Therefore, the EHL is the 
weakest of the ankle dorsiflexors. The soleus and gastrocnemius have the shortest 
muscle fiber length followed by the tibialis posterior and the peroneus longus. These 
are the four muscles which are the top tension producers of the lower leg. Based 
upon muscle fiber length, the flexor digitorum longus is designed for higher velocity 
and lower tension than the tibialis posterior. The peroneus longus is designed for 
better tension than the peroneus brevis. The lateral head of the gastrocnemius is 
composed of fibers which are 46% longer than the medial head. Therefore, the 
medial head of the gastrocnemius generates twice the tension compared to the 
lateral.

 Moment Arm

Another critical factor in muscle function of the lower extremity is the alignment of 
a tendon which enables a muscle to produce moment or torque at a joint. Torque is a 
force applied over a distance which causes rotation of a joint about an axis. Moment 
arm is defined as the perpendicular distance from the joint’s axis of rotation to the 
line of action of the muscle. The amount of torque generated by a muscular contrac-
tion is dependent on three variables: The strength of the contraction, the angle of 
application of force by the muscle-tendon unit across a joint, and the length of the 
moment arm or lever arm of the muscle-tendon unit. The optimal situation for a 
muscle to generate torque at a joint is a combination of a long moment arm which is 
oriented at a 90 degree (perpendicular) angle to the axis of joint rotation [56].

There are various methods used to measure muscle moment arms in both cadav-
eric (in vitro) and living subjects (in vivo). These methods include direct measure 
with radiographic imaging, load measuring, and tendon displacement measures 
[57–60]. Studies of moment arm of extrinsic tendons of the foot have challenges 
and shortcomings. Some studies have attempted to isolate movement at a specific 
joint by fusing other joints of the foot. Other studies manually moved the foot in one 
specific body plane, while other studies allowed the foot to move freely in all three 
body planes.

Notwithstanding, consistent observations have been made from these muscle 
moment arm studies which are helpful to consider when implementing offloading 
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strategies for treatment of injury. It is important to recognize that foot position and 
deformity will have significant effect on the moment arms of key muscles in the 
lower extremity. Reconstructive foot and ankle surgery, by changing position of 
skeletal segments, will affect moment arms and performance of certain muscles.

A study by Hinterman et al. showed that positioning of the ankle in dorsiflexion 
or plantarflexion has profound effects on changing moment arms of specific lower 
leg muscles [59]. As the ankle plantar flexes past neutral or 90°, eversion moment 
arm of both peroneal muscles (PL and PB) significantly decreases. This verifies that 
the plantar-flexed ankle is at risk for inversion injury not only due to change of 
mechanical alignment within the talocrural joint but also due to compromise in 
peroneal muscular efficiency for stability.

Hinterman also showed that as the ankle moves into plantarflexion, there is 
greater increase in plantarflexion moment arm for the gastrocnemius and soleus 
[59]. As the ankle moves into dorsiflexion, the moment arm of all the invertors of 
the ankle decreases. This study showed that as the foot moves into eversion, moment 
arm of the invertors, particularly the tibialis posterior, decreases. In summary, the 
triceps surae and the tibialis posterior function optimally when the ankle is plantar- 
flexed and the foot is in an inverted position.

A study by Lee et al. looked at the changes in moment arm of the tibialis anterior 
and the two heads of the gastrocnemius when the foot is inverted or everted [61]. 
The gastrocnemius has a small (4 mm) inversion moment arm at the rearfoot when 
the ankle is at 90° and the subtalar joint is neutral. As the foot moved into inversion, 
the inversion moment arm of the gastrocnemius increases particularly at the medial 
head. Eversion of the foot causes an eversion moment arm of the lateral head only, 
while the medial head always maintains a small inversion moment arm [61]. 
Eversion of the foot creates an eversion moment arm of the TA, while inversion of 
the foot changes this action and creates a significant inversion moment arm. This is 
an important consideration in flatfoot surgery. The TA can become a significant 
invertor of the foot provided that foot position, relative to the leg, is corrected from 
an everted to an inverted position.

Wang et al. performed a dynamic gait study of human subjects to measure the 
changes in muscle force in response to subtalar joint inversion and eversion [62]. 
This was not a moment arm study, but instead measured joint accelerations during 
gait. Therefore, this study measured the effects of change of muscle force in response 
to foot position which then changes the muscle moment arm. Inversion of the foot 
decreases the efficiency of the tibialis anterior for dorsiflexion but improves the 
efficiency for inversion. This was verified when the researchers measured a 
decreased dorsiflexion acceleration in the tibialis anterior when the foot was 
inverted. Eversion of the foot increased efficiency of the tibialis anterior to dorsiflex 
the ankle and also increased the ability of the gastrocnemius and soleus to plan-
tarflex the ankle and extend the knee. Therefore, inversion of the foot actually 
decreases efficiency of the sagittal plane stabilizers of the foot, while eversion 
improves this efficiency. Finally this study verified a long-held belief that the triceps 
will further evert the subtalar joint with contractile activity if that joint is already 
positioned into eversion.
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A comprehensive study of moment arms of the lower leg muscles was conducted 
by McCullough and co-workers [63]. Using a simulator which allows continuous 
motion in three planes, moment arms were measured in all nine extrinsic muscles of 
the foot in five cadaveric specimens. For the first time, moment arm was measured 
relative to transverse plane displacement of the foot. In this plane, the largest 
moment arm for abduction (external rotation) of the foot was contributed by the 
peroneus brevis (23 mm). For adduction (internal rotation of the foot), the flexor 
digitorum longus and the tibialis posterior had similar moment arms, 22.1 mm and 
21.4 mm, respectively. For eversion of the foot, the peroneus longus had the largest 
average moment arm of 31 mm. For inversion of the foot, the largest moment arm 
was contributed by the tibialis anterior (16 mm). Surprisingly, the FDL and tibialis 
posterior had identical inversion moment arms of 10 mm which were 30% lower 
than the tibialis anterior. In the sagittal plane, the Achilles tendon had the largest 
average plantarflexion moment arm of 53 mm, while the extensor hallucis longus 
had the largest dorsiflexion moment arm of 43 mm. The peroneal tendons had sur-
prising large moment arms for dorsiflexion with the peroneus brevis contributing 
16.7 mm and the peroneus longus 21.1.

In the transverse plane, there is similarity of moment arms for adduction com-
pared to abduction. The tibialis posterior and flexor digitorum longus have an 
adduction moment arm of 22  mm. The peroneus longus and brevis have an 
abduction moment arm of 16 mm and 23 mm, respectively. The transverse plane 
moment arms of all these muscles is appreciated when looking at the distal 
course of the tendons which cross 45° to the adduction-abduction axis of the foot 
(Fig. 3.14).

Applying more recent knowledge about muscle moment arms as well as muscle 
strength measures, a hierarchy of contribution from each muscle to foot stability can 
be developed. While moment arms may appear similar within a group of muscles of 
the lower leg, factoring in the cross-sectional area or strength of the muscle with the 
moment arm will allow a calculation of torque capacity of the muscle [65]. The first 
step is to estimate the isometric force output of the muscle. Zajac calculated the 
peak muscle stress of skeletal muscle, assuming that all motor units would be acti-
vated simultaneously, and proposed a baseline value of 35Ncm2 [56]. This value 
can then be multiplied by the cross-sectional area of any muscle to yield an estimate 
of maximal isometric force expressed in Newtons [62]. By multiplying this force by 
the moment arm, the total moment or torque can calculated, expressed in Newton- 
meters. Table 3.2 lists the overall torque or moment capacity of each of the lower 
extremity muscles for each of six planes of motion. From this table and from studies 
previously cited regarding change of position of moment arms, we can summarize 
the major contributors of muscular control of the foot in all six body planes 
(Fig. 3.15).
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 Major Muscle Contributors in Six Planes of Motion (Summary 
of Table 3.2)

 Sagittal Plane

The plantar flexion muscles provide fivefold greater torque than the dorsiflexors 
(Fig. 3.16). Contrary to a popular assumption, there is little evidence for “balance” 
of power between agonist and antagonist muscles of the lower leg. Furthermore, 
there is no balance in phasic muscle activity comparing agonists and antagonists as 
they fire at different times. Other factors dictate timing of muscle activity during 
gait including forward momentum and ground reaction forces.

The significant strength advantage of the plantar flexion muscles underscores the 
critical requirement for the soleus and the gastrocnemius to restrain dorsiflexion and 

Flexor hallucis
longus

a b

Peroneus
longus

Flexor digitorum
longus

Tibialis
posterior

Peroneus
longus cut

Flexor
digitorum
longus cut

Fig. 3.14 The distal course of the FDL and TP tendons cross obliquely across the long axis of the 
foot, allowing production of transverse plane moment. (Taken from: McKeon et al. [64])
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control forward fall of the body which is the driving force of the walking gait cycle. 
To further understand the importance of the plantarflexors vs. the dorsiflexors, one 
only has to compare the impairment of an Achilles tendon rupture compared to the 
dropfoot condition resulting from loss of the ankle extensor muscle group. The 
dropfoot patient compensates quite effectively with a steppage gait, while patients 
with an Achilles tendon rupture are apropulsive and relatively incapacitated.

The soleus contributes two-fold the plantarflexion moment as the medial head of 
the gastrocnemius. This moment increases when the ankle moves into plantarflex-
ion and the moment arm of the Achilles moves to a perpendicular alignment to the 
ankle joint axis. The medial head of the gastrocnemius is a different muscle than the 
lateral head. The medial head has shorter muscle fibers, develops twice the ankle 
plantarflexion moment than the lateral, and has more inversion moment arm in all 
positions at the ankle compared to the lateral.

All other ankle flexors have far less torque capacity in comparison to the soleus 
and gastrocnemius: the flexor hallucis longus (FHL) provides only 5% the ankle 
flexion moment of the soleus, yet it is the preferred tendon to transfer to the Achilles 
in neglected rupture. Despite a shorter moment arm, the tibialis posterior is actually 
a stronger ankle plantar flexor than the FHL.

Table 3.2 Capacity for moment production in three planes

Muscle moment 
arm (mm)

Cross sect. area 
(cm2) Isometric force (N) Moment (Nm)

Dorsiflexion
TA 36.5 10 350 12.7a

EHL 43 2 70 3.0
EDL 32 5.3 175 5.6
PB 16.7 6 210 3.5
PL 21.1 12 420 8.8
Plantarflexion
SOL 53 58 2030 107.5a

GAST 53 32 1120 59.3
FHL 25 5 175 4.3
FDL 12 5 175 2.1
TP 9.4 21 735 6.9
Inversion
TP 10.2 21 735 7.5a

TA 16.6 10 350 5.8
Eversion
PL 31.3 12 420 13.14a

PB 20.5 6 210 4.3
EDL 5 5.3 175 0.8
Internal rotation (adduction)
TP 21.4 21 735 15.7a

FDL 22.1 5 175 3.86
External rotation (abduction)
PL 16 12 420 6.72a

PB 23 6 210 4.83

Based upon: McCullough et al. [63] and Wickiewicz et al. [55]
aLargest moment capacity
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The tibialis anterior (TA) is the primary ankle dorsiflexor. However, dorsiflexion 
moment of the TA weakens with foot inversion. This may contribute to foot drop 
seen in patients with cavus deformity. Despite the longest moment arm, the minimal 
cross-sectional area of the extensor hallucis longus (EHL) makes this muscle a neg-
ligible ankle dorsiflexor. The peroneus longus (PL) has surprising ability to dorsi-
flex the ankle, better than either the EHL or the EDL. However, this dorsiflexion 
motion provided by the PL is accompanied by significant eversion of the foot.

 Frontal Plane

The invertors and evertors are evenly balanced in muscle power indicating that 
walking places equal burden on the lower leg musculature in the frontal plane 
(Fig.  3.17). Contrary to popular belief, the tibialis posterior and the tibialis 

Gastrocnemius

Soleus

PF 59.3

PF 107.3

Tibialis anterior
INV 5.8
PF 12.7

Tibialis posterior

Flexor digitorum longus

INV 7.5
ADD 15.7
PF 6.9

INV 1.8
ADD 3.8
PF 4.3

Peroneus brevis

Peroneus longus

EV 4.3
ABD 4.8
OF 3.5

EV 13.1
ABD 6.7
OF 8.8

Fig. 3.15 Summary of muscle moment capacity (Newton-meters) in 3 planes
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anterior have similar inversion moment production capacity. However, the TA 
becomes an evertor when the foot is everted. The tibialis posterior continues to be 
an invertor with eversion of the foot, but moment arm for this action becomes 
significantly reduced with further eversion [59]. Due to favorable moment arm 
and larger muscle cross section, the peroneus longus (PL) is the primary everter 
of the foot exceeding the peroneus brevis (PB) by over threefold in overall torque 
production capacity. This eversion power of the peroneals is significantly reduced 
with ankle joint plantarflexion.

Gastrocnemius 59.3

Soleus 107.5

Achilles tendonTibialis posterior 6.9

Flexor digitorum longus 2.1

Flexor hallucis longus 4.3

Tibialis anterior 12.7

Extensor hallucis longus 3.0

Extensor digitorum longus 5.6

Peroneus brevis 3.5

Peroneus longus 8.8

Fig. 3.16 Muscle moment capacity (Newton-meters): sagittal plane
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Inversion

Tibialis posterior 7.5Nm

Tibialis anterior 5.8Nm

Eversion

Peroneus brevis 4.3Nm

Peroneus longus 13.4Nm

Fig. 3.17 Muscle moment capacity (Newton-meters): frontal plane

Abduction

Peroneus longus 6.27

Peroneus brevis 4.83

Abduction

Tibialis posterior 15.7

FDL 3.86

Fig. 3.18 Muscle moment capacity (Newton-meters): transverse plane

 Transverse Plane

The internal rotators have almost twice the moment or torque on the foot than the 
external rotators (Fig. 3.18). Thus, walking demands significantly greater restraint 
of external rotation than internal rotation. The alignment of the foot relative to the 
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leg during walking causes the foot to naturally abduct which places greater demand 
on the tibialis posterior, which is the primary restraint to external rotation. This 
explains why the dominant plane of deformity assumed by the foot after posterior 
tibial tendon rupture is external rotation or abduction rather than frontal plane val-
gus deformity [20]. Furthermore, overall deformity resulting from rupture of the 
posterior tibial tendon is significantly more severe than what occurs in the foot after 
rupture of the abductors or external rotators, i.e., the peroneal tendons. This may 
explain why tenodesis procedures using the peroneal tendons to treat lateral ankle 
instability do not sacrifice stability of the foot in the transverse plane.

The tibialis posterior produces twofold greater adduction (internal rotation) 
moment than it does inversion moment. This muscle should be considered first and 
foremost as an adductor in the transverse plane rather than its secondary role as an 
invertor. Despite the largest moment arm for abduction, the PB does not produce the 
greatest moment in this direction because the PL has twice the muscle cross section 
and still has significant moment arm to become the primary external rotator of the foot.

 Muscle Activity/Demand and Foot Type

Hypertrophy of the FDL muscle has been observed with MR imaging of patients 
with posterior tibial tendon insufficiency [66]. Ultrasound study revealed increased 
cross-sectional area of the FDL and FHL muscles in patients with pes planus com-
pared to patients with normal arch feet [67]. This verifies the role of these muscles 
as arch supporters which are recruited for increased activity in pes planus.

Decreased activity of the peroneus longus and brevis has been measured in 
patients with pes planus compared to normal arched individuals [68, 69]. Similarly, 
decreased cross-sectional area of the peroneal musculature has been demonstrated 
with ultrasound study of patients with pes planus [67]. This suggests a decrease load 
on the foot “pronators” in pes planus. Conversely, increased activity of the ankle 
inverter muscles has been shown to increase in pes planus [68].

 The Plantar Intrinsic Muscles

The plantar intrinsic muscles include the: abductor hallucis, quadratus plantae, flexor 
digitorum brevis, abductor digiti minimi, flexor digiti minimi, opponens digiti min-
imi, adductor hallucis, dorsal and plantar interossei, and lumbricales (Fig. 3.19).

The role of these muscles is just now being elucidated as key stabilizers of the 
foot. Understanding of the function of these muscles has been challenging due to 
their reduced size and depth within the foot-making surface EMG studies difficult. 
Early studies demonstrated that the plantar intrinsics function later in the stance 
phase of gait to stabilize the digits during heel rise (Fig. 3.20) [70].

There is also evidence that these muscles control pronation of the subtalar joint 
[71]. Later studies verified the role of pronation control of the plantar intrinsics as 
well as an emerging concept that these muscles were important stabilizers of the 
medial longitudinal arch of the foot [72, 73].
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Kelly and co-workers used ultrasound-guided intramuscular EMG to study the 
three largest plantar intrinsic muscles, specifically the abductor hallucis, flexor digi-
torum brevis, and quadratus plantae [74]. Significant increase of muscle activation 
patterns was measured with increased postural sway suggesting that the plantar 
intrinsic muscles play an important role in balance and postural control. This 
research group subsequently studied the role of the same three plantar intrinsic mus-
cles in stabilizing or providing stiffness to the medial longitudinal arch of the foot 
[75]. This study measured increased stretch and activation of the plantar intrinsic 
muscles with increasing load deformation of the longitudinal arch of the foot. With 
electrical stimulation the researchers demonstrated that the plantar intrinsic muscles 
act along with the plantar aponeurosis to attenuate longitudinal arch deformation 
during walking. Specific rotation of foot skeletal segments were measured depend-
ing on which muscle were stimulated. The abductor hallucis, the largest of all the 
plantar intrinsics, demonstrated kinematic effects in all three body planes resulting 
in calcaneal inversion as well as dorsiflexion (increased calcaneal inclination). The 
calcaneus was also observed to move into abduction with stimulation of the 

Fig. 3.19 The plantar intrinsic muscles
(1) Abductor hallucis, (2) flexor digitorum brevis, (3) abductor digiti minimi, (4) quadratus plantae 
(note its insertion into the flexor digitorum tendon), (5) lumbricals (note their origin from the flexor 
digitorum longus tendon), (6) flexor digiti minimi, (7) adductor hallucis oblique (a) and transverse 
(b) heads, (8) flexor hallucis brevis, (9) plantar interossei, (10) dorsal interossei, and (11) extensor 
digitorum brevis. (Taken from: McKeon et al. [64])

The Plantar Intrinsic Muscles



94

abductor hallucis indicating closed chain supination of the midtarsal joint. This was 
supported by the observation of flexion and adduction of the metatarsals with stimu-
lation of the abductor hallucis muscle. The flexor digitorum brevis and quadratus 
plantae only exerted influence in the frontal and transverse plane. The authors spec-
ulated that the more medial location of the abductor hallucis provided better moment 
arm to affect the sagittal plane and height of the longitudinal arch of the foot.

 Storage and Return of Energy

Other investigators have speculated that stiffness of the longitudinal arch of the foot is 
regulated by the active contractile elements of the plantar intrinsic muscles as well as 
the passive elastic elements of the plantar aponeurosis and the plantar ligaments [76, 
77]. The role of the passive plantar ligament structures to provide storage of energy 
and elastic recoil has been dubbed the “foot spring” by Ker et al. [78]. They measured 
energy strain storage capacity in the plantar aponeurosis, the spring ligament, and the 
long and short plantar ligaments. It appears that the plantar intrinsics also respond to 
load with stretch and contraction to provide stability to the entire foot [76].

% Gait cycle

0 20 40 60 80 100

Abductor
Digiti quinti

Abductor
Hallucis

Extensor
Digitorum brevis

Flexor
Digitorum brevis

Flexor
Hallucis brevis

Interosseous

Fig. 3.20 Intrinsic foot 
muscle action during 
stance. (Adapted from 
Mann and Inman [71]). 
(From: Perry and Burnfield 
[52] Figs. 4–16 page 69. 
Reprinted with permission)
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Decreased cross-sectional area with ultrasound study of the abductor hallucis 
and flexor hallucis brevis has been observed in patients with pes planus compared 
to normal arch feet [67, 79]. This contrasts with hypertrophy of other arch support-
ing muscles in the leg in pes planus such as the FHL and FDL [66, 68]. The plantar 
intrinsic muscles may not have to work as hard in pes planus because the plantar 
fascia becomes taut in pes planus and takes over plantar flexing toes, a so-called 
reverse windlass [80].

The critical initiation of supination motion of the rearfoot at 60% of the stance 
phase of gait has been validated by many kinematic studies carried out after the 
initial report by McPoil and Cornwall in 1994 [9]. See Figs. 3.1 and 3.3. At 60% of 
the stance phase of gait, which corresponds to 40% of the overall gait cycle, the 
swing phase foot has just passed the stance phase foot, and heel rise is initiated. This 
is the beginning of terminal stance.

Rearfoot supination and elevation of the calcaneus from the supportive surface 
rely upon elastic recoil of passive ligamentous structures in the foot as well as 
dynamic contraction of both extrinsic and intrinsic musculature. This point of the 
gait cycle marks the initiation of positive work which is carried out during the final 
40% of the stance phase of gait.

During the first 60% of the stance phase of gait, certain motions of segments 
within the foot allow stretching, elongation, and release of energy to dissipate shock. 
Furthermore, the stretching of tendon and ligament structure allows storage of strain 
energy which is released during recoil and shortening of these structures during 
terminal stance and pre-swing, the final 40% of the stance phase of gait.

The longitudinal arch of the foot compresses under load during the first 60% of 
the stance phase of gait, resulting in lengthening and increased strain in the soft tis-
sue supports. Elastic recoil of these ligamentous structures causes the release of 
stored strain energy. This compression-recoil mechanism has been called the foot- 
spring by Ker and is postulated to provide significant contribution to metabolic 
efficiency in human gait [78].

The plantar aponeurosis stretches during loading of the foot in early stance [76]. 
Compression and elongation of the longitudinal arch is restricted when the plantar 
aponeurosis stiffens at end range. In fact all the key ligamentous structures includ-
ing the spring ligament and long and short plantar ligaments stiffen under load to 
provide overall stiffness of the foot and elastic recoil during the last half of the 
stance phase of gait [76]. Loading, elongation, and stiffening of key ligaments are 
integral to the energy storage mechanism which allows push off or propulsion dur-
ing gait [77]. This loading is made possible by unique movement of the twisted plate 
configuration of the osteoligamentous structure of the human foot.

MacConnail observed that maximal loading and stiffening of the key ligaments 
of the foot occurred when the rearfoot was pronated and the forefoot was supinated 
[81]. These motions occur during the first 60% of the stance phase of gait. The talo-
navicular joint moves into dorsiflexion and abduction which causes a lowering or 
compression of the medial longitudinal arch. This motion also loads the spring liga-
ment and the plantar aponeurosis. Pronation of the rearfoot lowers calcaneal pitch, 
increasing strain on the long and short plantar ligaments. The human foot remains 
stable during the first half of the stance phase of gait due to tensioning of these key 
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ligaments. At the same time, significant strain energy is stored in these ligaments 
with loading. Stearne and McDonald have demonstrated that if pronation and arch 
compression are inhibited by over-corrective foot orthoses, the energy storage-
release mechanism of key ligaments is significantly disrupted [82, 83].

What causes the recoil of the arch supportive ligaments and release of stored 
strain energy? It may be a combination of dynamic contraction of certain extrinsic 
and intrinsic muscles. This has been named the “Foot Core” mechanism by McKeon 
and co-workers. They show that the tendons from the lower leg muscles, as well as 
the plantar intrinsic muscles and the primary ligaments on the plantar surface of the 
foot are oriented in a crisscross network to provide optimal lever arm for support of 
the medial, lateral and transverse arches (Figs. 3.14, 3.19 and 3.21).

Besides muscular contraction, there are mechanical processes where supination 
of the foot, driven by proximal motion in the leg, releases the plantar ligaments from 
their maximal state of tension. Supination occurs in the stance phase foot as the 
contralateral swing phase limb passes by, inducing external rotation of the pelvis, 
femur, and tibia in the weight-bearing extremity which is fixed on the ground. This 
occurs at heel rise or the beginning of terminal stance which is at 60% completion 
of the stance phase of gait. At the start of terminal stance, the rearfoot begins to 
supinate, and forefoot plantarflexion occurs from dynamic muscular action as well 
as elastic recoil of the plantar fascia and arch ligaments. The arch of the foot will 
begin to raise in terminal stance reaching a maximum height after toe-off [84–86].

 Twisting the Plate Stores and Releases Energy

The osteoligamentous structure of the human foot “untwists” during the first half 
of the stance phase of gait to absorb energy, dissipate shock, and adapt to terrain 
irregularity. This osteoligamentous structure then recoils and “twists” into rear-
foot inversion and forefoot pronation. This results in significant increase in arch 
height during the final 15% of stance [84–86]. Nester showed that the first ray 
undergoes approximately 15° of plantar flexion from the start of terminal stance 
to the end of pre- swing [28]. The beginning of terminal stance with heel rise cor-
responds to maximal tensile strain in the plantar fascia along with peak intrinsic 
muscle activity [87–89]. Recoil of the medial slip of the plantar aponeurosis as 
well as the abductor hallucis, flexor hallucis longus, and brevis cause stiffening 
of the first ray, plantarflexion of the medial column, and elevation of the medial 
longitudinal arch during terminal stance and pre-swing (Fig. 3.22). The peroneus 
longus is integral to stiffening of the first ray as it abducts the first metatarsal into 
a close-packed position against the intermediate cuneiform. The peroneus longus 
also performs a critical function during terminal stance to pronate the forefoot 
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Fig. 3.21 The plantar ligaments which make up part of the arch spring mechanism. (Taken from: 
McKeon et al. [64])
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which transfers load from lateral to medial across the first MTPJ to engage the 
windlass mechanism. This is all part of the “twisting” of the forefoot on the rear-
foot as originally described by MacConnail [81].

Contrary to popular belief, the windlass mechanism by itself cannot explain ele-
vation and shortening of the arch of the foot during terminal stance and pre-swing. 
The arch of the foot raises before the windlass is engaged, and a study has shown 
that approximately 20° of digital dorsiflexion is required before arch raising is seen 
during terminal stance [90]. While tightening of the plantar fascia and activity of the 
plantar intrinsics in terminal stance are important arch raising mechanisms, Wearing 
proposes that other factors are also operating which raise the arch prior to push off 
[91]. During terminal stance contractile activity of the triceps drops off rapidly to 
become totally inactive by pre-swing [84, 92]. This removes an arch lowering force 
even though the ankle is plantar flexing from elastic recoil in the Achilles. There is 
also unweighting of the foot due the commencement of double limb support at the 
start of pre-swing [93, 94].

The critical motions within the foot during terminal stance and pre-swing are 
unique to humans and are clearly part of an energy storage and release mechanism 
(Fig. 3.23). Instead of a simple “rigid lever” concept of the foot in propulsion previ-
ously embraced by most authorities, the human foot is now recognized as a spring-
like structure which undergoes considerable motion during push off .

Fig. 3.22 The windlass is coupled with plantarflexion of the forefoot initiatited from elastic recoil 
of the long flexor tendons
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Disorders of the First Ray: Part 1 Hallux 
Abductovalgus Deformity

Key Points
 1. The first ray moves about an axis which allows equal amounts of dorsiflex-

ion with inversion and plantarflexion with eversion.
 2. In pes planus foot posture, the axis of the first ray allows greater range of 

transverse plane adduction and abduction.
 3. Hallux abductovalgus (HAV) deformity results from excessive transverse 

plane adduction of the first ray.
 4. Constrictive footwear, causing chronic lateral deviation of the hallux, is an 

extrinsic risk factor for HAV deformity.
 5. Intrinsic risk factors for HAV deformity include isolated weakness of the 

abductor hallucis, inflammatory joint disease, long first metatarsal, and 
metatarsus adductus deformity.

 6. The appearance of a “pronated” or everted first metatarsal in HAV defor-
mity is the result of midfoot or hindfoot pronation, not from independent 
eversion of the first ray.

The most debated concept about foot and ankle pathology may 
be the role of instability of the first ray in various foot disorders.

–Corinne Van Beek and Justin Greisberg
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 Introduction

Instability or dysfunction of the first ray is involved in more pathologies than any 
other segment of the human foot. Hallux abductovalgus, hallux rigidus, hammer-
toes, metatarsalgia, and flatfoot deformity are all commonly associated with first ray 
dysfunction. At the same time, the biomechanics of the first ray continues to be 
misunderstood and misrepresented in articles about hallux valgus treatment, most 
notably those published by foot and ankle surgeons.

 Anatomy

The first ray is composed of the first metatarsal and the medial cuneiform bones 
(Fig. 4.1). The main articulations of the first ray include the first metatarsocunei-
form joint (first TMT joint) and the medial naviculocuneiform joint. Other articula-
tions of the first ray include those between the first metatarsal and second metatarsal, 
the medial cuneiform articulation with the second metatarsal, as well as the articula-
tion between the medial and intermediate cuneiform.

Stability of the first ray is dependent upon specific anatomic structures which can 
provide either static or dynamic support, or both. The peroneus longus muscle pro-
vides a significant dynamic stabilizing force on the first ray both in the direction of 
plantarflexion and abduction. The plantar fascia provides both static and dynamic 
stability to the medial arch of the foot and to the first ray. Static stability to the first 

GRFGRF

Body
weight 

GRFGRF

Fig. 4.1  The first ray of the human foot: the first metatarsal and the medial cuneiform. The 
navicular, medial cuneiform, and the first metatarsal form the distal strut of the truss mechanism of 
the medial longitudinal arch
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ray is provided proximally by the intermetatarsal ligaments, plantar metatarsocunei-
form ligaments, and interosseous ligaments.

Stability of the first ray is also dependent upon muscles and ligaments surround-
ing the first metatarsophalangeal joint (first MTPJ). Failure of some of these soft 
tissue structures will lead to significant loss of stability of the first ray in both the 
transverse and sagittal planes. The soft tissues surrounding the first MTPJ consist of 
seven muscles, eight ligaments, and two sesamoid bones (Fig. 4.2)

The seven muscles surrounding the 1st MTPJ are:

 1. Abductor hallucis
 2. Medial head of the flexor hallucis brevis
 3. Lateral heads of the flexor hallucis brevis
 4. Flexor hallucis longus
 5. Adductor hallucis
 6. Extensor hallucis brevis
 7. Extensor hallucis longus

The eight ligaments are:

 1. The medial sagittal hood
 2. Lateral sagittal hood
 3. Medial sesamoid
 4. Lateral sesamoid
 5. Intersesamoid
 6. Medial collateral
 7. Lateral collateral
 8. Transverse metatarsal

Crista

Ext. Hal. L. tendon 

(retracted)Ext. Hal. Br. tendon

Lateral collateral Lig. 

Lateral sesamoid Lig. 

Lateral sagittal hood
Lig. (retracted)

Tendinous extension 
of Add. Hal. 

Transverse metatarsal Lig.

Metatarsal I

Medial sagittal hood
Lig. (retracted) 

Medial collateral Lig.

Medial sesamoid Lig.

Tendinous extension
of Abd. Hal.

Medial sesamoid

Intersesamoid Lig.

Lateral sesamoid
Abd. Hal.

Fibrous plantar pad

Fig. 4.2 Soft tissue structures of the first MTPJ surrounding the head of the first metatarsal

Anatomy
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Of these 15 soft tissue structures, only 4 actually attach to the first metatarsal: the 
medial and lateral sesamoid ligaments and the medial and lateral collateral liga-
ments. These ligaments attach to the medial or lateral tubercle of the head of the first 
metatarsal. At this relatively  small point of origin, the four ligaments attach the 
sesamoid complex to the first metatarsal and to the proximal phalanx of the hallux 
providing an indirect attachment of four intrinsic muscles which influence the first 
MTPJ. In reality, the entire sesamoid complex including muscular attachments of 
the first MTPJ are totally dependent upon the integrity of attachment of the four 
wings of the collateral ligaments to a small tubercle on each side of the head of the 
first metatarsal. This small, limited attachment is vulnerable to attrition and rupture 
in HAV deformity. This leads to complete disruption of stability of all seven mus-
cles acting across the first MTPJ.

A key specialization of the human foot is the presence of a well-developed plan-
tar aponeurosis which has strong insertions into the proximal phalanx of all 5 digits. 
It will be shown in Chap. 4 that the plantar aponeurosis, via the sesamoid complex, 
provides the most important sagittal plane stabilizing influence on the first ray. 
Another unique feature of the human foot is the larger diameter of the first metatar-
sal head, compared to the lesser metatarsals. The diameter of the first metatarsal is 
functionally enlarged by the sesamoid bones. The combined radius of the first meta-
tarsal and the sesamoids provides a longer lever arm for the flexor hallucis brevis 
tendons as well as the distal slips of the plantar aponeurosis to act on the 1st MTPJ 
(Fig. 4.3). These two structures invest the medial and lateral sesamoids and then 
extend into a strong insertion on the proximal phalanx of the hallux. The enhanced 
stabilizing force of these structures on the hallux facilitates load bearing of first ray 
and hallux during heel rise and toe off. The mechanism whereby the plantar 

Medial suspensory 
sesamoid ligament

Plantar aponeurosis

Med collateral ligament

Collateral ligament

Flexor lallucis longus

Hallucis brevis

Medial tubercle

Hallucis longus

Fig. 4.3 The plantar aponeurosis, medial suspensory sesamoid, and medial collateral ligament 
structures of the first MTPJ
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aponeurosis winds around the head of the first metatarsal with extension of the hal-
lux has been described by Hicks as a “windlass mechanism” which is critical to 
stability of the medial longitudinal arch of the foot [1].

 Specialization of the First Ray

Based on fossil evidence, the first ray is the last or final structure to have evolved or 
to have achieved specialization in the human foot. In so doing, the first ray provides 
the most unique feature which differentiates the human foot from all other primate 
feet. In studying fossil specimens, Kidd postulates that the lateral column of the foot 
evolved sooner than the medial column [2]. The lateral column of the human foot 
contains a bone enlargement or “beak” on the plantar-medial margin of the cuboid 
which allows a close packing or locking of the calcaneal-cuboid joint. The under 
hanging beak of the cuboid is seen in humans as well as fossil specimens of pre- 
humans, but it is not seen in apes. See Fig. 1.2 in Chap. 1. In Kidd’s study of a pre- 
human fossil specimen, the cuboid beak was present; however the medial column 
showed an increased talar neck angle and increased talar head torsion angle, similar 
to what is seen in apes. In humans, the reduction of the neck angle and reduction of 
head torsion angle of the talus are features which reduced divergence of the first ray 
and also provided stability to the midtarsal joint.

If we look at ontogeny alone, the order of ossification of the bones of the medial 
and lateral column verifies the more recent specialization of the first ray. Indeed, 
when examining the sequence of chondrification and ossification of the bones of 
the human foot in-utero, this hierarchy of the lateral column over the medial column 
for specialization is repeated. The central metatarsals chondrify first followed by the 
5th metatarsal and the cuboid. The talus and the calcaneus are next to chondrify. The 
first metatarsal and medial cuneiform follow, and the navicular is the last bone of the 
foot to chondrify. Clearly, the medial column lags behind the lateral column in the 
order of maturation. This may explain why the medial column is responsible for 
more foot pathologies in humans than the lateral column.

Metatarsus primus varus is a medial deviation of the first metatarsal and is a 
deformity often associated with hallux abductovalgus (HAV) deformity. The medial 
or varus alignment of the first metatarsal is significant in the fetus, measuring 32 
degrees at 8 weeks. This medial angulation of the first metatarsal then reduces to 
6–10 degrees in the adult foot. Retention of metatarsus primus varus and medial 
angulation of the first metatarsal- medial cuneiform joint is a hallmark of juvenile 
HAV deformity.

Sagittal plane motion in the medial column during gait approximates the same 
amount of motion which occurs in the lateral column. In the frontal and transverse 
planes, the talonavicular joint provides the dominant motion, while the joints of the 
first ray and the joints of the lateral column (calcaneal-cuboid and cuboid-5th meta-
tarsal) contribute equally. This is an important recent finding from bone pin studies 
which refutes a long-standing belief that the lateral column of the foot is a relatively 
rigid segment compared to the medial column.

Specialization of the First Ray
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Many myths about contribution of motion of the joints of the first ray continue to 
be propagated in the medical literature. This will be further discussed in Chap. 6. 
Most notably, the so-called condition of “first ray hypermobility” is erroneously 
thought to occur at the first metatarsocuneiform joint. Surgeons commonly fuse this 
joint as a remedy for hypermobility. Not only is the concept of first ray hypermobil-
ity greatly misunderstood, the notion that it occurs in this joint is clearly refuted by 
many quality studies.

Motion occurring at the medial naviculocuneiform joint is twice that of the 
motion occurring at the first metatarsocuneiform joint [3]. This dispels the myth that 
the first metatarsal medial cuneiform joint is the primary contributor to “hypermo-
bility” of the first ray in many foot pathologies. In fact, the bone pin studies verify 
that the first metatarsal- medial cuneiform joint moves less than any other joint of 
the foot. Therefore, fusion of this joint would not be expected to have any significant 
effect on overall motion or function of the foot.

 Direction and Range of Motion of the First Ray

The first ray moves in the direction of dorsiflexion, combined with inversion and 
slight adduction  (towards the midline). Plantarflexion is combined with eversion 
and slight abduction. This motion is not a “pronation-supination” motion as often 
erroneously reported in the surgical literature. Direction of motion of the first ray 
was first described by Hicks in 1953, using an external jig to track bone motion in 
15 cadaver specimens [4]. Hicks described an axis of rotation of the first ray which 
is positioned in the transverse plane or parallel to the weight-bearing surface and 
runs from the navicular to base of the third metatarsal, oriented 45 degrees from the 
transverse and sagittal planes. In Fig. 4.4 the orientation of this axis demonstrates 
that the amount of dorsiflexion is equivalent to the amount of inversion; plantarflex-
ion is equivalent to eversion, while transverse plane motion is minimal.

In 1979, the author was part of a research team headed by Merton Root who 
attempted to verify the findings of Hicks as they isolated pure first ray motion of the 
foot in 24 cadaver specimens [5]. Average range of motion measured in the speci-
mens in the sagittal plane was 12 mm (measured with calipers), and total frontal 
plane motion was 8 degrees (measured with a bubble level). In every cadaver speci-
men, first ray dorsiflexion was accompanied by inversion, while plantarflexion was 
accompanied by eversion. The entire foot was fixed with an apparatus so that motion 
of the first ray was observed relative to the foot itself as well as to the ground, with 
no distortion or contribution of neighboring joint motion.

In 1999, Johnson and Christensen used a sophisticated three-dimensional track-
ing device placed on the bones of the first ray of seven cadaver specimens to mea-
sure direction and range of motion [6]. In each specimen, first ray dorsiflexion was 
combined with inversion, while plantarflexion was combined with eversion. In this 
study, tensioning the peroneus longus tendon contributed more motion in the frontal 
plane rather than the sagittal plane. The authors concluded that rotation of the first 
ray in the direction of eversion combined with plantarflexion is critical for stiffening 
this segment in the sagittal plane. Johnson and co-workers described a “locking 
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“mechanism initiated by the peroneus longus whereby the first ray is stabilized into 
a plantarflexed, abducted, and everted position.

Perez and co-workers further verified a locking mechanism of the first ray [7]. 
This cadaver study measured significant reduction of sagittal plane motion when the 
first ray was moved from a position of inversion to a position of eversion. Perez 
et  al. propose that when the first metatarsal is positioned into plantarflexion and 
eversion, then the first ray becomes close packed with less range of motion available 
due to anatomic blocking at the interface between the medial cuneiform bone and 
the base of the second metatarsal (Fig. 4.5).

The axis of motion of the first ray plays a critical role in the pathomechanics of 
hallux abductovalgus deformity (HAV). In the human body, bone segments rotate, 
and this motion then allows calculation of an axis of rotation. This axis is a theoreti-
cal or imaginary line about which the bone segments of a joint rotate upon in a 
perpendicular plane. The axis is likened to the pin of a hinge which rotates in a 
perpendicular plane. Not all joints in the human body rotate like a simple hinge. 
Many have a helical motion around multiple joint axes.

A common misunderstanding is that an axis of joint range of motion is a real 
physical entity. In fact, an axis of rotation cannot be plotted and imagined unless the 

Fig. 4.4 The axis of the 
first ray
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joint actually moves. The joint movement defines the axis and not vice versa. An 
important concept with joint axes is the fact that the location and orientation of the 
axis are dependent upon the position of the bone segments adjacent to the joint. In 
other words, joint axes can “shift” depending on the position of the bone segments 
both proximal and distal to the joint.

The navicular, cuneiform, and first metatarsal can move closer to the ground with 
arch flattening which will change the orientation of the first ray axis of motion to 
become more vertically oriented from its usual horizontal-oriented position 
(Fig. 4.6). This vertical orientation will allow more transverse plane range of motion, 

Cavus footFlatfoot

a b c

Normal arch

Fig. 4.6 Foot posture determines orientation of the axis of the first ray. (a) Pes planus orients axis 
more vertical to allow more adduction transverse plane motion (b) Normal arch allows minimal 
transverse plane motion (c) Cavus feet align first ray to favor abduction in transverse plane

Medial cuneiform

Posterior 
tibial tendon

Anterior 
tibial tendon

Peroneus longus

2nd met

Fig. 4.5 Osseous locking of the first ray via peroneus longus eversion
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something which is not seen in average or in normal arched feet. This variation of 
axis orientation of the first ray will be explored in more detail when we discuss 
pathomechanics of HAV deformity.

Another common misconception when evaluating first ray range of motion is 
determining position of the first metatarsal relative to the ground versus position of 
the first metatarsal relative to the rest of the foot. The first ray is capable of moving 
independently from the rest of the foot. When the first ray is loaded during weight 
bearing, ground reaction force will move the first metatarsal into dorsiflexion and 
inversion. If no other joints in the foot were allowed to move during this loading, the 
first metatarsal would be inverted relative to the rest of the foot. The orientation of 
first metatarsal relative to the ground is dependent upon the position of the foot 
itself. If the foot, moving at joints proximal to the first ray, i.e., midtarsal and subta-
lar joints, rotates into the direction of pronation, the first ray would be carried into 
the direction of pronation with the foot, once all joint range of motion within the 
first ray was taken up. Thus, while the first ray might be dorsiflexed and inverted 
relative the rest of the foot, global foot pronation carries the first ray into eversion 
relative to the ground. Researchers have mistakenly looked at the everted position 
of the first ray relative to the ground in weight-bearing subjects and have concluded 
that the axis of motion proposed by Hicks was incorrect [8–11]. However, if these 
researchers had been able to isolate pure first ray motion, relative to the foot, they 
would clearly verify that the studies by Hicks, Kelso et al., and Johnson et al. were 
entirely accurate [4–6].

When evaluating the intrinsic risk factors for HAV, it becomes apparent that whole 
foot pronation is a major contributor to the pathomechanics of the deformity. 
Pronation of the entire foot will significantly affect position of the first metatarsal on 
the ground. Position of the first ray relative to the ground versus relative to the rest of 
the foot is an important concept in hallux valgus surgery as well as flatfoot surgery.

 Hallux Abductovalgus Deformity

Hallux valgus is a progressive deformity of the foot characterized by lateral devia-
tion of the great toe, combined with medial deviation of the first metatarsal. Often, 
a frontal plane valgus rotation of the hallux occurs, therefore validating the fully 
descriptive term hallux abductovalgus (HAV). Since its first description by Carl 
Hueter in 1870, the cause of this condition has yet to be fully elucidated and agreed 
upon [12]. There are certainly a host of extrinsic and intrinsic factors which have 
been implicated, but no single dominant cause has been identified. As a result, it is 
universally accepted that hallux abductovalgus has multifactorial origins. Not sur-
prisingly, there are many different surgical procedures used to correct HAV defor-
mity, with no consensus about which procedure gives the best outcome.

A review of extrinsic risk factors for HAV deformity will be presented, followed 
by a detailed description of the pathomechanics of the condition. This will be fol-
lowed by a review of proposed intrinsic risk factors which have been debated for 
years in terms of their overall ranking or hierarchy of importance in causing this 
deformity to develop.

Hallux Abductovalgus Deformity
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 Extrinsic Risk Factors for HAV

Two extrinsic risk factors recognized for causing HAV deformity are improper 
footwear and overuse of the first MTPJ due to occupation or lifestyle. In terms of 
the latter, the literature does not support occupation or lifestyle as a direct contribu-
tor to risk of HAV, although repetitive abnormal loading of the first MTP over life 
due to intrinsic biomechanical imbalance has certainly been shown to be a caus-
ative factor.

The most common extrinsic factor which has been validated in causing HAV 
deformity is improperly fitted footwear. Multiple studies have shown a clear rela-
tionship of HAV and patients who wear shoes with elevated heels and/or constric-
tive toe boxes [13–16]. The contribution of footwear to risk of HAV is illustrated in 
published studies demonstrating that risk of HAV increases when women who are 
barefoot during early life change to a shoe-wearing lifestyle [17–19].

Most of these studies of footwear and HAV focused on female subjects. Some 
will question whether being female is a risk factor by itself? To add more intrigue, 
it appears that footwear, regardless of fit or design, will negatively affect women 
more than men. In a classic study conducted by I.B. Shine, a large group of habitu-
ally shod vs unshod people were compared for incidence of HAV deformity [20]. 
The study was conducted on the island of St. Helena, where roughly half the popu-
lation wear shoes on a daily basis and half remain barefoot all their life.

When comparing these two groups, Shine found that risk of developing HAV 
increased in an almost linear fashion with each year of wearing shoes. Hallux valgus 
deformity, regardless of severity, was found in only 2% of the unshod population, 
while it was prevalent in 16% of the men and 48% of the women who had worn 
shoes for over 60 years. Why women were at far greater risk is confounding in this 
study as the style of shoes worn by men and women on the island of St. Helena is 
identical and would not be described as constrictive or “inappropriate” in terms of 
design. This propensity for women to develop HAV at a significant higher frequency 
compared to men cannot be fully attributed to footwear.

In a survey of over 2000 women, Menz and co-workers found a graded increase 
in the risk of hallux valgus with increasing narrowness of the toe box in footwear 
worn between 20 and 29 years of age and, to a lesser extent, at ages 30 and 39 years 
[21]. Interestingly, no association with heel height of shoes and risk of developing 
HAV was noted.

Heredity is another contributing risk factor for HAV and was evaluated along 
with footwear in a study of monozygotic and dizygotic female twins published by 
Munteanu and co-workers [22]. Shoes with constrictive toe boxes during the fourth 
decade were shown to be a risk factor for HAV. This finding was specific to the 
monozygotic twin group rather than the dizygotic twin group, and neither group 
showed greater risk with higher heel shoes. This study did identify a familial risk of 
HAV where the twin of an affected person has a fourfold increase chance of also 
having the deformity. However, this shared risk among twins did not appear to be 
due to shared genes but due to shared environment and lifestyle, particularly with 
the shared preference for footwear design between the two twins.
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Heredity has long been speculated as being a significant risk factor for develop-
ing HAV deformity. Many studies have identified a familial risk of HAV, but did 
they did not evaluate environmental or intrinsic factors as suggested by Munteanu 
and co-workers [24–28].

Aside from footwear preferences, simply being female is a risk factor for 
HAV. This relationship has been cited in multiple publications, but no quality study 
has been conducted to accurately verify the risk and determine why [23, 29]. Studies 
of surgical patients undergoing hallux valgus surgery show demographic findings 
which have a ratio of 1:15 male-to-female [30–32]. However, these studies of surgi-
cal populations do not necessarily document the true incidence of HAV pathology 
in the general population. There are many other reasons why women, compared to 
men, seek medical treatment. Furthermore, there are different factors which could 
influence women versus men to make a decision to undergo corrective foot surgery. 
A systematic review and meta-analysis of 78 papers reporting results of 76 surveys 
of the general population found that the incidence of HAV was 23% in adults age 
18–65 and increased to 35.7% in elderly adults over the age of 65 [33]. The pooled 
estimate of HAV incidence in women was 30% and 13% in males, revealing a two-
fold increased chance of females compared to males of getting a bunion deformity.

There are intrinsic differences in the anatomic features of the first ray which have 
been cited in the literature including a rounder head of the first metatarsal, greater 
degree of metatarsus primus varus, as well as overall incidence of metatarsus adduc-
tus which are seen in a greater frequency in women compared to men [34–37]. 
Women may have other intrinsic risk factors for developing HAV deformity during 
life [38]. Ligament laxity has been identified to be more common in all patients with 
HAV deformity, and more common in women [35, 38]. However, there are no qual-
ity studies to actually verify these anecdotal reports in the literature. More severe 
systemic diseases causing ligament laxity such as Marfan syndrome, Ehlers-Danlos 
syndrome, and rheumatoid arthritis are strongly associated with increased risk of 
HAV [39, 40].

A study by Uchiyama and co-workers determined a higher content of type III 
collagen in the medial collateral ligament of the first MTPJ in HAV patients com-
pared to healthy patients [41]. Overall stiffness and tensile modulus of the MCL was 
lower in HAV patients, and these changes were proposed to be the result of, rather 
than the cause of, injury to the soft tissue structures around the first MTPJ.

 Pathomechanics of Hallux Abductovalgus Deformity

When reviewing the scientific literature, it is clear that two basic theories of 
pathomechanics of HAV are proposed. One theory focuses on the failure of certain 
soft tissue structures at the level of the first MTPJ. The other theory focuses proxi-
mally on abnormal alignment and instability of the first metatarsocuneiform joint, 
also known as the first tarsal-metatarsal joint (TMT). These theories propose a 
mechanical mechanism causing HAV deformity which is based upon several extrin-
sic and intrinsic contributing factors.

Hallux Abductovalgus Deformity
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HAV deformity is commonly evaluated with radiographic examination (Fig. 4.7). 
On weight-bearing anterior/posterior view (AP), the hallux abductus angle is drawn 
(HA angle) which measures the bisection of the hallux and the first metatarsal. 
When this angle exceeds 15 degrees, HAV deformity is identified. The intermeta-
tarsal angle (IM angle) or the 1–2 metatarsal angle measures the bisection of the 
first and second metatarsals and exceeds 10 degrees in HAV deformity. Other key 
measurements on the AP radiograph is the angle formed by the articular cartilage on 
the head of the first metatarsal relative to the long axis of the bone, known as the 
distal metatarsal articular angle (DMMA) also known as the proximal articular set 
angle (PASA). Finally the alignment of the articulation between the first metatarsal 
and the medial cuneiform is determined by the metatarsal cuneiform angle (MCA) 
which is formed by the bisection of the first metatarsal and line connecting the 
medial and lateral distal extent of the medial cuneiform joint surface.

A logical question is whether deviation of the hallux laterally preceeds or causes 
medial deviation of the first metatarsal, or vice versa? A related controversy is, as 
HAV deformity progresses, whether the hallux drives the first metatarsal or whether 
deviation of the first metatarsal alignment determines the degree of severity of hal-
lux valgus.

HVA IMA

1st MCA Relative 
cuneiform 
slope

1st - 2nd 

metatarsal 
length ratio

Cuneiform 
obliquity

DMAA Joint 
congruency

Fig. 4.7 Measurements of JVH are illustrated and include hallux valgus angle (HVA), intermeta-
tarsal angle (IMA), distal metatarsal articular angle (DMAA), metatarsal cuneiform angle (MCA), 
relative first to second metatarsal length ratio (1:2 MT ratio), Meary’s angle, and MTPJ congru-
ency, which have been described and reported previously in the literature. Two novel measure-
ments to characterize the bony morphology of the medial cuneiform-first metatarsal that we 
described are cuneiform obliquity (CO) and relative cuneiform slope (RCS)
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Insight into this controversy was provided by Kilmartin et al. who performed 
radiographic evaluation of 36 cases of unilateral and 60 cases of bilateral HAV 
deformity in school-age children, mean age 10 years [42]. In those cases of unilat-
eral HAV, the unaffected foot showed increased medial angulation of the first meta-
tarsal (IM angle) on AP radiograph compared to the feet of children without HAV 
deformity. Based on an assumption that most children with unilateral HAV are 
likely to progress to bilateral HAV later in life, the presence of medial deviation of 
alignment of the first metatarsal in the unaffected foot suggests that this might be the 
initial step in the pathomechanics of the deformity.

When HAV deformity occurs before skeletal maturity has been reached in the 
foot, the condition is called juvenile hallux abductovalgus. Juvenile HAV deformity 
may be an entirely different condition than acquired or idiopathic HAV seen in 
adults. Both the study by Kilmartin et al. and a more recent study by Kaiser et al. 
confirm malalignment of the first metatarsal, perhaps originating with deformity at 
the first TMT joint [43]. However, Kaiser et al. state that the first TMT joint may not 
be the location of the initial congenital deformity leading to juvenile HAV. They 
state that the distal metatarsal articular angle is the primary driving force in juvenile 
hallux abductovalgus deformity. In this study, the subjects were young patients 
(mean age 14 years), so the angulation deformity of the articular cartilage would be 
likely to be congenital rather than acquired.

This study also showed an obliquity, or medial angulation of the medial cunei-
form as a secondary driver in juvenile HAV deformity. Caution should be taken as 
position of the x-ray beam, and position of the foot can greatly influence these mea-
surements [44]. Furthermore, we still do not know whether juvenile HAV begins 
distal at the first MTPJ level or more proximal at the first TMT joint.

An argument against the first metatarsal being the main driver of HAV is the fact 
that correction of hallux valgus angle with certain surgical procedures will cause a 
secondary reduction of the intermetatarsal angle. Therefore, alignment of the hallux 
can affect alignment of the first metatarsal. Studies of arthrodesis of the first MTPJ 
and even with Keller arthroplasty show very impressive reduction of IM angle with 
simple realignment of the hallux [45–47].

Two current concept reviews of the topic of HAV have been published in the 
orthopedic literature in 2007 and in 2011 [48, 49]. Both papers extensively 
reviewed the literature, and both propose a mechanism for HAV deformity which 
starts with lateral deviation of the hallux at the first MTPJ. The extrinsic factor 
most likely to cause this deviation is constrictive footwear. The intrinsic factors 
include abnormal loading of the hallux from gait or postural alignment abnormal-
ity, ligament laxity around the first MTPJ, chronic inflammation, abnormal mus-
cle firing, and abnormal alignment of the articular cartilage on the head of the first 
metatarsal.

As will be shown with the review of intrinsic risk factors, pes planus and rearfoot 
pronation are both strongly associated with HAV deformity. A pes planus foot pos-
ture changes alignment of the first ray axis to allow greater magnitude of transverse 
plane rotation. Also rearfoot pronation causes excessive medial loading of the 
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forefoot. This will cause dorsal loading of the first ray followed by supination of the 
forefoot, untwisting the lamina pedis foot structure. Locking of the calcaneocuboid 
joint requires pronation of the forefoot and supination of the rearfoot, i.e., twisting 
the lamina pedis.

Medial loading of the first ray prior to osseous locking of the calcaneocuboid 
joint may cause inefficient engagement of the windlass mechanism. Lack of stabili-
zation of the first ray via the peroneus longus along with excessive dorsal mobility 
of the first metatarsal during heel rise will cause jamming of the first MTPJ in the 
sagittal plane. According to Root et al., the hallux will compensate sagittal plane 
jamming by moving laterally, thus allowing the body to progress forward over the 
first MTPJ [5]. It appears that an elongated first metatarsal and/or metatarsus adduc-
tus, both proven intrinsic risk factors for HAV, can contribute to this lateral “escape 
mechanism” for the hallux when stability across the first MTPJ is compromised.

 Primary Events in the Development of Hallux 
Abductovalgus Deformity

 Step 1: Attenuation of Medial Structures of the First MTPJ

The medial soft tissue structures  at the 1st MTPJ will attenuate under repetitive 
strain or load created by external forces causing lateral displacement of the hallux. 
The same medial soft tissue structures can be strained or attenuated from dorsal- 
medial migration of the head of the first metatarsal. The small discreet attachment 
of the medial collateral ligaments and sesamoid (suspensory) ligaments on the 
tubercle of the head of the first metatarsal is vulnerable to structural failure. Once 
the attachment of these two ligaments fails, the entire sesamoid complex and intrin-
sic muscular attachments to the proximal phalanx are significantly compromised.

The hallux will be forced into a lateral direction at the first MTPJ by rearfoot 
pronation during heel rise causing medial-to-lateral ground reaction forces directed 
against the hallux. Pronation of the rearfoot orients the axis of the first ray to allow 
greater transverse plane adduction of the first metatarsal. This mechanism occurs 
during terminal stance when loads on the first ray are increased. Therefore, rearfoot 
pronation can initiate HAV deformity by causing lateral drift of the hallux or medial 
deviation of the first metatarsal. Finally, lateral drift of the hallux can be induced by 
the extrinsic factor of constrictive footwear. Whether a lifestyle of wearing fashion-
able shoes alone or whether other intrinsic factors must also contribute to the mech-
anism of HAV has yet to be proven.

Lateral translation of the hallux or medial subluxation of the first metatarsal will 
create tensile strain on the following medial structures of the first MTPJ: See Fig. 4.8.

 1. Tendon of the abductor hallucis
 2. Tendon of the medial head of flexor hallucis brevis
 3. Medial insertion of plantar aponeurosis
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 4. Medial collateral ligament
 5. Medial sesamoid ligament
 6. Medial sagittal hood ligament

Attenuation of these structures allows lateral deviation and valgus deviation of 
the hallux. Abnormal rotation of the hallux is initiated by external moments gener-
ated by ground reaction forces or constrictive footwear (Fig.  4.9). Also, internal 
moments generated by muscle forces or medial displacement of the first metatarsal 
can by themselves initiate the progression of HAV deformity.

The distal aspect of the first metatarsal has few ligamentous constraints and is 
vulnerable to retrograde force applied by the hallux. The collateral ligaments and 
the sesamoid ligaments are the only soft tissue structures which directly insert into 
the head of the first metatarsal. The medial collateral ligament controls abduction 
and valgus rotation of the hallux. The medial sesamoid (suspensory) ligament con-
trols adduction or medial migration of the first metatarsal. Lateral rotation of the 
hallux on the head of the first metatarsal places tensile load on the medial collateral 
ligament. Dorsiflexion and inversion of the first metatarsal creates tensile load on 
the medial sesamoid (suspensory) ligament. Chronic tensile loading of the medial 
collateral and medial sesamoid ligaments can lead to attenuation and loss of medial 
stabilization of the first MTPJ. It should be noted that eversion of the first metatarsal 
would not place tensile load on the medial collateral ligament or the medial 
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Fig. 4.8 Lateral deviation of the hallux
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sesamoid ligament. If these two ligaments eventually detach from their origin on the 
tubercle of the head of the first metatarsal, significant instability of the entire sesa-
moid complex will occur. It is difficult to envision how so-called “pronation” of the 
first metatarsal would place strain on any of the medial structures of the 1st MTPJ. It 
is also important to note that the bursa which forms with chronic irritation from 
constrictive footwear corresponds to the location of the tubercle on the medial 
aspect of the head of the first metatarsal.

 Step 2: Medial Shift of the First Metatarsal
At some point in the progression of HAV deformity, the first metatarsal deviates 
medially (Fig. 4.10). This could be caused by the lateral deviation of the hallux. 
However, medial shift of the first metatarsal can also be the first event of HAV 
deformity which occurs from the combination of pes planus and vertical alignment 
of the axis of the first ray. Progressive transverse plane adduction of the first ray 
causes pressure and attenuation of the medial capsular structures of the first MTPJ, 
leading to lateral drift of the hallux. Whether lateral drift of the hallux initiates HAV 
or whether lateral drift of the hallux follows excessive transverse plane instability of 
the first ray, a progressive cycle of hallux abduction along with first metatarsal 
adduction will ensue.

Medial sesamoid
Ligament stretches
with first metatarsal
adduction/inversion 

Transverse metatarsal 
ligament

Adduction 
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Fig. 4.10 Step 2 of HAV 
medial shift of the first 
metatarsal in HAV 
deformity. Note 
inversion as well
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shoe

Lateral 
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Fig. 4.9 Step 1 of the 
progression of HAV 
deformity. Lateral shift of 
the hallux from constrictive 
footwear
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As the hallux abducts, the ground reaction force (GRF) and the action of the 
flexor hallucis longus resisting that force now produces a proximal and medially 
directed moment on the head of the first metatarsal. The magnitude of this medial 
force is proportional to the severity of the hallux abductus angle and increasingly 
works to displace the first metatarsal into adduction [50].

 Step 3: Formation of the Bunion
The “bunion” deformity develops from the medial prominence of the first metatar-
sal head. Research has shown that there is no true bone hypertrophy to explain the 
medial eminence of the bunion deformity [50]. The overall width of the head of the 
first metatarsal is not increased in HAV deformity [51]. Clinically, the painful bun-
ion is actually soft tissue hypertrophy around the damaged medial capsular struc-
tures as well as exposure of the medial aspect of the first metatarsal head.

Intraoperatively, what appears to be bone overgrowth is actually degeneration of 
the medial articular cartilage. This occurs from loss of pressure and stimulation 
from the base of the proximal phalanx of the hallux which has now displaced later-
ally. The so-called “sagittal groove” is not the demarcation of bone overgrowth but 
rather the point of loss of articular cartilage (Fig.  4.11). Erosion of the articular 
cartilage on the medial aspect of the head of the first metatarsal creates the appear-
ance of a medial eminence of bone overgrowth, i.e. a “bunion” deformity.

The sagittal groove and medial eminence are therefore alterations of the original 
anatomy of the head of the first metatarsal which undergoes adaption in HAV deformity.

 Step 4: Escape of First Metatarsal Away from the Sesamoid Complex
As HAV deformity progresses, the deep transverse metatarsal ligament remains 
intact and firmly attached the sesamoid complex. The deep transverse metatarsal 
ligament is not directly attached to the first metatarsal which escapes medially leav-
ing the sesamoids behind [51, 52]. This medial escape of the first metatarsal from 
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Fig. 4.11 Adaptive changes on first metatarsal head in HAV deformity
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the sesamoid complex is now recognized as the primary event leading to “hypermo-
bility” or excessive dorsal mobility of the first ray which is a hallmark of HAV 
deformity. The plantar aponeurosis is no longer centered under the head of the first 
metatarsal and the stiffening effect of the windlass mechanism is compromised.  This 
will be discussed in detail in Chap. 4.

The axis of the first ray will dictate that the first metatarsal will move in the direc-
tion of inversion when ground reaction forces drive it dorsal, while the hallux, in 
retrograde fashion, drives it medial. This dorsiflexed and inverted position of the 
first metatarsal changes its orientation to the sesamoid apparatus, an event which is 
critical to the propagation of HAV deformity (Fig. 4.12).

Initially, medial drift of the first metatarsal, relative to the sesamoids, is resisted 
by the crista on the inferior surface of the first metatarsal. With continued medial 
shift of the first metatarsal combined with inversion of the first metatarsal, the crista 
is shifted medial, relative to the sesamoids. The crista abuts on the inferior surface 
of the medial sesamoid and undergoes erosion. Thus, the medial eminence, the sag-
ittal groove, and relocation of the crista are all adaptive changes on the articular 
surface of the first metatarsal as HAV deformity progresses (Fig. 4.11).

While the sesamoids appear to “shift” laterally on radiographs, they actually 
remain tethered to the second metatarsal due the strong attachment of the deep 
transverse metatarsal ligament (Fig. 4.10). At the same time, the sesamoids remain 
firmly attached to the hallux. The soft tissue structures which invest the sesamoids 
and anchor to the hallux have profound influence on the deformity assumed by the 
hallux as HAV progresses.

 Step 5: Muscle Imbalance at the First MTPJ
A muscle imbalance develops which propagates HAV deformity (Fig. 4.13). The 
sesamoids shift lateral, relative to the head of the first metatarsal, due to loss of 
integrity of the medial ligaments of the first MTPJ. The abductor hallucis shifts 
from a medial position to a plantar position providing a greater plantar flexion 
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Fig. 4.12 Impingement of medial sesamoid on crista of first metatarsal head. The normal align-
ment (left) and valgus position of sesamoids relative to an inverted position of first metatarsal is 
shown on the right image
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vector rather than an abduction vector. Keep in mind that these muscles are named 
according to classical anatomic terms whereby abduction refers to movement of the 
segment away from the second metatarsal, or in a medial direction. The adductor 
hallucis is now un-opposed leading to further lateral displacement of the hallux. The 
flexor hallucis longus, embedded between the sesamoids, is now displaced laterally 
and rotates with the sesamoids into a valgus position relative to the head of the first 
metatarsal. The two heads of the flexor hallucis brevis and the adductor hallucis also 
displace laterally and assume a valgus position relative to the medial and varus 
rotated position of the first metatarsal.

With further attenuation of the medial ligaments, the sesamoids will eventually 
shift lateral, relative to the first metatarsal. The lateral sesamoid may shift dorsal to 
the first metatarsal head, thereby pulling the sesamoid apparatus into a valgus rela-
tionship to this bone. This establishes a significant shift of vectoral alignment or 
direction of moment of the dynamic and static structures attaching to the sesamoid 
apparatus and to the hallux. The tendons of the abductor hallucis and medial head 
of the flexor hallucis brevis rotate in a plantar-lateral direction. This creates a mus-
cle imbalance which causes the hallux to rotate into a valgus attitude.

In reality, the sesamoids do not displace in HAV deformity. Rather, the first meta-
tarsal rotates relative to the sesamoids and the rest of the foot. Attenuation of the 
medial collateral and medial sesamoid ligaments of the first MTPJ allows the first 
metatarsal to escape the “grip” of the sesamoid complex. The sesamoids will appear 
to be “pronated” or everted on the head of the first metatarsal when viewed with a 
radiograph taken with an axial sesamoid view (Fig. 4.14). This everted position of 
the sesamoids is actually the result of first ray inversion along with errosive changes 
on the plantar-lateral aspect of the head of the first metatarsal.
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Fig. 4.13 Muscle 
imbalance at the 
first MTPJ
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 Step 6: The Frontal Plane Deformity
Rotation of the first metatarsal in the direction of adduction and inversion, relative 
to the sesamoid apparatus, causes erosion of the articular surface between the meta-
tarsal and the two sesamoid bones. Most notably, the crista on the inferior surface of 
the first metatarsal becomes eroded from the laterally displaced position of the 
medial sesamoid. This crista is normally critical to maintaining position of the sesa-
moids beneath the first metatarsal head. Loss of the crista allows further medial 
migration of the first metatarsal away from the sesamoids.

Increased plantar-abduction moment at the medial aspect of the proximal pha-
lanx, without opposing plantarflexion-adduction moment applied at the lateral prox-
imal phalanx, will cause a frontal plane imbalance at the base of the proximal 
phalanx, resulting in valgus rotation. Valgus rotation of the hallux may carry the 
sesamoids into valgus rotation away from the head of the first metatarsal, since the 
medial ligaments are attenuated. Thus, HAV patients will demonstrate various mag-
nitudes of valgus or lateral rotation of the sesamoid apparatus, relative to the head 
of first metatarsal with plantar-axial radiographic imaging of the forefoot (Fig. 4.14). 
At the same time, the axis of motion of the first ray dictates that the first metatarsal 
will be inverted relative to the second metatarsal as it moves dorsally with loading 
from ground reaction forces. The more the first metatarsal rotates into a varus direc-
tion, so will the sesamoids and hallux appear deviated relative to the first metatarsal 
in a valgus direction.

A new trend in HAV surgery is performing a correction of alignment of the first 
metatarsal to reduce a perceived “pronation” deformity which has developed as part 
of the condition. The term pronation is inappropriate as the first metatarsal would 
have to dorsiflex, evert, and abduct to fulfill the requirements of this triplane direc-
tion. Investigators reporting a “pronation” deformity in HAV patients are actually 
describing an eversion deformity of either the first metatarsal, the sesamoid com-
plex, or both [53–56].

The lateral and dorsal shift of alignment of the sesamoids relative to the first 
metatarsal can suggest a so-called “pronation” deformity of the first metatarsal in 
HAV deformity. Much of the evidence supporting this theory comes from studies 
using a plantar-axial sesamoid view with plain radiographs as well as simulated 

Fig. 4.14 Valgus 
alignment of the sesamoid 
complex relative to the first 
metatarsal in HAV 
deformity
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weight-bearing CT imaging. Even without first metatarsal rotation, the axial view 
will show an everted position of the sesamoids relative to the supportive surface in 
HAV deformity which is explained by the natural progression of the pathology [55]. 
Relative to the inverted position of the first metatarsal, the sesamoids will appear to 
be “pronated” or everted as they shift lateral and dorsal. As for detecting first meta-
tarsal “pronation,” the plantar axial sesamoid radiograph requires a positioning 
device which dorsiflexes the hallux 45 degrees causing retrograde plantarflexion 
and eversion of the first metatarsal. True curve beam weight-bearing CT imaging of 
patients with HAV deformity have refuted the erroneous reports that the first meta-
tarsal actually rotates into eversion relative to the rest of the foot [57].

Further explanation for the apparent “pronation” of the first metatarsal position, 
relative to the supportive surface, seen in patients with HAV deformity is provided 
by Kimura and co-workers [58]. They compared weight-bearing CT images taken 
of the feet of ten patients with HAV deformity to ten healthy control patients. With 
loading of the foot, motion of the bones of the medial column of the foot was stud-
ied. As expected, at the first metatarsomedial cuneiform joint, the first metatarsal 
moved in a significant greater direction of dorsiflexion, inversion, and adduction 
compared to healthy controls. This follows the axis of motion of the first ray 
described by Hicks, Kelso, and others [4–6]. At the naviculocuneiform joint, the 
medial navicular actually moved in the direction of eversion in HAV patients and in 
the direction of inversion in healthy controls, although the magnitude was only a 
few degrees. At the talonavicular joint, the navicular moved on the talus in the direc-
tion of eversion in both subject groups and the magnitude of frontal plane motion at 
this joint exceeded the frontal plane motion at the joints of the first ray located more 
distal (Fig. 4.15).

To sum up the  study by  Kimura  et  al.,  frontal plane motion with loading in 
patients with HAV deformity resulted in:

• The first metatarsal moving 4.9 degrees into inversion
• The medial cuneiform moving 1.5 degrees into eversion
• The navicular moving 9.6 degrees into eversion
• The net motion of the entire medial column rotating 6.2 degrees in the direction 

of eversion relative to the tibia

Thus the contribution of proximal joints was more significant than the motion 
within the first ray itself relative to final frontal plane position. Yet surgical proce-
dures designed to correct so called “pronation” position of the first metatarsal in 
HAV deformity focus on rotating the first metatarsomedial cuneiform joint [56]. 
This is clearly not the correct joint, and may be the wrong joint which is contribut-
ing to the overall everted position of the first metatarsal in HAV deformity [58].

In summary, any evaluation technique which shows the first metatarsal everted to 
the ground in HAV deformity is detecting whole foot pronation which is a hallmark 
of this condition. When eversion of the rearfoot and midfoot joints exceeds inver-
sion of the first ray itself, the first metatarsal will be everted to the ground (Fig. 4.15). 
Remedies to correct the first metatarsal eversion should be directed to the location 
of the foot where this deformity originates.
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 Intrinsic Risk Factors for HAV Deformity

 Muscle Imbalance as a Pre-disposing Factor
An interesting, and overlooked intrinsic risk factor for HAV which allows lateral 
drift of the hallux is weakness or abnormal activity of the abductor hallucis muscle. 
Studies have shown decreased bioelectric activity of the abductor hallucis in HAV 
patients compared to healthy controls [59, 60]. There were no differences in adduc-
tor hallucis activity when comparing the two groups.

One question is whether HAV deformity itself causes weakness or abnormal 
activity in the abductor hallucis muscle? In the study by Arinci et al., there was no 
correlation between increasing deformity of HAV with decreasing muscle activity 
of abductor hallucis [60]. Therefore, increased deformity did not cause decreased 
muscle activity. Deformity did not influence muscle activity. Therefore, diminished 
muscle activity of the abductor hallucis must precede the actual deformity and not 
be the result of it.

Besides decreased bioelectric activity, there may be intrinsic weakness of the 
abductor hallucis which causes HAV deformity. Stewart and co-workers studied the 
abductor hallucis using ultrasound and compared characteristics between patients 
with HAV and healthy patients [61]. They found that this muscle had decreased 
dorsoplantar thickness, decreased medo-lateral width, and decreased cross-sectional 
area in HAV patients. These differences were not related to the degree of HAV 
deformity, so the findings did not suggest that the muscle underwent atrophy as 
deformity increased. Rather, the muscle changes were consistent between mild, 
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Fig. 4.15 Pronation of proximal joints causes net eversion of first metatarsal in HAV defor-
mity. Eversion is contributed primarily by the talonavicular joint, not by the joints of the firt ray.
(From: Kimura et al. [58])
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moderate, and severe HAV deformity suggesting that the abductor hallucis may be 
abnormal before the deformity begins.

 Another Intrinsic Risk Factor: Chronic Inflammation
Chronic inflammatory conditions have been found to be related to HAV deformity 
[62, 63]. Coughlin and co-workers reported that 10% of patients undergoing HAV 
surgery have co-existing inflammatory joint disease, most notably rheumatoid 
arthritis [64]. Rheumatoid arthritis with accompanying synovitis weakens the soft 
tissue structures surrounding the first MTPJ leading to instability and risk of dislo-
cation [65]. Patients with rheumatoid arthritis are susceptible to acquired pes valgus 
deformity which, by itself, is also a pre-disposing factor for HAV [66]. Just like 
juvenile HAV, patients with inflammatory joint disease may demonstrate a unique 
pathomechanics for the condition which is different than the more common acquired 
HAV deformity.

 Metatarsal Length as a Risk Factor
Morton proposed that a short first metatarsal becomes hypermobile which then 
causes a myriad of foot problems [67, 68]. Contrary to popular teaching, Morton 
never attributed his theories of first ray abnormality to causing the condition known 
as hallux abductovalgus. More important, many studies have refuted Morton’s the-
ory that a short first metatarsal causes any foot problem, let alone HAV deformity 
[69–71]. In fact, a long first metatarsal has been identified as a risk factor for devel-
oping HAV deformity.

One flaw in Morton’s methodology was his technique of measuring relative 
length of the first and second metatarsal. Hardy and Clapham reported that any 
medial deviation of the first metatarsal as seen in metatarsus adductus and metatar-
sus primus varus would distort the transverse line used as a measurement of length 
as proposed by Morton [72]. Grebing and Coughlin used the arc method proposed 
by Hardy and found that increased length of the first metatarsal was more likely in 
HAV patients rather than decreased length [73]. See Fig. 6.2 in Chap. 6. Grebing 
found an average of 2 mm increased length of the first metatarsal in HAV patients, 
while Hardy found an average of 4 m increased length.

Root proposed that an elongated first metatarsal was inhibited from plantarflex-
ing below the second metatarsal [74]. This may leave the first ray in a dorsiflexed 
and inverted position which could initiate progressive HAV deformity.

Others have described a “buckle point” created by an elongated first metatarsal 
which inhibits dorsiflexion of the first MTPJ and encourages deviation of the hallux 
laterally to escape joint pressure [75]. Retrograde, medial deviation of the first ray 
can result as the hallux moves lateral from increased joint pressure. This may 
explain the relationship between increased metatarsal length and increased IM 
angle in patients with HAV [76].

 Intrinsic Risk Factor: Metatarsus Adductus
Medial angulation of the metatarsals, relative to the axis of the lesser tarsus, is mea-
sured on a standing anterior/posterior radiograph and is termed the metatarsus 
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adductus angle. Root et al. were among the first to recognize that medial angulation 
of the metatarsals will place the digits in an abducted position at their respective 
metatarsophalangeal joints [74]. This automatically places a patient in the first stage 
of HAV deformity and sets up a potential muscle imbalance with bowstringing of 
the long flexors and extensors in a lateral direction relative to their respective meta-
tarsals. Coughlin and Jones found a statistically significant increased frequency of 
metatarsus adductus in their study of patients with HAV compared to the general 
population [32]. The presence of metatarsus adductus and increased risk of HAV 
has been proposed by other authors [47–50].

 Intrinsic Risk Factor: Articulation Angle of the First Metatarsal
Another intrinsic deformity of the first metatarsal which could allow shift of the 
hallux in early HAV deformity is a deviation of the distal metatarsal articular angle 
(DMMA) [43] (Fig. 4.8). Podiatric literature has traditionally described this same 
angle as the proximal articular set angle (PASA) [77]. A laterally directed articular 
cartilage at the head of the first metatarsal would create a congruent joint, despite 
lateral deviation of the hallux at the first MTPJ.  The PASA or DMMA angle is 
formed by drawing line which is a bisection of the long axis of the first metatarsal 
on an A/P radiograph and then drawing a second line which connects two dots at the 
medial and lateral articular margins at the head of the first metatarsal. Determining 
where these dots lie, or where the articular cartilage borders are on the head of the 
first metatarsal, is very subjective since cartilage margins are not clearly demarcated 
on plain radiograph.

Chi and co-workers verified previous studies demonstrating very poor inter-rater 
reliability in measuring DMMA [78]. Curiously, this angular deformity measured 
on A/P radiograph reduced with proximal metatarsal osteotomy which does not cor-
rect alignment of the articular cartilage on the head of the first metatarsal. Therefore, 
PASA and DMMA radiographic measurements are subject to distortion by position 
of the entire first ray and by the severity of hallux valgus angulation.

 Extrinsic Risk Factor for HAV: Abnormal Foot Mechanics
Position of the foot during gait or static stance probably has the greatest influence 
on the risk for developing HAV and propagation of the deformity. Pes planus and, 
more importantly, excessive rearfoot pronation, has been identified to be a primary 
risk factor for HAV deformity [79–82]. The cause-effect relationship may revolve 
around excessive medial loading of the first ray and hallux. Rearfoot pronation also 
causes a deviation of motion of the first ray around a more vertically oriented axis, 
due to lowering of the medial arch of the foot. Greater excursion of the first meta-
tarsal medially with loading would be the result of this change of first ray axis 
orientation.

Most reports linking pes planus with hallux valgus deformity were published 
decades ago and were based upon simple observation rather than valid objective 
data [83–86]. Later, many studies using radiographic measures were published 
showing no evidence supporting the theory that pes planus caused HAV deformity 
[87–92].

4 Disorders of the First Ray: Part 1 Hallux Abductovalgus Deformity



129

One problem with this controversy is the method of measuring or identifying a 
pes planus deformity in studies of patients with HAV deformity. In Coughlin’s 
study, a Harris ink mat was used and did not find any correlation with flat arch pro-
file and incidence or severity of HAV [32]. Only 15% of patients with HAV had 
moderate or severe pes planus as measured by Harris mat imprints.

In another study looking at radiographic parameters for flatfoot deformity, 
Coughlin and Shurnas found no correlation between hallux abductus angle and lat-
eral talocalcaneal angle [93]. A similar finding was reported by Saragas who found 
no association between calcaneal pitch angle and severity of hallux valgus defor-
mity [92]. Finally, Coughlin and Jones found no correlation between first ray mobil-
ity in HAV patients and their radiographic measures of anteroposterior talonavicular 
coverage, calcaneal pitch, the lateral talocalcaneal angle, and Meary’s line [32].

Nix conducted a systematic review of studies which performed radiographic 
measures of the feet of patients with HAV deformity [13]. In this study, meta- 
analysis suggests that greater first intermetatarsal angle and greater first metatarsal 
protrusion distance, measured on dorsoplantar radiographs, are significantly associ-
ated with HAV. However meta-analysis of four studies of the flatfoot measure of 
calcaneal inclination angle in HAV patients and control groups showed no signifi-
cant difference. Other measures of arch height including navicular height, talocal-
caneal angle, talar declination angle, and first metatarsal declination angle also 
showed no significant differences between groups. The authors point out that incon-
sistent findings between studies investigating lateral radiographic measurements 
may be due to other factors such as differences in study samples and measurement 
methods.

In contrast, a more recent study using weight-bearing CT images showed a sig-
nificant correlation between HAV deformity and adult acquired flatfoot [94].

Using IM angles and HA angles, the following flatfoot measurements were 
highly correlated in patients with AAF: talocalcaneal, talus-first metatarsal, hind-
foot alignment, and talonavicular uncoverage. This was the first study to confirm an 
association between stage 2 AAF and two radiographic measures of HAV defor-
mity. The authors were unable to determine a cause-effect relationship.

Flatfoot is associated with medial displacement of center of pressure of the foot 
upon weight bearing [95]. This may be a key factor in the development of HAV 
deformity, even when all radiographic parameters of flatfoot are not present.

Shibuya used center of pressure excursion index to identify flatfoot deformity 
and then looked at  its correlation with other radiographic findings [96]. Patients 
with medial pressure excursion had greater tendency for radiographic measures 
confirming HAV deformity including intermetatarsal angle and hallux abductus 
angle deviation. While talar declination angle and calcaneal inclination angle was 
associated with HAV and flatfoot, other common radiographic angles including 
Meary’s angle and talocalcaneal angle confirming flatfoot deformity was not cor-
related with the HAV group.

The most valid assessment of the role of pes planus and HAV deformity was 
provided by the Framingham Foot Study of 3205 individuals (mean age 66 years) 
providing 6393  feet for analysis [97]. Pressure mapping with the MatScan(R) 
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allowed measurement of the Center of Pressure Excursion Index (CPEI), an indica-
tion of pronation, as well as the Modified Arch Index (MAI) which is correlated 
with height of the navicular. This study identified 1764 patients with hallux valgus 
who were compared to 3707 patients without the deformity.

The hallux valgus group had decreased loading under the hallux and increased 
loading under the lesser digits. Reduced loading of the hallux may be due to loss of 
purchase due to alteration of alignment of the plantar soft tissue restraints from the 
sesamoid complex.

In the Framingham Foot Study, loading under the lateral rearfoot with lower 
rearfoot peak pressure was reduced in the hallux valgus group compared to non- 
hallux valgus patients [97]. This pattern has been associated with valgus alignment 
of the rearfoot [95]. The CPEI values showed that patients with HAV had more 
pronated feet, while the MAI value showed that HAV patients had lower arch height 
compared to non-HAV patients. There was also significant reduced loading in the 
lateral half of the forefoot in HAV patients which also suggests a more pronated foot 
during gait.

Kinematic studies of HAV patients using three-dimensional multisegment foot 
models support the findings of these pressure studies. Canseco and co-workers stud-
ied 33 patients with HAV deformity and found significant gait abnormalities com-
pared to healthy controls [98]. Patients with HAV had a slower walking velocity, 
decreased stride length, and prolonged stance phase compared to healthy controls. 
The authors also found decreased plantarflexion of the forefoot indicating flattening 
of the medial longitudinal arch in HAV patients. This finding as well as the loss of 
flexor stabilization of the hallux may explain the delay in push off seen in HAV 
patients, according to the authors.

Dechamps and co-workers showed similar findings in their study of HAV patients 
using a multisegment foot model. Patients with HAV deformity had significant ever-
sion of the hindfoot compared to healthy controls [99]. Plantarflexion of the fore-
foot was diminished in both terminal stance and pre-swing in HAV patients. The 
authors speculated this was due to flattening (dorsiflexion) of the medial longitudi-
nal arch as well as antalgic guarding of the first MTPJ inhibiting push off.

 Pronation and HAV Deformity: How Are They Connected?

From all these studies evaluating the role of pes planus, pronation, and HAV defor-
mity, several insights have been gained. Plain radiographic measures of flatfoot, 
taken in static stance, do not validate any consistent correlation with HAV defor-
mity. Weight-bearing CT imaging may give better insight into relationship of align-
ment of bone segments of the foot, and early studies have shown a correlation 
between flatfoot deformity and HAV. Evaluation of foot function during dynamic 
gait has validated that pronation and medial loading of the rearfoot and forefoot is 
greater in HAV patients compared to healthy controls. Also, during dynamic gait, 
the medial arch height appears to lower more significantly in HAV patients. How 
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these biomechanical changes can initiate HAV deformity has been elegantly 
explained by Glasoe in two published studies.

In their first study, Glasoe and co-workers quantified the axis of motion of the 
first ray in nine cadaver specimens [100]. The orientation of the first ray axis varied 
considerably among specimens but was directed in a more vertical direction as the 
arch of the foot lowered. A lower arch foot was associated with a more vertical axis 
orientation of the first ray. A more vertical axis of the first ray caused more abduc-
tion/adduction of the first metatarsal and increased the intermetarsal angle (IM 
angle) with loading.

In a subsequent paper, Glasoe et al. propose a mechanism whereby flattening of 
the medial longitudinal arch of the foot will contribute to HAV deformity, based 
upon this alteration of the first ray axis [101]. Based upon the previous work of 
Hicks and Kelso, Glasoe et al. suggest that the normal orientation of the axis of the 
first ray, which runs mediolateral in the horizontal plane, allows motion primarily in 
the sagittal plane and, to a lesser degree, motion in the frontal plane. The small 
amount of transverse plane motion available at the first ray is dependent upon the 
position of the navicular which is located at the most medial point of the first ray 
axis. With flattening of the medial longitudinal arch, the navicular will drop below 
the more stable third metatarsal base, which is the lateral point of the first ray axis 
(Fig. 4.6). This causes a shift of alignment of the axis of the first ray into a more 
vertical direction allowing more transverse plane motion of this skeletal segment. 
With loading of the first ray during midstance and terminal stance, dorsiflexion of 
the first metatarsal would be accompanied by adduction which would increase the 
1–2 intermetatarsal angle. Hallux valgus deformity would thus develop as a second-
ary condition from this deviated first ray axis.

Glasoe suggests that custom foot orthotic therapy might intervene to address this 
primary cause of HAV deformity. He cites the two studies by Torkki and co-workers 
who published 1-year and 2-year follow-up trials comparing interventions of ortho-
ses, surgery, and no treatment in 211 adult patients with mild to moderate HAV 
deformity [102, 103]. After 2 years, patients treated with custom foot orthoses were 
as satisfied as those having surgery and were more satisfied than controls. Glasoe 
speculated that these results suggest that custom foot orthoses fitted to the medial 
arch will orient the axis of the first ray to a more horizontal direction and reduce 
transverse plane motion [101].

 Instability of the First Ray: Cause or Effect of HAV Deformity?

A vertical orientation of the first ray axis might also be interpreted in the clinical 
setting as a condition of laxity or loss of stability of the first metatarsal in the trans-
verse plane. More specifically, many authors have attributed the primary factor for 
HAV deformity to begin with a laxity or instability of the first metatarsocuneiform 
joint [76, 104–106]. This instability has been described to occur in both the trans-
verse and sagittal planes. Romash et al. noted excessive transverse plane motion of 
the first metatarsal at its articulation with the medial cuneiform in HAV patients. 
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However, this was a radiographic study evaluating the angle of articulation of the 
first metatarsocuneiform joint [107]. Subsequent studies have revealed considerable 
unreliability of radiographic measurement of the angle of articulation of this joint.

This role of the first metatarsocuneiform joint contributing excessive transverse 
plane motion was studied by Faber and co-workers [108]. In this cadaveric study, 
the first metatarsocuneiform joint contributed 82% of the transverse plane motion 
available in the first ray compared to only 18% contributed by the naviculocunei-
form joint. As with previous studies, Faber et al. noted that sagittal plane motion of 
the first ray was greater at the naviculocuneiform joint than the first metatarsocunei-
form joint.

In the previous cited study by Kimura, HAV patients showed greater transverse 
plane motion at the first metatarsocuneiform joint compared to healthy controls 
[58]. In this 3-D weight-bearing CT imaging study, the first metatarsomedial cunei-
form joint moved in the direction of adduction with loading 1.1 degrees in healthy 
patients and 3.3 degrees in HAV patients. Transverse plane motion at the naviculo-
cuneiform joint was less than 1 degree in both groups. In both the Faber and Kimura 
studies, excessive transverse plane motion at the first metatarsocuneiform joint was 
seen in HAV patients. The question is was this finding a result of hallux valgus at the 
first MTPJ? Or, did this transverse plane hypermobility of the first metatarsocunei-
form joint precede and cause the HAV deformity?

There is ample evidence that the medial displacement of the first metatarsal in 
the transverse plane can be the result of and a response to increased lateral displace-
ment of the hallux, and not vice versa [61–63, 69–71]. Coughlin, who has published 
many studies on this subject, is a strong proponent of this observation [32, 87, 92]. 
Furthermore, when hallux valgus angulation is corrected surgically, medial devia-
tion of the first metatarsal reduces without any procedure performed directly on this 
bone [45–47]. Thus, so-called hypermobility of the first metatarsocuneiform joint in 
the transverse plane appears to be a secondary phenomenon in response to instabil-
ity in the more distal first MTPJ.  Conversely, a change in direction of range of 
motion of the first ray, dependent upon foot posture, will allow greater proportional 
range of motion in the transverse plane but will not necessarily cause excessive 
motion or “hypermobility” in this plane. Sagittal plane instability of the first meta-
tarsocuneiform joint appears to be a similar secondary result of changes distally as 
HAV deformity progresses. We will discuss the phenomenon of hypermobility of 
the first ray in the next chapter.
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Disorders of the First Ray: Part 2 
Hypermobility, Functional Hallux 
Limitus, and Hallux Rigidus

It has been shown that disorder in the longitudinal arch and 
also in the metatarsal portion of the foot originates as a 
functional deficiency of the first metatarsal: through either 
laxity of ligaments or shortness, this member lacks the 
necessary supporting contact with the ground.

–Dudley Morton

5

Key Points
 1. Hypermobility of the first ray is a theoretical condition of excessive dor-

siflexion motion of the first metatarsal during dynamic gait.
 2. Clinical measures of hypermobility of the first ray are commonly per-

formed in a static off-weight-bearing condition which will not engage 
multiple forces which occur during dynamic gait.

 3. Static measures of first ray mobility do not predict first ray hypermobility 
during gait.

 4. Stability of the first ray is dependent upon specific anatomic structures 
located at the first metatarsophalangeal joint (first MTPJ), providing 
static or dynamic restraint of motion or both.

 5. Hallux abductovalgus (HAV) deformity is the only pathology of the 
human foot which demonstrates excessive dorsal mobility of the first ray 
with static exam, and this hypermobility reduces or vanishes when the 
first metatarsal is realigned over the sesamoids.

 6. Metatarsus primus elevatus (MPE) is a static radiographic measure which 
does not predict load bearing capacity of the first metatarsal during gait.
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 Defining First Ray Hypermobility

The term “hypermobility” was first used by Dudley Morton in 1928 to describe 
abnormal first ray function [1]. Morton specifically described hypermobility as a 
condition resulting from an increase of dorsal movement of the first metatarsal bone 
with weight bearing. Root et al. agreed with the concept of hypermobility of the first 
ray, but modified the definition to state: “Hypermobility of the first ray is a state of 
abnormal 1st ray instability that occurs while the forefoot is bearing weight” [2]. A 
critical issue is the fact is that no kinematic study has ever been conducted to deter-
mine the normal range of motion of the first metatarsal segment during dynamic 
gait. Therefore, there are no parameters of determining the threshold of “hypermo-
bility” as speculated by Morton and Root.

 Measuring First Ray Mobility

Secondly, although Morton and Root described the state of hypermobility occurring 
during weight bearing, they proposed a patient evaluation technique which was 
performed in a static, non-weight-bearing condition. Both authors described a test 
to measure and detect hypermobility, whereby an examiner puts a dorsal force 
against the first metatarsal while stabilizing the lesser metatarsals in the off-weight- 
bearing foot (Fig.  5.1). Herein is the first shortcoming of the notion of first ray 
hypermobility: the original proponents of this concept used a non-weight-bearing 
test of passive dorsal excursion to theoretically predict or measure the motion of this 
skeletal segment during standing and during dynamic gait. The proponents of the 
concept of first ray hypermobility never actually measured motion of the first ray 
during gait in any human subject.

The clinical test for first ray mobility described by Root has been challenged for 
its validity because there is variability depending on foot position [3]. This test has 
also shown poor inter-rater reliability when performed by multiple practitioners [4]. 

 7. Patients with hallux rigidus and evidence of MPE demonstrate hypomo-
bility of the first ray with static exam.

 8. Metatarsus primus elevatus is the result of progressive degenerative 
arthritis and progressive plantar flexion contracture of the hallux seen in 
hallux rigidus.

 9. Most people demonstrate greater range of motion of dorsiflexion of the 
first MTPJ off weight bearing compared to range of motion weight bear-
ing and during dynamic gait.

 10. Studies of patients with evidence of functional hallux limitus with static 
examination will show normal extension of the first MTPJ during 
dynamic gait.
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The shortcomings of this manual excursion test led to the development of mechani-
cal devices to measure first ray mobility which have demonstrated good reliability 
and validity [5, 6]. Unfortunately, these devices are not practical for day-to-day use 
in a clinical setting. Notwithstanding, there is still a question whether a static mea-
sure of motion of any skeletal segment in the lower extremity will accurately predict 
performance during dynamic gait.

Allen and co-workers attempted to address this question when they used a 
mechanical device to measure static first ray range of motion and then performed 
dynamic measurement of motion of this segment during gait using optical motion 
capture technology [7]. The authors found no correlation between static measure of 
first ray range of motion and actual motion of this segment during dynamic gait. The 
first ray moved less during dynamic gait compared to the static condition. However, 
when excessive first ray motion was measured statically, it was associated with 
increased dynamic pronation of the midfoot and hindfoot during gait. Allen et al. 
concluded that “the lack of similarity between dynamic and static measures of first 
ray motion in this study suggest caution is needed when interpreting both manual 
and mechanical static test results of first ray laxity in a healthy population.” Allen 
et al. point out that, compared to the static condition, dynamic gait engages multiple 
mechanical linkages between the hindfoot, midfoot, and forefoot. Furthermore, the 
sensorimotor system is engaged in dynamic gait which allows great opportunity for 
modification of motion and variation among individuals. This factor is important 
when performing static vs dynamic measures of range of motion of the first MTPJ 
and will be studied later in this chapter.

Fig. 5.1 Method to 
measure mobility of the 
first ray in static, non- 
weight- bearing condition 
as described by Morton 
and Root. [1, 2]
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Despite limitations, several studies have used mechanical devices to measure 
first ray mobility in a static condition and have established benchmarks for normal 
vs hypermobile first ray motion. These standards are based upon dorsal excursion of 
the first metatarsal above the plane of metatarsals 2–5 rather than overall range of 
motion. Studies have identified that “normal” dorsal mobility averages 5 mm [5, 6, 
8–11]. Hypermobility is defined as dorsal excursion of greater than 8 mm of the first 
metatarsal [5, 11–13].

The term “hypermobile” commonly appears in the medical literature when 
referring to pathologies of the first ray. In most cases, the term is used to describe 
a loss of stability or load bearing capacity of the first metatarsal during gait. 
However, even more inappropriate is the common use of static measures to iden-
tify first ray hypermobility. Studies have been undertaken to determine if these 
static measures can link the existence of first ray hypermobility with specific foot 
disorders.

 What Causes Hypermobility of the First Ray?

There is very little evidence that static measures showing hypermobility of the first 
ray are seen in any foot disorder other than hallux abductovalgus (HAV) [14, 15]. 
Hypermobility of the first ray has consistently been demonstrated in studies of 
patients with HAV deformity [16–19].

Interestingly, none of Morton’s publications mentioned any relationship 
between hallux valgus and first ray hypermobility. Lapidus was the first to attri-
bute HAV deformity to first ray hypermobility [20]. He described a surgical pro-
cedure which involved arthrodesis of the first metatarsocuneiform joint to correct 
this underlying etiology [21]. Since that time, many authors have embraced 
Lapidus’ explanation of the etiology of first ray hypermobility with HAV defor-
mity and reported favorable results with his surgical procedure [22–29]. Ironically, 
none of these authors ever used valid methods to measure dorsal mobility of the 
first ray in their patients either pre-operative or post-operative. Most important, 
the cornerstone of the Lapidus theory is that excessive mobility of the first ray in 
the sagittal plane primarily occurs in the first metatarsocuneiform joint, i.e., the 
first TMT joint. This assumption has been disproven in numerous subsequent 
studies. In addition, the belief that reduction of hypermobility of the first ray can 
only be achieved with arthrodesis of the first metatarsocuneiform joint has also 
been soundly refuted.

Motion occurring at the medial naviculocuneiform joint is twice that of the 
motion occurring at the first metatarsocuneiform joint [30]. This dispels the myth 
that the first metatarsal medial cuneiform joint is the primary contributor to “hyper-
mobility” of the first ray in many foot pathologies. In fact, the bone pin studies 
verify that the first metatarsal medial cuneiform joint moves less than any other joint 
of the foot [30]. Therefore, fusion of this joint would not be expected to have any 
significant effect on overall first ray motion or function of the foot.
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We have learned in Chap. 5 that mobility of the first ray appears more dependent 
upon distal restraint of the first metatarsal at the first MTPJ rather than in the proxi-
mal location of the first metatarsocuneiform and naviculocuneiform joints.

Proximal stability of the first ray is dependent upon static ligamentous structures 
located on the plantar aspect of these joints [31, 32]. Faber and co-workers con-
ducted a cadaver study and demonstrated that with HAV deformity, the first TMT 
joint actually has more mobility in the transverse plane than the sagittal plane [16]. 
Furthermore, this joint is significantly stabilized by both the peroneus longus and 
flexor hallucis longus muscles, probably more so than by the ligamentous struc-
tures. In particular, the flexor hallucis longus has the dual function to reduce medial 
displacement as well as dorsal displacement of first metatarsal.

The work of Johnson and Perez was presented in Chap. 5 demonstrating the role 
of the peroneus longus in plantarflexing and abducting the first metatarsal. More 
important, this movement engages a locking mechanism of the first ray into a close 
packed position with the second metatarsal [33, 34] (see Fig. 5.5, Chap. 5). Despite 
this finding, there is convincing evidence that these proximal structures of the first 
ray are not as important for sagittal plane stability or stiffness as are certain distal 
restraints around the first MTPJ.

Stability of the first ray is dependent upon specific anatomic structures located at 
its distal end, specifically at the first metatarsophalangeal joint (1st MTPJ), providing 
static or dynamic restraint of motion or both. The most important structure is the 
plantar fascia which provides both static and dynamic stability to the medial arch of 
the foot and to the first ray [35, 36]. Stainsby has described the relationship of the 
plantar fascia, the plantar plates, and the deep transverse metatarsal ligament as a “tie 
bar” system which not only tethers the metatarsals together in the transverse plane 
but also provides stability to the digits and metatarsals in the sagittal plane, resisting 
dorsal displacement from ground reaction forces [37]. Khaw also showed that the 
deep transverse metatarsal ligament provides significant restraint to dorsal motion of 
the first metatarsal and concluded that, combined with the plantar aponeurosis, these 
two structures are more important than the proximal structures to restrain dorsal 
displacement of the first ray [38]. As shown earlier, there is no direct attachment of 
the deep transverse metatarsal ligament or the plantar aponeurosis to the first meta-
tarsal. The stability afforded to the first metatarsal by the plantar aponeurosis and the 
deep metatarsal tie bar ligaments is via the attachment of certain key ligaments of the 
sesamoid complex.

A key evolutionary advance in the human foot is the presence of a well- 
developed plantar aponeurosis with strong insertions into the proximal phalanx of 
all 5 digits [39]. In the lesser digits, the plantar aponeurosis invests the plantar 
plate which attaches to the base of the proximal phalanx. In the first MTPJ, there 
is also a plantar plate which invests the sesamoid apparatus. Another unique fea-
ture of the human foot is the larger diameter of the first metatarsal head, compared 
to the lesser metatarsals. The diameter of the first metatarsal is functionally 
enlarged by the sesamoid bones. The combined radius of the first metatarsal and 
the sesamoids provides a longer lever arm of plantar flexion moment for the flexor 
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hallucis brevis tendons as well as the distal slips of the plantar aponeurosis as 
these structures pass beneath the axis of rotation of the first MTPJ. The enhanced 
stabilizing force of these structures on the hallux favors load bearing of first ray 
and hallux during heel rise and toe off. The mechanism of the plantar aponeurosis 
“winding” around the head of the first metatarsal has been described by Hicks as 
a “windlass mechanism” which is critical to stability of the medial longitudinal 
arch of the foot [40, 41] (Fig. 5.2).

Sharkey and co-workers demonstrated that the plantar fascia can provide passive 
tension during static stance, as well as dynamic tension via the windlass mechanism 
during terminal stance and toe-off which will reduce the plantar-to-dorsal bending 
moments across the metatarsals [42]. In another study, these investigators demon-
strated a similar offloading or shielding of bending moments of the first metatarsal 
by the flexor hallucis longus (FHL) [43]. Similar shielding of bending moments is 
provided by the flexor digitorum longus at the lesser metatarsals [44]. Proper pur-
chase of the digits against the supportive surface will reduce plantar pressure under 
the heads of the metatarsals. This will offload or shield the metatarsal from dorsal 
displacement. Reduction of dorsal bending moment is also counteracted by retro-
grade plantarflexion moment placed on the metatarsal head from the proximal pha-
lanx as the digit dorsiflexes and engages the windlass during terminal stance. The 
net result of both mechanisms is a reduction of dorsal bending moment or dorsal 
displacement of the metatarsal during standing and walking. Proper plantar pur-
chase of the hallux prevents dorsal mobility of the first metatarsal. This plantar 
purchase is compromised when the sesamoids, as well as the insertion of the plantar 
aponeurosis and the pull of the FHL tendon are all diverted laterally from the head 
of the first metatarsal in HAV deformity.

Fig. 5.2 The windlass mechanism provides stiffness to the first ray during terminal stance and 
pre-swing
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 Hallux Abductovalgus Causes First Ray Hypermobility

The first metatarsal loses the protective or shielding effect of the FHL, the plantar 
aponeurosis, and the deep transverse metatarsal ligament as it displaces medially from 
the sesamoid envelope during the progression of HAV deformity. Rush and co-work-
ers demonstrated that when this displacement is corrected with an osteotomy of the 
first metatarsal, a 26% increase in stiffness and resistance to dorsiflexion of the first 
ray will occur [45]. The authors concluded that hypermobility of the first ray, which is 
commonly seen in HAV deformity, is due to a relative lateral shift of the sesamoids, 
positioning the distal slips of the plantar aponeurosis lateral and diverted away from 
their optimal position under the head of the first metatarsal. The FHL tendon also 
becomes laterally displaced from the first metatarsal and loses its proper moment arm 
for plantarflexion of the proximal phalanx of the hallux. Thus, increased dorsal bend-
ing moment is transmitted to the first metatarsal as the hallux loses plantar purchase 
to the ground. The plantar fascia, the FHL tendon, and the sesamoids therefore appear 
essential for providing sagittal plane stability to the first ray, particularly during termi-
nal stance and pre-swing with engagement of the windlass mechanism.

Coughlin and co-workers noted the study by Rush et al. and undertook a number 
of investigations to evaluate mobility changes of the first ray in HAV deformity after 
surgical correction. In a cadaveric study of HAV specimens, Coughlin et al. noted a 
50% reduction in dorsal excursion of the first ray when the first metatarsal was 
realigned with a proximal crescentic osteotomy [46]. In a follow-up clinical study, 
Coughlin et al. prospectively studied 103 patients with HAV deformity [47]. Using the 
Klaue device to measure first ray mobility, the pre-operative was 7.2 mm and dimin-
ished to 4.5 mm with after realignment of the first metatarsal with proximal crescentic 
osteotomy. Mobility of the first ray correlated with magnitude of metatarsus primus 
varus deformity [47]. This verified previous observations by Hardy and Clapham [48].

There have been many published studies citing a cause-effect relationship 
between hypermobility of the first ray and HAV deformity. However, few studies 
have used reliable mechanical measurement devices to compare mobility of the first 
ray in patients with HAV deformity to healthy controls. Shibuya et al. conducted a 
systematic review of those studies [49]. Meta-analysis of the data from those studies 
revealed that patients with HAV deformity have a significant 3.6 mm greater range 
of dorsal excursion of the first ray compared to healthy controls. They also noted 
that some of these studies showed that hypermobility reduces to normal when the 
first metatarsal is realigned in HAV surgery.

Doty and Coughlin reviewed the results of all studies of mobility of the first ray 
in HAV deformity and also looked at their own studies showing disappearance of 
“hypermobility” after the first metatarsal was realigned with osteotomy alone [50]. 
They concluded:

“While the metatarsocuneiform joint is critical to the development of hallux valgus, it is for 
different reasons than those envisioned by Lapidus and others. These historical theories 
were based on unreliable methods by which to quantify mobility. Metatarsocuneiform joint 
mobility may be necessary for a hallux valgus deformity to develop; however, “hypermobil-
ity” may not be the cause but rather the result of a hallux valgus deformity.”

Hallux Abductovalgus Causes First Ray Hypermobility
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In summary, hypermobility of the first ray is commonly found in patients with 
HAV deformity and rarely seen in any other foot pathology. This is because mobil-
ity of the first ray in the sagittal plane is primarily dependent upon the sesamoid 
complex and the flexor hallucis longus tendon located at the distal boundary of this 
skeletal segment. When examining the influence of these structures on stiffness of 
the first ray, the “modified Hick’s test” will mimic pre-swing and tension the soft 
tissue restraints of the first MTPJ (Fig. 5.3). When these structures become laterally 
displaced relative to the first metatarsal in HAV deformity, significant dorsal excur-
sion of the first ray occurs. When medial deviation of the first metatarsal in HAV 
deformity is relocated to a rectus alignment relative to the sesamoid complex and 
the flexor hallucis longus tendon, mobility of the first ray is significantly reduced. 
This realignment of the first metatarsal with reduction of dorsal mobility can be 
accomplished with an osteotomy alone without the need for arthrodesis of the meta-
tarsocuneiform joint.

 The First Ray and Limitation of Motion of the First MTPJ

 Range of Motion of the First MTPJ
One of the most significant areas of misunderstanding in lower extremity biomechanics 
is the controversy regarding normal versus restricted range of motion of the first metatar-
sophalangeal joint (first MTPJ). Clinicians and surgeons will commonly assess excursion 
of the hallux in a dorsal and plantar direction at the first MTPJ in an off-weight-bearing 
exam and make a diagnosis of hallux limitus or hallux rigidus without any recognition of 
the futility of this measurement in actually predicting motion of this joint in dynamic gait. 
Furthermore, there is little information and thus no agreement about how much range of 
motion is necessary at the first MTPJ during walking gait. There is even less understand-
ing about the motion requirements of this joint during running.

There is a clear difference between available range of motion in the first MTPJ 
measured in a non-weight-bearing position, compared to a static weight-bearing 

Fig. 5.3 The modified 
hicks test engages the 
windlass mechanism to 
mimic stiffness during 
pre-swing
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position. And, there is a difference between measurements taken in both these posi-
tions and the actual measurement of motion of the first MTPJ which takes place 
during dynamic gait. Static off-weight-bearing measures of first MTPJ motion show 
more range of motion than what is measured during dynamic gait.

Most healthy individuals will demonstrate up to 70 degrees of dorsiflexion of 
the first MTPJ in a static, off-weight-bearing examination [51]. However, when 
these same individuals place their feet on the ground in a weight-bearing position, 
this range of motion dramatically reduces. With the foot flat on the ground, dorsi-
flexion of the first MTPJ is limited to approximately 20 degrees, as further motion 
in this direction requires plantarflexion of the first metatarsal [51]. In the non-
weight- bearing condition, the first ray is free to plantarflex when the hallux is 
moved into dorsiflexion. In the weight-bearing condition, ground reaction forces 
limit or block plantarflexion of the first metatarsal. During dynamic gait, the hal-
lux does not move dorsally over a fixed foot. Rather, the first metatarsal plan-
tarflexes on the hallux which is fixed on the ground (Fig. 5.4). Not only does the 
first metatarsal plantarflex, it actually moves proximal on the fixed sesamoids as 
the windlass mechanism is engaged. This movement changes the instantaneous 
center of rotation of the first MTPJ [52]. The spiral-shaped nature of the metatar-
sal head forces a translational sliding motion as the proximal phalanx rotates [53]. 
Thus, the locus of the axis of rotation has to move in an arc that necessitates meta-
tarsal motion proximally and plantarward in order to avoid compression at the 
metatarsophalangeal joint [52, 53] (Fig. 5.5). No wonder it is impossible to repli-
cate these intricate movements of skeletal segments with an off-weight-bearing 
examination!

a b

Fig. 5.4 (a) During terminal stance and pre-swing, the first metatarsal rotates on the fixed hallux 
and fixed sesamoids. (b) During terminal stance and pre-swing, the metatarsals plantarflex on the 
digits. The first metatarsal rotates proximal on the fixed sesamoids and plantarflexes relative to the 
lesser metatarsals
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 What Is the Best Way to Estimate ROM of the First MTPJ 
in Dynamic Gait?
Joseph was among the first to attempt to measure range of motion of the first MTPJ 
in a weight-bearing position [54]. He determined, using active and passive measures 
with weight-bearing radiographs, that the first MTPJ dorsiflexes in a range of 50–75 
degrees. The feet were in a static stance position, however.

Root, based upon theoretical analysis of angular relationships of the foot, lower 
leg and thigh at toe-off proposed that 65–70 degrees of dorsiflexion of the first 
MTPJ was necessary for normal gait [2] (Fig. 5.6). Observational studies published 
in the podiatric literature generally concurred with Root’s definition of normal 
motion requirements of the first MTPJ during gait, ranging between 50 and 65 
degrees [55, 56].

Hopson and co-workers performed four different static measures of range of 
motion of the first MTPJ and then measured dynamic range of motion of this joint 
in the subjects during walking [57]. Their motion capture system was somewhat 
archaic compared to current standards, but their findings showed that maximum 
dorsiflexion of the first MTPJ during gait averaged 65 degrees, identical to what 
Root had proposed 20 years earlier. Hobson et al. showed that all static tests dem-
onstrated greater measures of range of motion than what was used by the subjects 
during dynamic gait.

This same discrepancy between static and dynamic measures of first MTPJ range 
of motion in 33 healthy subjects was demonstrated in a study by Nawoczenski and 
co-workers [58]. They used four clinical tests for range of motion of the first MTPJ 
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Fig. 5.5 Instant centers of 
rotation at the first MTPJ 
shift in HAV and hallux 
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longer tangent to the joint 
surface demonstrating 
compression and jamming
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and then measured actual motion used by the subjects during walking gait. The 
range of dorsiflexion determined by static tests were:

• Passive, non-weight-bearing extension: 57 degrees
• Passive, weight-bearing extension: 37 degrees
• Active weight-bearing extension: 44 degrees
• Heel rise, weight-bearing extension: 58 degrees

This study used an accurate electromagnetic tracking device to measure range 
of motion during all the tests. During dynamic gait, the subjects averaged 44 
degrees of dorsiflexion at the first MTPJ. Thus, healthy subjects used less dorsi-
flexion range of motion of the first MTPJ than previously believed (44 degrees vs 
65 degrees) (Fig. 5.7). Also, the static test which most accurately predicted range 
of motion during dynamic gait was the standing active extension test (Fig. 5.8). 
Finally, the off- weight- bearing static range of dorsiflexion motion of the first 
MTPJ in these healthy subjects was 57 degrees, yet it reduced to 37 degrees in a 
static weight-bearing exam.

This finding of “normal” range of motion of the first MTPJ off weight bearing, 
with reduction of motion in the weight-bearing condition in otherwise healthy 

45°

20°

65°

Fig. 5.6 The common 
accepted range of 65 
degrees extension of the 
first MTPJ in pre-swing
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subjects, is significant. According to accepted definition, these healthy subjects 
would all be diagnosed with “functional hallux limitus.” In other words, these 
healthy subjects had “normal” range of motion of the first MTPJ off weight bearing 
but significant decreased motion while weight bearing. It turns out that this is a 
normal, routine finding among most healthy subjects. Thus, the condition known as 
functional hallux limitus remains a controversial subject because it has not been 
validated with accurate dynamic kinematic studies.

 Pathologies Associated with Restricted Motion of the First MTPJ
A number of terms and descriptions have been used to describe various clinical 
conditions associated with restricted range of motion of the first MTPJ. There is 
a lack of agreement for use of these terms which are often used interchangeably 
to describe the same condition. Yet, each of these conditions are actually unique 
and not necessarily related to each other in terms of pathomechanics or treatment.

Fig. 5.7 Commonly used 
measure of first MTPJ 
extension off weight 
bearing will overestimate 
the actual range of motion 
used by the patient 
during gait

Fig. 5.8 Active extension, 
weight bearing will 
simulate the actual range 
of motion at the first MTPJ 
used by the patient during 
gait. This averages 45 
degrees extension
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Restricted range of motion of the first MTPJ has been labeled with various terms 
including hallux limitus, functional hallux limitus, structural hallux limitus, and 
hallux rigidus [7, 56, 57]. In podiatric education, these terms describe a continuum 
of the same condition which starts as a functional restriction of dorsiflexion range 
of motion of the first MTPJ (hallux limitus) and then progresses to end-stage degen-
erative arthritis of the joint (hallux rigidus) [1, 55, 56].

 Functional Hallux Limitus
Laird was the first to describe the term functional hallux limitus [59]. This condition 
has been proposed to exist when a patient demonstrates normal or adequate range of 
dorsiflexion motion of the first MTPJ off weight bearing but shows decreased range 
of motion in a weight-bearing condition. Curiously, this is a normal finding in 
healthy individuals (Figs. 5.7, 5.8, and 5.9). In the off-weight-bearing examination 
where the hallux is passively dorsiflexed to end range of motion, the first metatarsal 
is free to plantarflex, and there is no tension in the plantar aponeurosis. In static 
stance, the first metatarsal is prevented from plantarflexing due to ground reaction 
force. Also, the plantar aponeurosis is placed upon significant tension which limits 
extension of the first MTPJ via a reverse windlass mechanism.

In his definition, Laird stated that functional hallux limitus is present when there 
is greater than 50 degrees of dorsiflexion of the hallux at the first MTPJ in a non- 
weight- bearing condition compared to less than 12 degrees during standing. Others 
have stated that with greater than 50 degrees of dorsiflexion off weight bearing and 
anything less than 40 degrees in static stance identifies the state of functional hallux 
limitus [60]. To this day, there is lack of agreement about how these ranges of 
motion would be tested and what ranges would be considered adequate vs restricted.

Dananberg, who expanded upon the notion of functional hallux limitus, described 
a non-weight-bearing test whereby the hallux was dorsiflexed while the first meta-
tarsal was loaded [61]. No specific range of motion was required to make a diagno-
sis of functional hallux limitus other than an observation of immediate plantarflexion 
motion of the first metatarsal when the hallux was dorsiflexed. Later Payne et al. 
determined that this test was sensitive in predicting late midstance pronation of the 

Fig. 5.9 Passive extension 
range of motion of the 
hallux is always less in a 
weight-bearing position 
than non-weight bearing as 
shown in same subject in 
Fig. 5.8
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midtarsal joint during gait [62]. However, this excessive pronation determination 
was based on subjective observation.

Another popular method of detecting presence of hallux limitus is use of the 
Hubscher maneuver in a static relaxed stance to measure passive dorsiflexion of the 
first MTPJ [63]. This test, however, has shown poor accuracy in actually predicting 
the range of dorsiflexion motion of the first MTPJ during dynamic gait [60]. In this 
study, conducted by Halstead and Redmond, patients identified with functional hal-
lux limitus showed 55 degrees of passive dorsiflexion of the first MTPJ off weight 
bearing but only 19 degrees in static stance with the Hubscher maneuver. However, 
these patients achieved 35 degrees of dorsiflexion of the first MTPJ during dynamic 
gait which was identical to healthy controls [60]. Therefore, some change occurred 
during dynamic gait which actually increased the range of dorsiflexion of the first 
MTPJ compared to static stance.

This raises a valid question: Can a patient with normal range of motion of the 
first MTPJ off weight bearing have significant restriction of motion during dynamic 
gait? Furthermore, does this dynamic restriction of motion at the first MTPJ lead to 
compensation and development of further pathologies of the lower extremity as 
proposed by other investigators? [64, 65].

Dorsiflexion of the hallux at the first MTPJ is coupled with plantarflexion of 
the first ray [66]. Reciprocally, dorsiflexion of the first ray inhibits dorsiflexion 
of the hallux at the first MTPJ [67]. Foot pronation causes lowering of the medial 
longitudinal arch placing elongation strain along the medial slips of the plantar 
aponeurosis. Increased tension in the plantar fascia increases plantarflexion 
moment exerted across the first MTPJ during weight bearing, restricting dorsi-
flexion via the so- called “reverse windlass” mechanism [68]. This condition 
would be seen only during the weight-bearing condition, whereas the patient 
could demonstrate normal dorsiflexion of the first MTPJ in an non-weight-bear-
ing examination.

Another role of foot pronation is the effect of increased ground reaction forces 
on the first ray, leading to dorsiflexion and jamming of the first MTPJ [69]. This will 
be reviewed in the discussion of the condition known as hallux rigidus.

Gatt and co-workers tested the notion that increased foot pronation would 
decrease dorsiflexion of the first MTPJ [70]. Thirty subjects who showed less than 
12 degrees of first MTPJ dorsiflexion in static stance were subdivided into two 
groups depending on the severity of foot pronation. As severity of foot pronation 
increased, the magnitude of first MTPJ dorsiflexion diminished. The authors specu-
lated that a reverse windlass mechanism could explain the results.

An additional finding of this investigation by Gatt and co-workers determined 
that the static weight-bearing measure of hallux extension at the first MTPJ did not 
correlate with the actual range of extension during dynamic gait. Pronation did 
cause restriction of motion at the 1st MTPJ measured during dynamic gait. Gatt et 
al. showed that the severity of a pronated foot posture was asociated with greater 
restriction of dorsiflexion of the 1st MTPJ during dynamic gait. However, as seen 
with the Halstead study, the total motion during dynamic gait was far greater than 
motion available in static stance. Also, all evidence of hallux limitus disappeared 
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during dynamic gait with both groups exhibiting over 45 degrees of dorsiflexion of 
the first MTPJ [60, 70].

To summarize, there are two studies of functional hallux limitus demonstrating 
reduced dorsiflexion of the first MTPJ in static stance which then improves during 
dynamic gait. One study showed less than 12 degrees of dorsiflexion of the first 
MTPJ of subjects in static stance [70], and another showed less than 19 degrees 
[60]. Both groups of subjects had normal range of dorsiflexion exceeding 55 degrees 
off weight bearing, so they met the criteria of “functional hallux limitus.” This clini-
cal evidence of hallux limitus disappeared in both groups during dynamic gait as 
they averaged over 45 degrees of dorsiflexion at the first MTPJ.

Thus far, the evidence for the existence of functional hallux limitus has been shown 
in studies where subjects demonstrate decreased dorsiflexion of the first MTPJ in 
static stance compared to the off-weight-bearing condition. However, the assumption 
that functional hallux limitus occurs in these same subjects during dynamic gait has 
yet to be proven by high-quality 3-D kinematic studies using multisegment foot mod-
els. The fact is that all healthy feet will demonstrate less passive extension of the first 
MTPJ weight bearing compared to the non-weight-bearing condition.

During dynamic gait, certain mechanisms are engaged which facilitate plan-
tarflexion of the first metatarsal which are absent during static stance. Two such 
mechanisms are the role of forward momentum engaging the windlass as well as the 
action of the peroneus longus acting on the first ray during terminal stance.

What is needed are more dynamic gait studies to determine the relationship 
between motion of rearfoot, the midfoot joints, and motion the first MTPJ. These 
studies could verify a mechanism proposed by Finn Bojsen-Moller in 1979 in his 
classic paper “Calcaneocuboid Joint and Stability of the Longitudinal Arch of the 
Foot at High and Low Gear Push Off” [71]. In this paper, Bojsen-Moller explains 
how optimal dorsiflexion of the first MTPJ is contingent upon stability of the calca-
neocuboid joint. Stability and alignment of this joint facilitate the peroneus longus to 
pronate the forefoot on the rearfoot. Forefoot pronation promotes medial transfer of 
load to the first MTPJ and engages the windlass mechanism. Optimally, the human 
foot will push off across the transverse axis of the first and second MTPJs, engaging 
a high-gear mechanism for the windlass rather than using a less efficient oblique axis 
or low-gear windlass mechanism of the lesser MTPJs [71] See Chap. 1, Fig. 1.19 

This description of dynamic foot function by Bojsen-Moller is based in part upon 
the previous work of MacConnail describing the favorable “twisting” of the forefoot 
upon the rearfoot, providing stability and facilitating push off across the transverse 
axis of the first and second metatarsophalangeal joints [72]. This specialization of 
the human foot, compared to the great apes, was later studied by Griffin and co- 
workers verifying the transverse axis, high-gear mechanism of push off which exists 
in the human foot as originally proposed by Bojsen-Moller [73]. This topic will be 
explored in more detail in Chap. 6 when the role of first ray stability contributing to 
metatarsalgia is studied.

The work of Bojsen-Moller has been often cited as an explanation for the etiol-
ogy of functional hallux limitus and the secondary effects of this condition on the 
proximal joints of the foot and leg. In his paper, Bojsen-Moller clearly states that 
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pronation of the forefoot on the rearfoot at the midtarsal joint “pre-tightens” the 
plantar aponeurosis [71]. He further states that tension is developed in the plantar 
aponeurosis as soon as the heel rises off the ground. The larger diameter of the head 
of the first metatarsal combined with the additional circumference of the sesamoids 
favors greater mechanical advantage of the first MTPJ (a high-gear mechanism) 
over the lesser MTPJs to engage the windlass mechanism to raise the arch and 
stiffen the foot for propulsion.

Yet, the theory of functional hallux limitus describes a distal-to-proximal com-
pensation which takes place within the foot and the entire lower extremity when 
“sagittal plane blockade” occurs at the first MTPJ [64]. Durrant and Chocklingham, 
in their review of the topic of functional hallux limitus, describe this distal-to- 
proximal compensation when loss of dorsiflexion of the first MTPJ causes instabil-
ity of the midtarsal joint, specifically the calcaneocuboid joint [74]. Durrant et al. 
review the work of Bojsen-Moller but incorrectly state that in the healthy foot, the 
windlass mechanism pre-tightens the plantar fascia which subsequently provides 
close packing and locking of the calcaneocuboid joint, and not vice versa. This reli-
ance of tightening of the plantar fascia to lock the calcaneocuboid joint was origi-
nally proposed by Dannanberg [75]. On the contrary, Bojsen-Moller proposes that 
pronation of the forefoot pre-tightens the plantar fascia, before engagement of the 
windlass, and this process is dependent upon an already locked, close packed calca-
neocuboid joint [71]. Bojsen-Moller describes this pre-tensioning of the plantar fas-
cia which occurs before heel rise based upon film analysis of a walking subject. 
Further tensioning of the plantar aponeurosis occurs during heel rise with engage-
ment of the windlass, but as shown in Chap. 1, the windlass does not appear to fully 
engage until the first MTPJ has achieved 30 degrees of extension.

Bojsen-Moller never proposed that high-gear push off through the first MTPJ was 
required to lock the calcaneocuboid joint. He also never speculated about how range 
of motion at the first MTPJ would affect stability of the midtarsal joints. His descrip-
tion of optimal foot function starts with a description of how ground reaction forces 
cause pronation and close packing of the calcaneocuboid joint and how this sets up 
the eventual transfer of load to the first MTPJ during the stance phase of gait. Thus, 
there is nothing in Bojsen-Moller’s paper to suggest a retrograde proximal compen-
sation at the midtarsal joint which could occur with loss of dorsiflexion motion of the 
first MTPJ. To this date, there are no published kinematic studies verifying compen-
satory motion in the midfoot and hindfoot joints after normal dorsiflexion motion is 
diminished at the first MTPJ. Yet, this distal-to-proximal compensation mechanism 
due to loss of dorsiflexion of the first MTPJ remains a cornerstone of the functional 
hallux limitus theory of abnormal lower extremity function [61–65].

When there is anatomic abnormality in the first MTPJ, causing loss of motion, 
gait studies have shown compensatory changes. These anatomic pathologies include 
HAV deformity and hallux rigidus and do not have the criteria to meet the definition 
of functional hallux limitus. As we will see in this next section, hallux rigidus and 
also HAV deformity cause spatiotemporal changes in gait with increased stance 
duration, decreased stride length, and decreased walking velocity–all due to loss of 
push off thru the first MTPJ.
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 Hallux Rigidus

While the clinical condition known as functional hallux limitus has yet to be fully 
verified in quality biomechanical studies, the presence of progressive degenerative 
arthritis at the first MTPJ has been extensively studied. This condition has become 
known as hallux rigidus, a term first proposed by Cotterill in 1988 [76]. Curiously, 
there are still many authors who use the term hallux limitus to describe an arthritic 
condition of the first MTPJ, while others use the two terms hallux limitus and hallux 
rigidus interchangeably [77, 78]. When reviewing the medical literature, the term 
hallux rigidus is the preferred term to describe a state of stiffness and degenerative 
arthritis of the first MTPJ [79, 80].

Hallux rigidus is important to review in this chapter because it has traditionally 
had a strong association with hypermobility or dysfunction of the first ray. It is also 
a significant condition of the human foot because it does not have many good treat-
ment options.

The symptoms of hallux rigidus include pain with range of motion of the first 
MTPJ and usually a dorsal “bunion” or osteophyte causing painful irritation from 
footwear [81]. Physical examination reveals bone enlargement, swelling, and 
restricted motion of the first MTPJ [82]. Radiographic findings of hallux rigidus 
include joint space narrowing of the first MTPJ, osteophyte formation, subchondral 
sclerosis, flattening of the first metatarsal head, trumpeting of the base of the proxi-
mal phalanx, and loose bodies [80, 83]. All of these clinical findings are consistent 
with degenerative arthritis of the first MTPJ.

Staging or grading the severity of hallux rigidus has been described by many dif-
ferent authors [80, 83–85]. Beeson and co-authors identified 18 classifications sys-
tems for hallux rigidus and concluded that there is a need for more objective criteria 
based upon sound scientific research [86]. This is evidenced by the fact that the most 
commonly used systems for grading severity of hallux rigidus rely on terms such as 
“mild or moderate pain” or “mild or moderate” restriction of joint range of motion 
(Table 5.1). Clinicians would disagree in their assessment of “minor” or “moderate” 
joint space narrowing of the first MTPJ (Fig. 5.10).

Most published classification systems for hallux rigidus rely on a clinical assess-
ment of range of motion of the first MTPJ in an off-weight-bearing examination. In 
the most commonly accepted classification systems of hallux rigidus, the first stage 
or Grade I demonstrates diminished range of motion of the first MTPJ off weight 
bearing. Therefore, based upon definition, the condition known as functional hallux 
limitus would be an entirely different condition than hallux rigidus. Yet some specu-
late that hallux rigidus is preceded by functional hallux limitus. However, there are 
no longitudinal studies showing that functional hallux limitus causes degenerative 
arthritis of the first MTPJ. As will be shown, hallux rigidus does not appear to be 
associated with hypermobility or overload of the first ray of the foot.

A common recognized etiology for hallux rigidus is trauma [87, 88]. However, a 
study by study by Coughlin and Shurnas showed no association between trauma and 
hallux rigidus [15]. That same study showed that when hallux rigidus occurs, it is 
found bilateral 79% of the time. When trauma was reported as the primary cause of 
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symptoms by patients, hallux rigidus was unilateral most of the time. This same 
study revealed that family history was a strong determinant of hallux rigidus; 
reported in 67% of patients, those with a positive family history had bilateral symp-
toms 95% of the time [15]. Equinus and pes planus have been speculated as pre- 
disposing to hallux rigidus, but no studies have verified this cause-effect relationship 
[82, 87].

A flattened metatarsal head seems to be associated with hallux rigidus. This was 
demonstrated in the Coughlin and Shurnas study [15] as well as in a study by Stein 
et al. [89]. Hunt and Anderson found a flat or chevron-shaped first metatarsal head 
79% of the time in patients with hallux rigidus [90]. It is not known if this is a pre- 
disposing anatomic feature of the head of the first metatarsal to cause hallux rigidus 
or if it is adaptive.

Shereff showed that the kinematics of the first MTPJ are abnormal in patients 
with hallux valgus and hallux rigidus with displaced centers of rotation compared to 
intact specimens [52] (Fig. 5.5). Hallux rigidus showed jamming throughout the arc 
of motion which resulted in centers of rotation falling outside the metatarsal head 
indicating adaptation as the condition progresses. Shereff speculated that articular 

Table 5.1 Classification of hallux rigidus

Grade 0 Dorsiflexion Radiographic findingsa Clinical findings
40° to 60° and/or 
10% to 20% loss 
compared with 
normal side on 
examination

Normal No pain; only stiffness 
and loss of motion

30° to 40° and/or 
20% to 50% loss 
compared with 
normal side

Dorsal osteophyte is main finding, 
minimal joint space narrowing, 
minimal flattening of metatarsal head, 
periarticular sclerosis

Mild or occasional pain 
and stiffness, pain at 
extremes of 
dorsiflexion/
plantarflexion on 
examination

2 10° to 30° and/or 
50% to 75% loss 
compared with 
normal side

Dorsal, lateral, and possibly medial 
osteophytes, flattened appearance to 
metatarsal head. No more than 1/4 of 
dorsal joint space involved on lateral 
radiograph, mild to moderate joint 
space narrowing and sclerosis, 
sesamoids not usually involved

Moderate to severe pain 
and stiffness that may be 
constant which occurs 
just before end range 
dorsi/plantar flexion

3 ≤10° and/or 75% 
to 100% loss also 
≤10° PF

Same as in Grade 2 but with 
substantial narrowing, with normal 
possibly periarticular cystic changes, 
more than 1/4 of dorsal joint space 
involved on lateral radiograph 
sesamoids enlarged and/or cystic and/
or irregular

Nearly constant pain 
and stiffness at extremes 
of range of motion, but 
not at mid-range

4 Same as in Grade 3 Same as in Grade 3 Same criteria as Grade 3 
but there is definite pain 
at mid-range of passive 
motion

From: Coughlin and Shurnas [15]
aWeight-bearing and anteroposterior and lateral radiographs are used
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erosion, marginal osteophytes, and stretching and contracture of periarticular struc-
tures were probably responsible for the mechanical alterations seen in the first 
MTPJ in hallux rigidus. These changes are seen in middle and later stages of hallux 
rigidus and would likely be the result rather than the cause of the condition.

Other intrinsic risk factors for hallux rigidus were investigated by Coughlin and 
Shurnas in a study of 114 patients diagnosed with hallux rigidus [15]. Despite wide-
spread belief, this study showed no association between hallux rigidus and a pes 
planus arch profile determined by a Harris mat imprint. Also, there was no evidence 
of equinus or restricted dorsiflexion range of motion of the ankle joint in this large 
patient pool. There was, however, a significant increase in the hallux interpha-
langeus angle, indicating a possible adaptation as sagittal plane motion became 
restricted at the first MTPJ. The incidence of a long first metatarsal was no greater 
in hallux rigidus patients than in the regular population, and there was no correlation 
with metatarsal length and severity of hallux rigidus.

With all these previous held notions about the cause of hallux rigidus, the most 
common accepted etiology is a dorsiflexed alignment of the first ray. This condition 
was termed metatarsus primus elevatus (MPE) by Lambrinudi in 1938 and has been 
recognized by many authors as a primary cause of hallux rigidus [91]. Metatarsus 
primus elevatus is also mistakenly considered to be a sign of hypermobility of the 
first ray. MPE is a static radiographic and is commonly used by foot surgeons 
around the world to justify plantarflexion osteotomies of the first metatarsal in the 
surgical correction of hallux rigidus [92–94]. The finding of MPE is also used as a 

Fig. 5.10 A patient with 
Grade 2 hallux rigidus, left 
foot, and Grade 3 hallux 
rigidus, right foot
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criteria for performing a Lapidus fusion of the first metatarsocuneiform joint as a 
remedy for hypermobility of the first ray [22–29].

At first glance, it is easy to see why many people accept that MPE is a cause of 
hallux rigidus. The human foot will show immediate restriction of dorsiflexion motion 
across the first MTPJ when the first metatarsal is elevated. This was verified in a study 
by Roukis and Scherer where 8 mm of elevation of the first metatarsal reduced dorsi-
flexion of the first MTPJ by over 35% [67]. Elevation of the first ray relative to the rest 
of the foot in a lateral standing radiograph suggests excessive dorsal mobility during 
gait and arguably predicts repetitive jamming of the first MTPJ.

This raises two questions: During what part of the gait cycle will MPE become 
important and how much elevation of the first metatarsal is required to cause hallux 
rigidus? A standing lateral radiograph captures the foot in a static position which 
somewhat mimics the midstance period of the gait cycle. In reality, the lateral stand-
ing radiograph is not actually representative of midstance where there is only one 
foot supporting the body and there is tibial progression over the fixed foot, i.e., the 
ankle rocker. When positioning for a lateral standing radiograph, the patient’s pelvis 
and hips are centered in the frontal plane while the two feet are next to each other, 
bearing weight equally on the supportive surface. This position is never achieved 
during any stage of the walking gait cycle.

Whether a standing lateral radiograph actually depicts midstance or not, it is 
more important to recognize that dorsiflexion of the first MTPJ does not occur until 
heel rise or terminal stance. Accurate dynamic measure of alignment of the first 
metatarsal relative to the hallux during heel rise is not possible in a typical clinical 
setting. Measurement of total range of motion used by the patient at the first MTPJ 
during gait would be the best way to detect functional hallux limitus or hallux rigi-
dus, but there have been no published studies which have used this methodology on 
these two patient populations.

Despite these shortcomings, MPE has been studied with various methods of 
measurement on a standing lateral radiograph. The angular relationships between 
the first metatarsal to the ground and the second metatarsal to the ground can detect 
MPE [95] (Fig. 5.11). Also, a lateral sagittal intermetatarsal angle formed by the 
lines along the dorsal cortex of metatarsals 1 and 2 can be measured [80]. These 

Fig. 5.11 Measuring angle of declination of the first ray. (From: Bouaicha et al. [95]). The figure 
describes how the MT-1-Declination angle was measured. The MT-I-declination angle is mean 
angle between longitudinal axis of the first metatarsal bone and the ground. The longitudinal axis 
of MT-1 was defined as centerline between the dorsal and plantar cortical bone. Copyright © 2010 
by the American Orthopaedic Foot & Ankle Society
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angles are difficult to draw and measure, making them prone to error. A more reli-
able and easy method to measure MPE was described by Seiberg and co-workers 
[96] (Fig. 5.12). This is a linear measure of the perpendicular distance from the 
dorsal aspect of the second metatarsal shaft to the dorsal aspect of the first metatar-
sal shaft at the first metatarsal neck (i.e., the metaphyseal-diaphyseal junction) and 
1.5 cm from the first metatarsal base. The proximal measurement is subtracted from 
the distal measurement to obtain the Seiberg index. With a plantarly declinated first 
metatarsal, the Seiberg index is negative; with dorsal angulation, it is positive.

Using the Seiberg index, Roukis observed that the mean first to second metatar-
sal elevation was 5.8 mm in a hallux rigidus group, which was higher than what was 
measured in patients with other foot pathologies [97]. Bouaicha modified the 
Seiberg index to measure first to second metatarsal height on lateral radiographs and 
found that any elevation of the first metatarsal greater than 5 mm was predictive of 
hallux rigidus [95]. Indeed, MPE seems to be strongly associated with hallux rigi-
dus, but is this cause or effect?

Horton and co-workers studied radiographs of patients with and without hallux 
rigidus and found no difference in alignment of the first ray, measuring the distance 
between the dorsal cortex of metatarsals 1 and 2 [98]. This confirmed findings from 
a previous study by Meyer et al. who warned that MPE was not a radiographic sign 
peculiar to hallux rigidus [99]. In cases of severe hallux rigidus, however, Horton 
et al. noted that the magnitude of MPE increased significantly, suggesting to the 
authors that elevation of the first metatarsal occurs as a result of hallux rigidus and 
not vice versa. In other words, extreme magnitude of MPE is not seen in early stage 
hallux rigidus, only late stage.

Coughlin and Shurmas studied 110 patients with hallux rigidus and found meta-
tarsus primus elevatus in only 10 cases [15]. They also concluded that elevation of 
the first metatarsal is the result of and not the cause of hallux rigidus. Previously, 
Coughlin had made a similar observation in patients with HAV deformity: hyper-
mobility of the first ray was an end result of intermetatarsal angle deformity and not 
the cause of hallux abductovalgus [47].

a - b = Seiberg index

1.5 cm

b
a

Fig. 5.12 The Seiberg index is determined by measuring the perpendicular distance from the 
dorsal aspect of the second metatarsal shaft to the dorsal aspect of the first metatarsal shaft at the 
first metatarsal neck (i.e., the metaphyseal-diaphyseal junction) and 1.5 cm from the first metatar-
sal base. The proximal measurement is subtracted from the distal measurement to obtain the 
Seiberg index. [96]
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Metatarsus primus elevatus is often confused with hypermobility of the first ray, 
yet no studies have documented that these two clinical findings are found in the 
same patients. Also, hypermobility of the first ray has attributed to be a cause of 
hallux rigidus. If hypermobility does cause hallux rigidus, it should be a consistent 
finding with manual examination of these patients. Surprisingly, clinical studies fail 
to show any evidence of hypermobility of the first ray in patients with hallux rigi-
dus. Coughlin and Shurmas used the Klaue device to measure dorsal mobility of the 
first metatarsal in 110 patients with hallux rigidus [15]. The dorsal excursion of the 
first metatarsal was 5.8 mm, which was far below the previous 8 mm threshold for 
hypermobility [5]. Greisberg and co-workers measured dorsal mobility of the first 
ray in 34 patients with hallux rigidus compared to 341 patients without the condi-
tion [100]. Patients with hallux rigidus had a significant reduced dorsal mobility of 
the first ray compared to control subjects. If anything, patients with hallux rigidus 
demonstrate hypomobility of the first ray.

Therefore, while patients with hallux rigidus often show MPE on lateral standing 
radiographs, they do not demonstrate true first ray hypermobility with clinical test-
ing. The first metatarsal may appear to be dorsally positioned in static stance, yet the 
entire first ray does not have excessive dorsal mobility when measured off weight 
bearing. It is more reasonable to accept the notion that MPE is actually the result of 
the pathologic process of hallux rigidus, i.e., degenerative arthritis of the first MTPJ.

How would hallux rigidus cause metatarsus primus elevatus? A likely mecha-
nism is the ability of the hallux to drive the first metatarsal into abnormal alignment, 
similar to what occurs in HAV deformity. Camasta was among the first to recognize 
that a plantar-flexed hallux was almost always associated with a dorsally displaced 
first metatarsal in hallux rigidus patients [81]. Normally, the hallux is positioned 
16–18 degrees dorsiflexed relative to the first metatarsal in static stance. A condition 
known as hallux equinus is present when the hallux lies in a rectus position or a 
plantar-flexed position relative to the first metatarsal in static stance [101] (Fig. 5.13).

Camasta proposes that hallux equinus is found in a “co-dependent relationship” 
with MPE due to two mechanisms: a fixed forefoot varus, elevating the first MTPJ 
which causes the hallux to plantarflex and find the ground, and/or an unstable medial 
column associated with pes planus which activates the flexors of the hallux to “grip” 
and provide medial stability to the forefoot. According to Camasta, this “flexor 
stabilization syndrome of the hallux” is also seen in the lesser digits in response to 

Fig. 5.13 Measurement of hallux equinus. (From: Bouaicha et al. [95]). MT-1-Dorsiflexion-angle 
(DFA): Angle between the longitudinal axis of the MT-1-shaft and the longitudinal axis of the 
proximal phalanx. In a normal foot, the hallux is dorsiflexed 16-18 degrees relative to the first 
metatarsal
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pronation of the rearfoot and is a common cause of hammertoe deformity. Either 
way, Camasta proposes that flexor stabilization creates overactivity of the FHL and 
FHB which restricts dorsiflexion of the first MTPJ. Abnormal positioning of the 
hallux in an equinus attitude leads to abnormal compressive force against the head 
of the first metatarsal and initiates the degenerative process of hallux rigidus.

Further evidence of the role of plantarflexion contracture and hallux rigidus is 
provided by Roukis who found significant incidence of hallux equinus in patients 
with hallux rigidus, and this flexion deformity increased with increased grade of 
hallux rigidus [80, 97]. Bouaicha and co-workers evaluated hallux equinus, using a 
different term called the “first metatarsal dorsiflexion angle,” and showed that the 
hallux was significantly more plantarflexed on the first metatarsal in patients with 
hallux rigidus [95]. Furthermore, there was a significant correlation with plan-
tarflexion of the hallux and greater amount of MPE deformity.

The authors speculated that tensioning of the flexor hallucis longus tendon could 
be responsible for retrograde metatarsus primus elevatus (Fig. 5.14). This provides 
a third proposed mechanism to explain the association between hallux equinus and 
hallux rigidus: pain from degenerative arthritis causes soft tissue contraction or 
“splinting” around the first MTPJ. This attempt to restrict painful range of motion 
places the hallux in a plantar-flexed position causing retrograde dorsiflexion of the 
first metatarsal and increasing MPE deformity (Fig. 5.15). In this scenario, hallux 
equinus would be the result, not the cause of degenerative arthritis of the first MTPJ

Other investigators have described the role of the flexor hallucis longus tendon in 
the pathogenesis of hallux rigidus. In a cadaveric study, Kirane and co-workers 
showed that reduced excursion of the flexor hallucis longus tendon would 

a b

Fig. 5.14 (a) Metatarsus primus elevatus (MPE) associated with hallux equinus. (b) Increased 
MPE and hallux equinus with increased severity of hallux rigidus

Hallux Abductovalgus Causes First Ray Hypermobility



162

significantly alter dorsiflexion mechanics of the first MTPJ [43]. They recom-
mended evaluating the flexor hallucis longus for fibrosis or impingement along its 
length, particularly in its proximal location at the myotendinous junction in patients 
with hallux rigidus. This same restriction of motion at the retrotalar pulley of the 
FHL tendon was proposed by Valotton and co-workers as a mechanism for causing 
restriction of motion at the first MTPJ [102]. Their paper was primarily speculative 
and was intended to show a novel treatment intervention using manipulation to 
release the tenodesis of the FHL tendon.

Researchers have long implicated the plantar aponeurosis as a contributor to 
reduced dorsiflexion of the first MTPJ [36, 38, 42]. Phillips and co-authors sug-
gested that pronation of the rearfoot leading to instability of the medial column 
increases tension in the plantar fascia with subsequent limitation of dorsiflexion of 
the hallux [66].

The potential role of the plantar fascia to limit range of motion in the first MTPJ 
was shown by Harton and co-workers [103]. Patients undergoing a plantar fasciot-
omy for plantar heel pain showed an improvement of first MTPJ dorsiflexion by 10 
degrees. While few would recommend this procedure as a primary intervention for 
hallux rigidus, it adds validity to the concept of “decompression” osteotomies of the 
first metatarsal which indirectly lengthen the soft tissue structures which are limit-
ing motion of the first MTPJ. In a study of 20 patients undergoing surgery for hallux 
rigidus, with a 15-year follow-up, Eliott and co-workers have shown that osteoto-
mies intended to plantarflex the first metatarsal actually end up shortening the bone 

a b

Fig. 5.15 Progression of hallux equinus and MPE in same patient with hallux rigidus: hallux 
drives the first metatarsal dorsal. (a) Stage 2 hallux rigidus. (b) 3 years later, same patient: stage 3 
hallux rigidus with increased hallux equinus

5 Disorders of the First Ray: Part 2 Hypermobility, Functional Hallux Limitus,…



163

which decompresses the first MTPJ [104]. Decompression was also achieved with 
joint destruction procedures in this study, and both surgical procedures resulted in a 
reduction of metatarsus primus elevatus over time [104]. This finding supports the 
notion that soft tissue contractures at the first MTPJ are responsible for MPE in hal-
lux rigidus.

In summary, the flexor hallucis longus tendon as well as the distal insertion of 
the plantar aponeurosis into the proximal phalanx of the hallux are important sta-
bilizers of the first ray. Abnormal mechanics of the rearfoot, i.e. excessive prona-
tion, can cause increased tension in these structures which will cause limitation of 
motion around the first MTPJ. Tensioning of the FHL, FHB will plantarflex the 
hallux which causes MPE and hypomobility of the first ray. Conversely, medial 
subluxation of the first metatarsal will cause malalignment of the FHL and plantar 
aponeurosis, resulting in laxity of these structures at the first MTPJ. This laxity 
will compromise flexion and purchase of the hallux which results in increased 
dorsiflexion bending moments at the first metatarsal. Laxity from lateral shift in 
the insertion of the plantar aponeurosis at the first MTPJ compromises the wind-
lass mechanism which diminishes the plantarflexion moment applied to the first 
metatarsal. These two changes result in a loss of stiffness of the first ray, particu-
larly during the heel rise phase of gait. This displacement of soft tissue alignment 
in HAV, versus contracture of soft tissues around the first MTPJ in hallux rigidus, 
explains how hypermobility of the first ray is seen in HAV while hypomobility is 
seen in hallux rigidus.

Kinematic studies of patients with hallux rigidus show a compromise of the 
windlass mechanism leading to compensation which is similar to what has been 
seen in patients with HAV deformity. Canseco and co-workers studied 22 patients 
with hallux rigidus and found that they had significant longer stance duration com-
pared to healthy controls [105]. In another study of patients with HAV deformity, 
these same authors found that three temporal-spatial parameters of gait were abnor-
mal with not only increased stance duration but also decreased stride length and 
slower walking speed [106]. In terms of these parameters, HAV appears to cause 
more disruption of gait than hallux rigidus.

Increased stance phase duration indicates a loss of propulsion. This can occur 
with antalgic guarding of the first MTPJ or dysfunction of the windlass mechanism, 
with both features seen in HAV and hallux rigidus. Canseco showed that both HAV 
and hallux rigidus demonstrate a lack of forefoot plantarflexion during terminal 
stance and pre-swing, reflected by a flattening of the medial longitudinal arch. 
Instability of the arch may compromise plantarflexion of the first ray to facilitate 
dorsiflexion of the hallux and engagement of the windlass mechanism.

Pressure studies have shown a loss of load bearing of the first metatarsal in 
patients with hallux rigidus [107]. These studies as well as observational reports 
show a consistent compensation during gait in patients with hallux rigidus charac-
terized by internal rotation of the foot to direct center of pressure and load to the 
lateral toes [108, 109]. Pressure studies of patients with HAV deformity show 
inconsistent results and do not always show loss of load bearing capacity of the first 
metatarsal. This will be studied further in Chap. 6.

Hallux Abductovalgus Causes First Ray Hypermobility
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Loss of propulsion thru the first MTPJ during late stance and loss of engagement 
of the windlass mechanism cause compensation which is similar in both HAV 
patients and hallux rigidus patients. Load is shifted laterally, and stance phase is 
prolonged. In HAV deformity, loss of plantar purchase of the hallux could explain 
the shift of load laterally. In hallux rigidus, pain and lack of engagement of the 
windlass could explain the lateral shift to the oblique axis of the MTPJs during push 
off. This loss of medial shift of load bearing during propulsion and loss of the wind-
lass may explain why patients with HAV and hallux rigidus are commonly identi-
fied to suffer from digital deformities and metatarsalgia.
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Metatarsalgia and Digital Deformities

 Terminology and Classification

The lesser metatarsal region of the forefoot is the most common location of foot 
pain in older people. An examination of 784 community based adults aged 65 and 
older revealed that 37% had pain to palpation of the forefoot, with pain divided 
equally between the metatarsal heads and the intermetatarsal spaces [1]. In contrast, 

“After all, it is the toe that goes forward first and foremost, and the toe that helps to tell us if our 
bodies are hot or cold—in other words, the toe experiences far more than we give it credit for.”
– Meia Geddes, Love Letters to the World

6

Key Points
 1. The term metatarsalgia describes pain in the forefoot which can be the 

result of many different pathologies.
 2. Contrary to popular belief, elongated metatarsals are not associated with 

elevated plantar pressures or with metatarsalgia.
 3. Plantar-flexed metatarsals will increase plantar pressure and can cause 

localized metatarsalgia.
 4. Elevated plantar pressure in the forefoot is more closely associated with 

digital deformities than any other condition.
 5. The plantar plate of the lesser MTPJ is subjected to compressive, tensile, 

and shear forces which contribute to degeneration and rupture.
 6. Claw toes have a different etiology and pathomechanics than plantar plate 

injuries.
 7. The interdigital neuroma is a common cause of metatarsalgia; however 

specific risk factors and pathomechanics of this condition have not been 
validated.
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only 11% had pain on the plantar heel or along the plantar fascia. In this same group 
of patients, 60% had digital deformities, while 37% had bunion deformities. 
Together, pain on the plantar aspect of the metatarsals and digital deformities repre-
sent the two most common foot problems seen in older adults. This raises the ques-
tion: Are these two conditions related to each other?

The term metatarsalgia is commonly used to describe pain on the plantar aspect of 
the forefoot [2, 3]. Metatarsalgia is a descriptive term and not a specific diagnosis. A 
study by Scranton, reporting on 98 patients presenting with metatarsalgia, revealed 23 
different diagnoses accounting for pain in the forefoot [4]. These diagnoses included 
Morton’s neuroma, plantar plate pathology, stress fracture, avascular necrosis/Freiberg’s 
disease, brachymetatarsia, benign skin lesion, bursitis, tendinitis, capsulitis, and arthri-
tis. That study divided diagnoses and causes of metatarsalgia into three categories:

• Primary, which is due to excessive mechanical loading of one or more metatarsals
• Secondary which is due to systemic disease affecting the MTPJs
• Other forefoot pain not localized to the MTPJs seen in nerve and circulatory 

conditions

Espinosa proposed a newer classification system of causative factors of metatar-
salgia [5]. He clarified that the term “metatarsalgia” has traditionally described pain 
in the area of second thru fourth metatarsals, which excludes pathologies in the 1st 
and 5th MTPJ. A review of the literature verifies that the terms “metatarsalgia” and 
“central metatarsalgia” are used interchangeably and both describe pain in the cen-
tral forefoot. For this chapter, the two terms are synonymous.

In the Espinosa classification, structural deformities within the foot, such as long 
or plantar-flexed metatarsals, are classified as a primary cause of metatarsalgia. 
Also included in the structural category is the condition known as first ray insuffi-
ciency. Primary metatarsalgia includes all conditions which are mechanically 
induced. Metabolic, systemic, and traumatic conditions are secondary causes of 
metatarsalgia. Finally, an iatrogenic category of metatarsalgia is proposed which 
can result from failed hallux valgus surgery or lesser metatarsal surgery.

We will focus our discussion on primary metatarsalgia which is thought to be due 
to abnormal mechanical overload of certain anatomic structures in the forefoot. The 
two most commonly accepted causes of this overload, causing primary metatarsal-
gia, are long central metatarsals or plantar-flexed central metatarsals. As this topic 
is explored, it will become clear that digital deformities are a closely related condi-
tion to metatarsalgia. The same forces which cause metatarsalgia can also cause 
digital deformities. Digital deformities can also cause metatarsalgia.

 What Is the Role of an Elongated Metatarsal 
Causing Metatarsalgia?

Increased length of one or more of the central metatarsals is believed to be a factor 
in the development of primary metatarsalgia, a concept first proposed by Morton in 
1927 [6]. In fact, the surgical management of central metatarsalgia most commonly 
focuses on shortening an elongated or plantar-flexed metatarsal. [2, 7] Despite this 
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widespread surgical practice, there is no evidence showing that elongated metatar-
sals can cause primary metatarsalgia.

Fundamental to this misunderstanding is the method used to measure the length 
of the metatarsals of the human foot. Traditionally, this measurement is performed 
using a weight-bearing A/P radiograph Fig. 6.1b. This method involves drawing a 
transverse line from the distal most point of the first metatarsal and connecting to 
the distal most point of the head of the third metatarsal [6]. A long second metatarsal 
would protrude distal to this line. There can be a major error with this measurement 
technique as deviation of the first metatarsal in a medial direction, away from the 
second metatarsal, as seen in HAV deformity will automatically shorten its position 
from the transverse axis of the second and third metatarsals. However, the actual 
length of the first metatarsal has not changed.

To account for the effects of angulation of the first metatarsal relative to the sec-
ond metatarsal, Hardy and Clapham developed a technique which uses a compass to 
draw an arc of the distal margins of the metatarsals on an A/P radiograph [8]. With 
this method, a true parabola is drawn, and relative elongation of one or more meta-
tarsals can be determined (Fig. 6.2).

There are four other popular methods of examining forefoot metatarsal length 
patterns (Fig. 6.1):

 A. The metatarsal protrusion index as described by Nilsonne [9] takes into account 
only the relative lengths of the first and second metatarsals. The accuracy of this 
measurement is compromised by medial deviation of the first metatarsal in HAV 
deformity

 B. The metatarsal protrusion distance as described by Coughlin [10] considers the 
relative lengths of the first, second, and third metatarsals and describes the dis-
tance from the apex of the second metatarsal to a line connecting the apex of the 
first and third metatarsals. The accuracy of this measurement is compromised by 
medial deviation of the first metatarsal in HAV deformity

 C. Meschan’s metatarsal break angle describes the angle created by connecting the 
distal most aspects of the first, second, and fifth metatarsals [11]. The angle gen-
erally increases with long first metatarsals and decreases with short first metatar-
sals. The accuracy of this measurement is compromised by medial deviation of 
the first metatarsal in HAV deformity

 D. Maestro’s method uses a transmetatarsal line perpendicular to the medial border 
of the second metatarsal and centered on the lateral sesamoid. [12] The distance 
from the transmetatarsal line to the apex of each metatarsal is measured. When 
metatarsals are longer than the transmetatarsal line, they are assigned a positive 
value, and when they are negative, they are assigned a negative value. Sesamoid 
position can alter this measurement. The sesamoid position does not change 
with HAV deformity but does migrate proximal in hallux rigidus conditions as 
the hallux moves into equinus.

To illustrate how important angular deformity of the first metatarsal must be 
considered when measuring the metatarsal parabola, consider the results of two 
early studies by Coughlin [10, 13]. Using Morton’s method of drawing a line across 
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a b

c d

Fig. 6.1 Methods of measuring relative lengths of the metatarsals. (a) The metatarsal protrusion 
index as described by Nilsonne takes into account only the relative lengths of the first and second 
metatarsals. The longitudinal axis of the second metatarsal is drawn. A perpendicular line is drawn 
to this. The distance is measured between this line and the distal margin of the first metatarsal. (b) 
The metatarsal protrusion distance as described by Coughlin considers the relative lengths of the 
first, second, and third metatarsals. A line is drawn connecting the apex of the first and third meta-
tarsals. The distance is measured from the apex of the second metatarsal. (c) Meschan’s metatarsal 
break angle describes the angle created by connecting the distal most aspects of the first, second, 
and fifth metatarsals. The angle generally increases with long first metatarsals and decreases with 
short first metatarsals. (d) Maestro’s method uses a transmetatarsal line which is perpendicular to 
the medial border of the second metatarsal and centered in the lateral sesamoid. The distance from 
the transmetatarsal line to the apex of each metatarsal is measured, determining which metatarsal 
is theoretically elongated
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the distal margin of the 1st and 3rd metatarsal heads (see Fig.  6.1b), Coughlin 
showed that an elongated 2nd metatarsal was found in 80–90% of patients with 
crossover 2nd toe deformity.

However, later Kaz and Coughlin went back and re-measured the same radio-
graphs using the Hardy Clapham method of a metatarsal parabola, and a long sec-
ond metatarsal was found in only 21% of the patients [14]. A significant number of 
patients with HAV deformity in this study accounts for the initial error in measuring 
length of the first and second metatarsals.

In another study, Fleisher et al. studied several radiographic measures of patients 
with documented tear of the plantar plate at the second metatarsophalangeal joint 
(MTPJ) [15]. They measured second metatarsal protrusion using a technique 
described by Nilsonne which measures length of the second and first metatarsals 
only using the second metatarsal as a reference [13] (Fig. 6.1). Here, angulation of 
the first metatarsal into adduction would result in shortening the relative length of 
this segment. Since half the patients in their study with plantar plate injuries had 
HAV deformity with IM angle deviation of greater than 15 degrees, it is not surpris-
ing that an elongated second metatarsal was found in a similar proportion.

One of the most elaborate descriptions of variations in metatarsal parabola is 
provided by Maestro, who places great emphasis on metatarsal length for justifica-
tion of metatarsal surgery to relieve metatarsalgia [12]. He speculates, like many 
others, that increased length of a metatarsal causes increased plantar pressure and 

Fig. 6.2 Hardy Clapham 
measurement. A transverse reference 
line is made by bisecting two points 
(one at the most lateral aspect of the 
calcaneocuboid joint and one at the 
most medial aspect of the talonavicular 
joint). The longitudinal axis of the 
second metatarsal is drawn using two 
metaphyseal-diaphyseal reference 
points. The intersection of these two 
lines acts as a center of rotation for 
metatarsal length measurements. 
Using a compass, two arcs are drawn: 
one at the distal extent of the articular 
surface of the first metatarsal and one 
at distal extent of the articular surface 
of the second metatarsal. A 
perpendicular line drawn between the 
two arcs is measured in millimeters, 
with a positive value indicating a 
second metatarsal that is relatively 
longer than the first. A similar 
perpendicular line is drawn from the 
midpoint of the head of the third 
metatarsal to the arc of the first 
metatarsal
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metatarsalgia. In his paper, Maestro uses a standard A/P radiograph to measure 
metatarsal length but relies on the position of the fibular sesamoid as the point of 
reference (Fig. 6.1). Sesamoids can migrate proximal or distal depending on passive 
and dynamic contracture of the flexor hallucis brevis providing ample opportunity 
for error in measuring metatarsal length. Notwithstanding, Maestro identifies four 
different “morphotypes” of length patterns. Of these four, one morphotype is deter-
mined to be “harmonious” or “normal,” yet this was only found in 31% of the feet 
they studied. Shortening osteotomies were recommended to restore the harmonious 
pattern of metatarsal lengths. Maestro used no other objective data such as plantar 
pressure measurements to verify the role of metatarsal length in creating 
metatarsalgia.

Surprisingly, there are very few quality studies or publications validating the 
theory that elongated central metatarsals are associated with metatarsalgia. Most 
studies on abnormalities of the metatarsal parabola have focused on plantar plate 
injuries, hallux abductovalgus, and hallux rigidus. One of the few studies focusing 
on primary metatarsalgia and radiographic measurements was published by Slullitel 
and co-workers [16]. All of the 121 subjects in this study had HAV deformity, and 
45% of them also had symptoms of metatarsalgia. Using the Hardy Clapham 
method, abnormal metatarsal length had no statistical correlation with incidence of 
metatarsalgia. In fact, patients with a minus index (i.e., short first metatarsal) were 
less likely to have metatarsalgia. Also, the magnitude of HAV deformity measured 
by hallux abductus angle and intermetatarsal angle was not correlated with inci-
dence or of metatarsalgia. Metatarsalgia was associated with increased age, 
increased body weight, gastrocnemius contracture, and presence of digital defor-
mity [16].

Elongated metatarsals have been associated with digital deformities, particularly 
crossover toe and plantar plate injuries [10, 13, 18, 19]. With little proof, many 
authors have speculated that elongated metatarsals will increase plantar pressure 
which leads to attrition and eventual rupture of the plantar plate. A review of the 
medical literature on this subject shows conflicting evidence linking elongated 
metatarsals to plantar plate injury. We will explore the pathomechanics of plantar 
plate injuries later in this chapter.

Katz and Coughlin use the term “crossover toe” to essentially describe a plantar 
plate tear since the majority of patients in their study had a positive drawer test, 
consistent with this injury [14] (Fig. 6.3). In this study of 169 patients with cross-
over toe deformity, 44% had an elongated 2nd metatarsal. In fact, among all patients 
in this study, the overall length of the second metatarsal was 0.2 mm less than the 
first metatarsal.

In this same study [14], Katz and Coughlin specifically describe the error in 
measurement of metatarsal length which they had used in previous studies [10, 13]. 
Those studies simply drew a line across the distal margin of the three medial meta-
tarsal heads, starting at the first metatarsal and ending at the third metatarsal (see 
Fig. 6.1b). This method was originally described by Morton [6]. With a true para-
bolic arc measure, an apparent elongated second metatarsal disappears and is no 
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longer a significant finding in patients with plantar plate injuries and crossover sec-
ond toe [14]. Notwithstanding, Bhutta used the erroneous linear measure of meta-
tarsal length in a study published after Katz and Coughlin [19]. As expected this 
technique found a correlation between increased 2nd metatarsal length and presence 
of crossover 2nd digit deformity.

In summary, metatarsal length does not appear to be correlated with primary 
metatarsalgia. Methods of measuring metatarsal length show conflicting results in 
patients with crossover toe deformity. Metatarsal length has more relevance in 
another form of metatarsalgia which occurs after iatrogenic shortening of a single 
ray or metatarsal.

The term transfer metatarsalgia refers to the onset of pain at a different ray than 
that which is mechanically impaired [20]. Transfer metatarsalgia is most likely the 
result of shortening of the first metatarsal after hallux valgus surgery or hallux rigi-
dus surgery [21, 22]. Metatarsal osteotomies for HAV surgery result in shortening 
by an average 2–4 mm [23]. A Mitchell osteotomy, performed for HAV surgery, 
causes an average shortening of the first metatarsal of 4 mm and causes transfer 
metatarsalgia in 20% of patients undergoing this procedure [24, 25].

In a systematic review of 4 studies of 93 patients with hallux rigidus who under-
went plantarflexion-shortening osteotomy of the first metatarsal, Roukis found that 
30% of the patients developed post-operative metatarsalgia [26]. A similar 

Fig. 6.3 Crossover toe 
deformity
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proportion (22.3%) of all the patients who had a first metatarsal osteotomy for hal-
lux rigidus required some type of revisional surgery.

It appears that in the healthy intact foot, relative length of the metatarsals has 
little association with the development of metatarsalgia. However, excessive short-
ening of any metatarsal in a previous healthy foot can have devastating conse-
quences, causing intractable transfer metatarsalgia. Transfer metatarsalgia may not 
be purely the result of iatrogenic shortening of a metatarsal as mal-union can also 
cause elevation or dorsiflexion of a metatarsal. The sagittal plane orientation of the 
distal metatarsals may be more important than length. This has been demonstrated 
in studies of plantar pressure in patients with metatarsalgia.

 Role of Metatarsal Length and Plantar Pressure

Abnormal plantar pressure has been attributed to be a primary mechanical force 
causing metatarsalgia [27]. This is validated to some degree with studies showing 
that interventions which reduce plantar pressure under the metatarsals improve the 
symptoms of metatarsalgia [28, 29]. In static stance, metatarsal length would have 
less influence on plantar pressure than during terminal stance and pre-swing when 
weight is shifted to the forefoot.

An equally important mechanical force in the pathomechanics of metatarsalgia 
is shear stress [30]. Yavuz et al. showed that patients with HAV deformity have sig-
nificant shear force which is shifted laterally in the forefoot [31]. Plantar callous 
patterns in patients with metatarsalgia often show a linear shape along the line of 
progression suggesting a skin-shear effect caused by the metatarsals gliding in an 
anterior-posterior direction [32]. Unfortunately, studies of shear stress on patients 
with metatarsalgia are lacking, but the potential contribution of this force must be 
considered in the pathomechanics of all forefoot pathologies.

It is logical to assume that elongated metatarsals elevate plantar pressure under 
the MTPJs during dynamic gait. However, if we look at investigations which stud-
ied plantar pressure in patients with metatarsalgia, there is little evidence that elon-
gated metatarsals actually increase plantar pressure, let alone cause metatarsalgia.

There are surprisingly few studies of plantar pressure measurement in patients 
with metatarsalgia. Dreeben studied 37 patients (45 feet) with primary metatarsal-
gia under the second metatarsal head [33]. The contralateral symptom-free feet of 
the patients were used as controls. Metatarsal length and height of the metatarsal 
head from the supportive surface were measured and then correlated with plantar 
pressure measurements obtained from a pedobarograph. In this study, plantar pres-
sure did not correlate with metatarsal length but did closely correlate with metatar-
sal head position or height from the ground. When a second metatarsal osteotomy 
was performed, decrease in plantar pressure occurred when the metatarsal head was 
elevated, while shortening of the metatarsal had minimal effect on plantar pressure. 
In order to reduce plantar pressure and pain, the second metatarsal head required 
elevation by at least 3.5 mm; however the reduction in plantar pressure was not 
predictable with the amount of elevation. Decreased plantar pressure was noted 
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under the first metatarsal in patients with metatarsalgia. The authors concluded that 
plantar pressure under the metatarsal heads is multifactorial and might be affected 
by the quality of the soft tissues and plantar fat pad.

The proposal that a plantar-flexed metatarsal, rather than an elongated metatar-
sal, is a contributor to metatarsalgia was supported by Jung et al. [34]. In this cadaver 
study, osteotomies were performed on the first metatarsal to determine the effect of 
dorsal elevation versus shortening of the bone on plantar pressure. Dorsal elevation 
had a greater effect on reducing pressure under the first metatarsal than shortening. 
Both dorsal elevation and shortening of the first metatarsal caused significant 
increased plantar pressure under the second metatarsal.

Kaipel and co-workers prospectively studied 46 patients with metatarsalgia 
compared to 45 asymptomatic patients and used radiographic and pedobaro-
graphic measures to determine the role of metatarsal length and plantar pressures 
in causing symptoms of metatarsalgia [35]. These researchers used a simple lin-
ear reference from the head of the second metatarsal, extending across to the first 
and third metatarsals to measure relative length of the bones. As shown previ-
ously, a deviated first metatarsal can alter this measurement. This probably was 
not a factor, as patients with HAV deformity were excluded from the Kaipel 
study. The relative lengths of the metatarsals did not correlate with the pressure 
or force under the respective metatarsal. Also, there was no difference in peak 
pressure under the central metatarsals comparing the group with metatarsalgia 
with the control group. There were no differences in metatarsal length patterns 
when comparing the groups with metatarsalgia to those without metatarsalgia. 
The only significant finding was a decrease in peak force under the first metatar-
sal in the metatarsalgia group, similar to what was found in the study by Dreeben 
et al. This validates a long accepted notion that instability of the first ray is the 
primary cause of metatarsalgia.

To summarize, studies do not support the notion that elongated metatarsals 
increase plantar pressures or correlate with the incidence of metatarsalgia. Instead, 
sagittal plane position of the metatarsal appears to play a more important role in 
plantar pressure. The position of the heads of the metatarsals relative to each other 
is important during terminal stance and pre-swing when plantar pressures peak in 
the forefoot. During these phases of gait, load should be shifting medially to the first 
ray. Therefore, loss of stability of the first ray during dynamic gait may be the most 
significant factor causing central metatarsalgia.

 The Role of First Ray Hypermobility and Metatarsalgia

While HAV has demonstrated a close association with first ray instability, few 
investigations have documented the true incidence of metatarsalgia in patients with 
this deformity. Coughlin and Jones have published the most comprehensive study of 
patients with hallux valgus and did find a significant incidence of metatarsalgia 
which was found in 48% of patients with HAV deformity [36]. Yet, only 11% of all 
patients with HAV in this study demonstrated plantar callosities in the forefoot. 
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Interestingly, metatarsalgia was the primary reason for patients to seek surgery for 
HAV deformity in the Coughlin study.

Hypermobility or instability of the first ray has been speculated to cause metatarsal-
gia due to a lateral shift of pressure away from the first metatarsal to adjacent metatar-
sals [37]. Lateral shift of load in the forefoot has been speculated to cause synovitis of 
the lesser MTPJ’s, plantar plate injury, neuroma, and metatarsal stress fracture [38–40].

The concept of first ray hypermobility and its association with HAV has been 
discussed extensively in Chap. 6. Hypermobility appears to be the result, rather than 
the cause, of HAV deformity. Excessive dorsal mobility of the first ray measured by 
static exam is reduced with realignment osteotomy of the first metatarsal [41, 42].

Griesberg et  al. measured first ray translation and correlated the findings in 
patients with various foot disorders [43]. Increased mobility of the first ray was 
most likely found in patients with hallux valgus and patients with metatarsalgia. 
However, the authors did not separate the two patient groups, and the statistics sug-
gest that most patients with metatarsalgia also had hallux valgus. There are no stud-
ies which show that hypermobility of the first ray is directly linked to metatarsalgia 
in any patient group other than those with hallux valgus.

Many clinicians attribute second metatarsal hypertrophy, seen on radiographic 
exam as an adaptive change resulting from first ray instability. However, this radio-
graphic sign may be misleading. Coughlin measured second metatarsal thickness on 
x-ray and then measured the mobility of the first metatarsal and found no correlation 
between the measurements [44]. In a retrospective case control study of women 
athletes with a history of lesser metatarsal stress fractures, Glasoe and co-workers 
found no correlation with increased first ray elevation and incidence of fracture [40].

In conclusion, the concept of first ray hypermobility, measured with static exam, 
and its actual existence in any foot disorder other than HAV has not been validated. 
Hypermobility of the first ray in the sagittal plane seems to occur only when the first 
metatarsal shifts medially away from the sesamoid envelope and the stabilizing 
effects of the plantar aponeurosis and flexor hallucis longus are compromised.

 Pressure Studies of HAV Patients

Pressure studies have confirmed the critical role of the hallux in accepting load dur-
ing gait. In fact, the hallux bears almost as much weight as any of the metatarsals 
and more than the third, fourth, and fifth metatarsals [45]. The load carried by the 
great toe is more than twice that carried by all the lesser digits, combined. Only the 
first and second metatarsals bear more weight than the hallux [45].

While it has been well established that patients with hallux valgus have excessive 
motion of the first ray in static exam and a significant number of these patients have 
metatarsalgia, few studies have documented increased pressure under the central 
metatarsal heads in these patients during dynamic gait. It is assumed that there will 
be increased pressure under the second metatarsal resulting from simple load trans-
fer from a hypermobile first ray. Yet, not all studies show a significant load transfer 
to the second metatarsal in HAV patients. What is often overlooked is the effect of 
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deviated alignment of the hallux in HAV deformity. This not only affects load bear-
ing of the hallux but also significantly affects loading across the entire forefoot.

When measuring plantar pressures in the forefoot, there are two major obstacles 
affecting clinical interpretation. Plantar pressure can be altered by variation in thick-
ness of the integument and the plantar fat pad which often occurs in HAV patients 
who have a diminished fat pad under the first MTP [46]. Secondly, depending on the 
technology used to measure plantar pressure, discreet measurement of loading 
under a specific metatarsal is challenging. Finally, patients with metatarsalgia and 
HAV deformity may compensate with an altered gait pattern to avoid pain. 
Commonly, this will show a lateral shift of loading across the forefoot as the patient 
supinates their foot during terminal stance [35].

Some studies have demonstrated decreased pressure under the hallux in patients 
with HAV and the expected shift of pressure to the central metatarsals [47–49] 
(Fig. 6.4). Another pattern was measured by Kernozek showing increased plantar 
pressure under the hallux in patients with HAV and a lateral shift of pressure to the 
central metatarsals [50] (Fig. 6.5). One study has showed no significant lateral shift 
of metatarsal pressure [51]. Finally, some studies show increased pressure under 
both the first and second metatarsals in patients with moderate to severe HAV defor-
mity [52, 53]. Despite a high prevalence of hypermobility shown in the off-weight- 
bearing exam of patients with HAV deformity, only one study has demonstrated that 
these patients have reduced loading of the first metatarsal during dynamic gait [54]. 

Fig. 6.4 HAV deformity with loss of pressure under 
hallux and 1st metatarsal. The lateral shift of pressure is 
isolated to the 2nd metatarsal
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The variation of findings in plantar pressure studies of HAV patients may be due to 
changes which occur as HAV deformity increases. Pain can cause compensated gait 
patterns. Stratification of patients according to stage of HAV in future pressure stud-
ies could give insight into this variable.

What is clear is that not all patients with HAV, despite off-weight-bearing mea-
surement of first ray hypermobility, demonstrate the expected loss of weight bearing 
under the hallux and first metatarsal during dynamic gait and therefore do not trans-
fer load to the lesser metatarsals. This was seen in the study conducted by Bryant 
et al. where load actually increased under the first metatarsal and no lateral shift of 
plantar pressure was noted [51]. Conversely, Waldecker studied HAV patients, all of 
whom had metatarsalgia, and documented a loss of weight bearing under the hallux 
resulting in a lateral shift of load to the central metatarsals [48]. This shift or transfer 
of load was speculated to be due to a loss of plantarflexion stabilization of the hallux 
due to malalignment of the static and dynamic soft tissue structures which insert on 
the hallux. Valgus rotation of the sesamoids compromises the plantarflexion moment 
arm of both the plantar aponeurosis and the flexor hallucis brevis. Interestingly, 
Waldecker showed that the major load transfer was from the hallux to the lateral 
forefoot, while loading of the first metatarsal remained intact in HAV patients.

A more recent study by Hoffman et al. evaluated 36 patients with unilateral HAV 
deformity and compared to the contralateral healthy foot as well as 30 healthy con-
trols [55]. A novel method of pressure measurement was used using a pedographic 
instrumented treadmill. A significant increased pressure was measured under the 

Fig. 6.5 HAV deformity with intact pressure under 
hallux, loss of pressure under 1st metatarsal and transfer 
of load to the central metatarsals
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second and third metatarsals in the HAV feet. While pressure decreased under the 
hallux and first metatarsal in HAV feet, this change did not achieve statistical sig-
nificance. Also, significant pressure was shifted to digits 4 and 5 in the HAV feet, 
indicating a supinated forefoot with push off thru the oblique axis of the MTPJs.

Higher forces thru the lateral digits of HAV patients were also found in the 
Framingham Foot Study [56]. This study of an extraordinary large cohort of human 
subjects allowed comparison of plantar pressure and force among a group of patients 
with hallux valgus (1123 subjects), hallux valgus and other foot disorders (641 sub-
jects), and people without hallux valgus (3707 subjects). This high-powered study 
evaluated foot posture, center of pressure excursion during gait, and distribution of 
peak pressure and force in eight regions of the foot. Subjects with hallux valgus 
demonstrated higher peak pressure under the medial rearfoot, as well as a smaller 
center of pressure excursion index and a lower arch profile than healthy subjects. All 
of these findings link hallux valgus to a pronated rearfoot alignment during gait. 
Furthermore, the subjects with hallux valgus demonstrated decreased loading of the 
hallux along with increased loading of the lesser digits. This loading pattern shows 
a shift from a push off thru the hallux to a push off thru the lateral digits in hallux 
valgus patients. The pronated position of the rearfoot appears to be the pre- disposing 
factor for this altered push off seen in HAV patients compared to healthy subjects.

In summary, studies of plantar pressure in patients with primary metatarsalgia do 
not show consistent elevation of pressure under the central metatarsals, and elon-
gated metatarsals do not cause elevated plantar pressure. Patients with central meta-
tarsalgia do show decreased loading of the first metatarsal. However, the plantar 
pressure studies discussed in this chapter did not evaluate subjects for evidence of 
excessive dorsal mobility of the first ray off weight bearing. While hypermobility of 
the first ray is assumed to be a common finding in patients with HAV deformity, 
plantar pressure studies do not consistently show decreased loading of the first ray 
in these patients during dynamic gait. Instead, loss of loading under the hallux is 
seen more consistently in HAV patients than loss of loading under the first metatar-
sal. This may cause a lateral shift of load to the central metatarsals, and this has been 
verified in several studies. Finally, not all patients with HAV deformity demonstrate 
a lateral shift of load in the forefoot which explains why not all patients with HAV 
develop metatarsalgia.

 Optimal Load Sharing in the Human Foot

A more common finding, in terms of plantar pressure measurement in HAV patients, 
is a shift of load away from the hallux to the lateral digits [56]. Loss of weight bear-
ing under the hallux with dysfunction of the windlass mechanism is one cause of 
this lateral shift. This shift from a “high-gear” push off, which engages the trans-
verse axis of the first and second MTPJ, to a “low-gear” push off engaging the 
oblique distal orientation of the third, fourth, and fifth MTPJs was originally 
described by Finn Bojsen-Moller in his classic paper published in 1979 entitled 
“Calcaneocuboid joint and stability of the longitudinal arch of the foot at high and 
low gear push off” [57]. This paper is discussed in detail in Chap. 1 of this book.
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Bojsen-Moller observes that the metatarsal parabola provides two axes of 
motion which are available across the forefoot during push off. The relative equal 
lengths of the first and second metatarsals establish a transverse axis of motion 
across the evenly aligned first and second MTPJs which is oriented perpendicular 
to the line of progression. An oblique axis is aligned along the descending lengths 
of the third, fourth, and fifth metatarsals which is angulated from the line of 
progression.

Depending upon which axis is favored during push off, two “gears” of leverage 
are proposed by Bojsen-Moller which differ in their ability to tension the plantar 
fascia and engage the windlass mechanism. The “high gear push off,” across the 
transverse axis of the first and second MTPJs, improves tensioning of the plantar 
aponeurosis compared to the “low-gear push off” across the oblique axis. The first 
metatarsal, with a larger radius compared to the lesser metatarsals, has a better 
mechanical advantage to increase tension and “shortening” of the plantar aponeu-
rosis as the hallux is driven into extension during toe off. The sesamoids provide 
a radius of curvature of the first MTP which is twice that of the third metatarsal. 
When the sesamoids are shifted laterally in HAV deformity, this mechanical 
advantage of the windlass is compromised by shortening the radius of curvature 
of the first MTPJ.

If load is directed to the first and second MTPJs during terminal stance, i.e., the 
third rocker, a “high-gear” push off occurs across a transverse axis alignment of 
these joints relative to the line of progression. Conversely, if load is directed later-
ally to the MTPJs 3–5 during the third rocker, a low-gear push off occurs across an 
oblique axis relative to the line of progression (Fig. 6.6).

A kinematic study was carried out by Griffin and co-workers to verify Bojsen-
Moller’s observations. Griffin et al. [59] attempted to verify that medial transfer of 
weight to the forefoot and engagement of the windlass thru the first MTPJ was more 
efficient in humans compared to great apes (bonobos) during ambulation. Overall, 
dorsiflexion of the MTPJs was greater in humans compared to the great apes and 
occurred in a greater magnitude at the first MTPJ.

Pressure data in this study showed a medial transfer from midstance thru toe-off 
in the human subjects with a peak pressure under the first metatarsal during late 
stance [59]. This medial shift did not occur in the bonobos, but instead pressure 
increased in the lateral metatarsals during toe-off (Fig. 6.7). The authors concluded 
that the greater excursion of dorsiflexion of all the MTPJs in humans was due to 
specializations of the human foot which includes:

 – A stable calcaneocuboid joint
 – An adducted first metatarsal (MT) that is substantially larger than the lateral 

metatarsals
 – Distal articular regions of the MTs that are oriented in a way to allow greater 

metatarsophalangeal joint excursion in the dorsoplantar plane
 – Relatively short pedal phalanges
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In summary, this study by Griffin et al. [59] verified the observations which had 
been made by Bojsen-Moller 30 years earlier regarding the role of lateral column 
stability, medial transfer of load during terminal stance, and propulsion thru the first 
MTPJ unique to the human foot [57].

 Pathomechanics of Digital Deformity

When load fails to shift medial during terminal stance and pre-swing, the lesser digits bear 
abnormal forces. Increased mechanical load in the lesser digits causes failure of key struc-
tures and compensatory muscular contraction offsets dynamic balancing of alignment of 
these digits. These two mechanisms have been proposed as the basis for the pathomechan-
ics of hammertoes and other digital deformities. Understanding digital deformities requires 
a review of the static and dynamic structures which affect digital function and stability.

a bFig. 6.6 Push off thru the 
oblique axis left foot (a) 
and transverse axis right 
foot (b)
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 Static Support of the Digits

Two distinct ligaments originate from the tubercle on the medial and lateral sides of 
the head of the lesser metatarsal and collectively form the collateral ligaments of the 
MTPJ [60] (Fig. 6.8). The medial and lateral proper metatarsophalangeal ligaments 
connect the tubercles located on the dorsal-lateral and dorsal-medial metatarsal 
head to the plantar aspect of the proximal phalanx. The medial and lateral accessory 
collateral ligaments connect the metatarsal from the same tubercles to the plantar 
plate and are also called suspensory ligaments.

The plantar plate is also known by other terms such as the plantar metatarsopha-
langeal ligament, the plantar pad, or the glenoid ligament. The plantar plates are 
fibrocartilaginous thickenings of the plantar ligament of the MTPJ which average 
2 cm in length, 1 cm in width, and between 2 and 5 mm in thickness [61] (Fig. 6.9). 
Each plantar plate is firmly attached to the articular cartilage at the plantar surface 
of the base of the proximal phalanx, forming a socket for the head of the metatarsal 
(Fig. 6.10). Proximally, the plantar plate has a strong fibrous attachment to the plan-
tar fascia and the collateral ligaments. The edges of the plantar plates are attached 
to the deep transverse metatarsal ligaments as well as to the accessory or suspensory 
wing of the collateral ligament. Directly beneath the plantar plate is an attachment 
to the fibrous sheath of the flexor tendons. There is a weak attachment of the plantar 
plate to the plantar aspect of the neck of the metatarsal. The stronger attachment of 
the plantar plate is to the proximal phalanx.

Fig. 6.7 Comparison of 
push of thru two different 
axes: oblique axis push off 
in ape foot (left) and 
transverse axis push off in 
human foot (right)
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28
7

1a
3

6

5

1b

4

Fig. 6.8 The plantar plate and collateral ligaments. (Reprinted by permission from Springer 
Nature: Springer, Hammertoes by Emily Cook and Jeremy Cook (Eds.) © 2019)
1A = plantar plate origin, 1B = plantar plate insertion, 2 = proper collateral ligament, 3 = accessory 
collateral ligament, 4 = flexor tendons, 5 = flexor tendon sheath, 6 = plantar aponeurosis attaching 
onto plantar plate, 7 = metatarsal, 8 = proximal phalanx

Origin

Insertion

EH
ACL
PCL
Pr Ph

19 m
m

11 mm

2-5
mmDTMLFDB

FDL

FS

Plantar plate

MT

EDL + EDB

Fig. 6.9 The plantar plate: dorsal view. (From: Maas et al. [151]. Figure 2 Descriptive anatomical 
& histological data visualized in a schematic 3D drawing of the PP. Legend: EDL+ EDS, extensor 
digitorum longus/brevis; MT, metatarsal; EH, extensor hood; ACL, accessory collateral ligament; 
PCL, proper collateral ligament; Pr Ph, proximal phalanx; FS, flexor sheath; FDL + FDB, flexor 
digitorum longus/brevis; DTML, deep transverse metatarsal ligament, page 5. Open Access
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The plantar plates are composed 75% of type I collagen and 21% of type II col-
lagen [62]. The dense fibrocartilaginous network of collagen is similar to that of the 
meniscus of the knee, designed to cushion and resist compressive forces [62, 63]. 
The dorsal surface of the plantar plate is smooth, providing a gliding surface for the 
metatarsal head. The inferior surface of the plantar plate has a groove for the FDL 
and FDB tendons. The plantar fascia also attaches to the plantar plate at its inferior 
surface while providing a sheath for the flexor tendons (Fig. 6.10).

The plantar aponeurosis attaches to the proximal phalanx via the plantar plate 
and then continues thru vertical fibers to attach to the plantar integument (Fig. 6.21). 
The plantar fascia divides near the heads of the metatarsal heads into five processes, 
one for each toe. Each of these processes divides into superficial and deep strata. 
The superficial strata insert into the dermis of the plantar integument and have a key 
function in stabilizing the skin and fat pad during push off. The deep stratum has 
multiple insertions which stabilize the digits: the plantar plate, the deep transverse 
metatarsal ligament, the periosteum of the metatarsals, and the fibrous sheath of the 
flexor tendons at the base of the proximal phalanx.

The sheath of the EDL expands to form an aponeurosis known as the extensor 
expansion which has two components. The extensor hood inserts plantarly into base 
of the proximal phalanx. The extensor sling inserts directly into the plantar plate 
(Fig. 6.11). The extensor expansion exerts dorsiflexion moment across the MTPJ, 
enabling the proximal phalanx to move into extension despite having no insertion 
from the EDL or the EDB.

1

2

7

3

8
11
10

9
4

6 5Fig. 6.10 The plantar 
plate: coronal view. 
(Reprinted by permission 
from Springer Nature: 
Springer, Hammertoes by 
Emily Cook and Jeremy 
Cook (Eds.) © 2019)  
1 = joint capsule, 
2 = extensor expansion, 
3 = deep transverse 
metatarsal ligament, 
4 = plantar plate, 5 = EDL, 
6 = EDB, 7 = interossei 
within extensor sling, 
8 = lumbrical with 
connection to the plantar 
plate, 9 = FDL, 10 = FDB, 
11 = flexor tendon sheath
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 Dynamic Support of the Digits

Saraffian describes the “motors” or functional units of the toes providing dynamic 
support and stabilization for push off [64] (Fig. 6.12).

 1. Extensor Digitorum Longus(EDL) and Extensor Digitorum Brevis(EDB) for 
Digits 2–4

The extensor digitorum longus tendon divides into three slips over the proximal 
phalanx. The middle slips inserts onto the base of the middle phalanx, and the two 
lateral slips pass around and converge to form the terminal tendon inserting on the 
base of the distal phalanx (Fig. 6.12). The EDB inserts into the lateral aspect of the 
EDL tendon on digits 2, 3, and 4 just distal to the MTPJ.

 2. Flexor Digitorum Longus (FDL) and Flexor Digitorum Brevis (FDB) for 
Digits 2–5

The flexor digitorum longus (FDL) tendon inserts onto the distal phalanx, flex-
ing the distal interphalangeal joint (DIPJ). The FDB tendon splits at the level of the 
PIPJ to allow passage of the FDL and then inserts on both the medial and lateral 
aspects of the base of the middle phalanx (Fig. 6.13). Thus, the FDB flexes the PIP 
joint. There is no direct flexor insertion on the proximal phalanx; thus, with the MP 
joint in the extended position, the long and short flexors can only flex the PIPJ 
and DIPJ.

Terminal tendon

Middle slip

Lateral tendons

Extensor sling Extensorsling

Extensor hood

Deep transverse
metatarsal ligament

Interosseous muscle

Lumbrical

EDL

Transverse
metatarsal ligament

Dorsal
interosseous

Extensor digitorum
brevis

EDL

Fig. 6.11 The extensor expansion
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 3. Plantar Interossei for Toes 3, 4, and 5

Three in number, these muscles insert on the medial sides of the bases of the proxi-
mal phalanx of digits 3–5, the MTP joint capsule, and the extensor expansion (Figs. 
6.12 and 6.18). All the plantar interossei pass dorsal to the deep transverse metatarsal 
ligament. They adduct the third, fourth, and fifth toes toward the second digit.

 4. Dorsal Interossei for Toes 2, 3, and 4

Four in number, these muscles insert on the base of the proximal phalanx (Fig.  
6.12). The first dorsal interossei inserts medially on the second toe and all others 
laterally on the proximal phalanx of the respected digit as well as the extensor 
expansion of respected digit (Fig. 6.18). The three lateral dorsal interossei abduct 
the toes away from midline of foot (second metatarsal). The second digit does not 
receive an insertion of any plantar interossei, whereas the first dorsal interossei acts 
to pull the digit in a medial direction toward the midline of the body.

Fig. 6.12 Muscles of the digits. (Reprinted by permission from Springer Nature: Springer, 
Hammertoes by Emily Cook and Jeremy Cook (Eds.) © 2019). (a) Top view: 1 = EDL, 2 = EDB, 
3 = interossei, 4 = extensor sling, 5 = extensor hood or wing, 6 = DTML, 7 = lumbrical. (b) Side 
view: 1 = extensor sling, 2 = extensor wing or hood, 3 = EDL, 3A = central slip middle phalanx 
insertion of the EDL, 3B = terminal slip distal phalanx insertion of the EDL, 4 = DTML, 5 = inter-
ossei, 6 = lumbrical
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In summary, both sets of interossei insert on:

• The deep transverse intermetatarsal ligaments
• The suspensory portion of the collateral ligament
• The plantar plate
• The sling portion of the extensor expansion
• The base of the proximal phalanx

 5. Lumbricals for Toes 2–5

Four in number, the lumbricals arise from the FDL tendon and course distally 
along the medial border of this tendon to cross the MTPJ medially (Figs. 6.12 and 
6.17). The lumbricals pass plantar to the deep transverse metatarsal ligament and 
insert on the medial aspect of the extensor expansion, contributing to the wing por-
tion of the extensor hood of the respective digit.

Fig. 6.13 The flexor 
digitorum brevis cannot 
plantarflex the MTPJ; its 
insertion acts only at 
the PIPJ

 Pathomechanics of Digital Deformity



190

 6. Abductor and Flexor Digiti Quinti

These muscles insert together on the lateral-plantar aspect of the base of the 
proximal phalanx  of the fifth digit. They also insert into the plantar plate of the fifth 
MTPJ. Together these two muscles plantarflex the fifth digit at the MPJ and abduct 
the toe.

 Function of the Dynamic Structures of the Digits

The EDL and EDB actually have stronger attachment plantarly than dorsally on the 
proximal phalanx via the extensor sling apparatus. There is only a loose connection 
to the dorsum of the proximal phalanx. The pull of the EDL results in hyperexten-
sion of the proximal phalanx at the MTPJ thru the dorsal pull exerted by sling por-
tion of the extensor expansion. Pull of this tendon has minimal extension effect on 
the PIPJ and DIPJ, particularly when the MTPJ is in dorsiflexion. These joints rely 
on extension provided by the interossei and lumbricals. The straight lesser digit 
requires full function of the interossei and the lumbricales in order to fully extend 
the PIPJ and DIPJ (Fig. 6.14).

There are no attachments for the flexor tendons on the proximal phalanx, except 
for the fifth digit via the flexor digiti quinti. Because there is no insertion on the 
proximal phalanx, the FDB and FDL flex the interphalangeal joints but do not 
directly plantarflex the MTPJ. FDL acts at both the PIPJ and DIPJ, while the FDB 
acts only at the PIPJ.

EDL
B

FDL
B

PA

IOM

L

Fig. 6.14 The straight lesser digit. The interossei, the lumbrical, and the plantar aponeurosis are 
critical to preventing hyperextension of the metatarsophalangeal joint. (From: Sarrafian and 
Kelikian [64]. Figure 10.137 The straight lesser toe. The hyperextension at the metatarsophalan-
geal (MP) joint through the pull of the extensor digitorum longus (EDL) and brevis (EDB) is pre-
vented by the flexion forces exerted at the same joint by the interossei muscles (IOM), the lumbrical 
(L), the plantar aponeurosis (PA), and the flexor digitorum longus (FDL) and brevis (FDB). The 
extension force exerted by the EDL, the EDB, and the L at the interphalangeal joints is counterbal-
anced by the FDL, with the FDB acting only at the proximal interphalangeal joint)
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Saraffian shows that simultaneous pull on both the FDB and FDL on the plantar 
side and simultaneous pull of the EDB and EDL on the dorsal side will result in a 
claw toe [64]. This is characterized by hyperextension of the MTPJ and marked flex-
ion of the PIPJ and the DIPJ. This un-opposed contraction of four muscles, the EDL, 
EDB, FDL, and FDB, is what is seen in the “intrinsic minus” condition of the neuro-
pathic diabetic foot. In the healthy foot, the combined action of these four muscles is 
counteracted by the interossei and lumbricales providing flexion stability of the 
MTPJ and extension of the PIPJ and DIPJ. Even more important is the static and 
dynamic contribution from the plantar aponeurosis via the plantar plate to prevent 
hyperextension of the MTPJ, facilitating the extensors to act distally on the toes.

 Pathomechanics of Digital Deformity

By definition, a hammertoe is a flexion deformity of the proximal interphalangeal 
joint (PIPJ), with or without involvement of the distal interphalangeal joint (DIPJ) 
[65]. Claw toes include flexion of one or both interphalangeal joints along with 
extension of the metatarsophalangeal joint (Fig. 6.15). Herein is a point of conten-
tion as it would be impossible during weight bearing for the PIPJ to plantarflex, 
moving the middle phalanx into the ground without some type of associated hyper-
extension of the proximal MTP or distal DIPJ (Fig. 6.16). Thus most digital defor-
mities commonly described as hammertoes are actually claw toes.

Hammertoes and claw toes are thought to develop from imbalance between the 
extensors and flexors of the toes and/or loss of function of the intrinsic muscles of 
the foot [66–68]. Saraffian showed that even when the MTP is in a neutral or rectus 
position, the combined simultaneous pull of the long and short flexors and extensors 
will result in a claw toe with flexion of the DIPJ and PIPJ along with extension of 
the MTPJ [64]. This illustrates the importance of the two intrinsic muscle groups, 

Fig. 6.15 The claw toe. 
Reverse buckling occurs 
when interossei cannot 
stabilize proximal phalanx 
at the MTPJ. The interossei 
and lumbrical cannot 
extend the PIPJ. FDL 
contraction causes 
plantarflexion of the PIPJ, 
dorsiflexion of the MTPJ, 
with retrograde 
plantarflexion force on 
head of metatarsal
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the interossei and the lumbricales, to stabilize the lesser digits. While the tendons of 
these two muscles pass plantar to the axis of rotation of the MTPJ, any slight dorsi-
flexion of the proximal phalanx will compromise the ability of these muscles to 
dorsiflex this joint. There is no muscle or tendon structure which inserts on the 
proximal phalanx to directly resist dorsiflexion of the MTPJ.

Yet, dorsiflexion is the primary motion of the MTPJs during gait, starting at ter-
minal stance and extending thru pre-swing and all phases of swing. The digits never 
actually plantarflex from a neutral position during gait.

Muscle activity also favors dorsiflexion [69]. The FDL is active from 12% thru 
55%, totaling 43% of the gait cycle. The EDL is active from 55% until 112%, total-
ing 57% of the entire gait cycle. Plantarflexion of the digits is opposed by ground 
reaction forces, while dorsiflexion has no opposition including from the antagonist 
FDL which fires at a different time. No wonder digital deformities are so common!

The solitary structure which has a primary role in resisting dorsiflexion of the 
lesser MTPJ is the plantar aponeurosis, via the plantar plate [70]. The collateral 
ligaments of the MTPJ play a secondary role in resisting hyperextension [71]. Many 
authorities believe that plantar plate attrition and rupture are the key events to the 
development of digital deformities [72–75].

Attrition of the plantar plate begins with persistent positioning of the MTPJ in a 
position of extension or dorsiflexion, which occurs from extrinsic or intrinsic fac-
tors. Elevated, high-heeled shoes are the most common extrinsic factor causing 
digital deformities [76, 77]. Intrinsically, muscle imbalance has been speculated to 
lead to dorsiflexion contracture of the MTPJ which starts the events leading to plan-
tar plate failure [70, 71, 78].

 What Conditions Cause Imbalance of the Flexors and Extensors 
of the Digits?

The pathomechanics of acquired digital deformity have been well described in 
orthopedic and podiatric literature but are primarily based upon observational stud-
ies. There are several terms which have been used almost exclusively in the podiat-
ric literature to describe mechanisms for acquired digital deformity. Most of the 

Fig. 6.16 This digit meets 
the definition of a 
hammertoe with flexion 
contracture of the PIPJ and 
DIPJ. The tip of the digit is 
below the weight-bearing 
surface of the foot. Thus, 
with weight bearing, the 
entire digit will move 
dorsal at the MTPJ, 
thereby creating a claw toe 
deformity

6 Metatarsalgia and Digital Deformities



193

articles using these terms came from the faculty of the Podiatry Institute, primarily 
Don Green DPM [67, 79–81]. Although written some time ago, the various causes 
of hammertoe deformity described by Green et al. are still valid today and are wor-
thy of discussion.

Reverse buckling is a phenomenon which is attributed to contraction of the FDL 
and FDB tendons on the lesser digits, un-opposed by any other muscle activity. 
During the stance phase of gait, particularly during terminal stance and pre-swing, 
the FDL and FDB provide essential plantar purchase of the respective digits against 
the supportive surface. As long as the toe maintains a “rigid beam” function by sta-
bilization from the plantar fascia (via the plantar plate), extensors, and plantar 
intrinsics, activity of the toe flexors will facilitate plantar purchase and stability for 
push off (Fig. 6.14). If the toe is not stabilized by the plantar fascia, the interossei, 
the lumbricales, and the extensors, contraction of the FDL and FDB will fail to 
produce adequate purchase the toe into the ground. Instead, a flexion motion will 
occur at the PIPJ with a retrograde extension motion at the metatarsophalangeal 
joint. In this “reverse buckling” phenomenon, the toe flexors have actually become 
extensors of the digit at the metatarsophalangeal joint (Fig. 6.15).

Reverse buckling is the end result of a process known as “flexor stabilization.” 
Green attributes this phenomenon to a process whereby the FDL fires earlier and 
longer during the stance phase of gait, overpowering the interossei. This is most 
commonly seen in flexible flatfoot deformity where two abnormal mechanisms 
occur: the FDL works excessively to substitute for a weak or dysfunctional tibialis 
posterior, and/or the abducted position of the forefoot alters the mechanical advan-
tage of the FDL on the digits. Green attributes much of the efficiency of the FDL 
tendons on the function of the quadratus plantae muscle (Fig. 6.17). This intrinsic 
muscle inserts on the lateral aspect of the tendons of the FDL at the level of the 
midfoot and functions to “straighten” or realign the FDL which approaches the 
midfoot from a medial direction. The FDL is thought to lose the stabilizing influ-
ence of the quadratus plantae in flatfoot deformity. Flatfoot deformity everts the 
calcaneus, altering the alignment of the origin of the quadratus plantae. Flatfoot 
deformity also abducts the forefoot relative to the rearfoot. Both scenarios result in 
the FDL pulling the toes from a more medial direction, losing mechanical advan-
tage and causing a varus rotation of the digits, particularly the lateral toes.

Abnormal alignment of the FDL in flatfoot deformity would not directly explain 
a claw toe deformity which is primarily due to over contraction of the toe flexors. 
That situation would occur when the FDL is attempting to substitute for a weak or 
ruptured tibialis posterior muscle. The FDL has identical inversion moment arm as 
the tibialis posterior [82]. However, the native FDL produces 177 Newtons of force, 
considerably less than the larger tibialis posterior which produces 727 Newtons of 
force [83]. Hypertrophy of the FDL muscle has been observed with MR imaging of 
patients with posterior tibial tendon insufficiency [84]. Ultrasound study has 
revealed increased cross-sectional area of the FDL and FHL muscles in patients 
with pes planus compared to patients with normal arch feet [85]. This verifies the 
role of these muscles as arch supporters which are recruited for increased activity in 
pes planus.
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Thus, in adult acquired flatfoot deformity, the compensatory activity of the FDL 
might be better called “flexor substitution.” Flexor substitution is also seen in neu-
rologic conditions of weakness of the calf musculature or injury to the Achilles 
tendon. Green suggests that the flexor substitution seen in calf weakness will usu-
ally be accompanied by over supination of the foot during terminal stance. This 
occurs from overactivity of not only the FDL but also the FHL and tibialis posterior 
which attempt to provide heel rise in the absence of the gastrocnemius. These three 
muscles all have supination moment arm at the rearfoot complex. Conversely, when 
flexor substitution occurs in adult acquired flatfoot, the tibialis posterior is compro-
mised so excessive supination does not occur.

The term “extensor substitution” refers to overactivity of the EDL during the 
swing phase of gait causing excessive extension of the digits at the MTPJs. Green 
speculates that the lumbricales must function during the swing phase of gait to 

3

4

1

Fig. 6.17 The quadratus 
plantae depends on 
calcaneal alignment 
eversion of calcaneus 
directs a lateral vector of 
pull on FDL and 
lumbricales. (Reprinted by 
permission from Springer 
Nature: Springer, 
Hammertoes by Emily 
Cook and Jeremy Cook 
(Eds.) © 2019)  
1 = FHL, 2 = FDL, 
3 = lumbricales, all four lie 
plantar to the DTML, 
4 = quadratus plantae
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stabilize the MTPJs from excessive extension due to the pull of the EDL. However, 
there are no EMG studies of lumbrical activity due to the difficult nature of isolating 
and measuring activity of this small muscle group deeply imbedded in the foot.

The EDL may be overactive in situations where there is weakness of the other 
ankle dorsiflexors or when there is equinus contracture of the calf musculature. 
Excessive positioning of the lesser MTPJs in the attitude of dorsiflexion during 
swing may inhibit the static and dynamic plantarflexion action of structures acting 
on the MTPJs during stance. Of these, the interossei are most important as they are 
the only muscle which inserts directly to the proximal phalanx (Fig. 6.18).

a b

113

2

Fig. 6.18 Etiology of the hammertoe: the interossei are the essential stabilizers of the proximal 
phalanx. (Reprinted by permission from Springer Nature: Springer, Hammertoes by Emily Cook 
and Jeremy Cook (Eds.) © 2019). (a) Anatomy of the dorsal interossei, four in number. (b) 
Anatomy of the plantar interossei, three in number
1 = deep transverse metatarsal ligament (DTML): both plantar and dorsal interossei lie deep to the 
DTML, 2 = plantar interossei adduct the toes to the midline of the foot, 3 = dorsal interossei abduct 
the toes away from the midline
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Extensor substitution is also seen in cavus deformity. In swing phase, a cavus 
foot has an anterior equinus of the forefoot requiring greater activity of all the 
ankle joint dorsiflexors in order for the foot to clear the ground. In stance phase, 
the plantar- flexed alignment of the metatarsals automatically places the digits in a 
dorsiflexed alignment at the MTPJ during weight bearing. The lumbricales and 
the interossei now lie close to or even dorsal to the axis of rotation of the MTPJ 
and thus lose their plantarflexion moment arm at the joint (Fig. 6.19). However, 
the alignment of the MTPJs in cavus feet would most likely be from a reverse 
buckling effect of the flexor tendons on the digits rather than from contraction of 
the extensors. The extensor activity sets the stage for reverse buckling by nullify-
ing the action of the lumbricales and interossei. Finally, the cavus foot deformity 
is often the result of a muscle imbalance – usually from weakness of the anterior 
and lateral muscle groups of the legs. In these cases, the EDL remains strong and 
becomes the primary compensation for mild dropfoot and equinus seen in patients 
with cavus feet.

Flexor stabilization and flexor and extensor substitution can all create a state 
of chronic hyperextension of the lesser digits at the MTPJ.  Not only do the 
dynamic stabilizers of the MTPJs loose mechanical advantage, an important 
compromise of function of the plantar plate occurs. The chronic dorsiflexed 
alignment of the digit at the MTPJ initiates the process leading to attrition and 
eventual rupture of the plantar plate. Once this event occurs, gross instability of 
the digit ensues.

a

b

Fig. 6.19 The beginning 
of the claw toe deformity. 
(a) In rectus alignment, the 
interossei lie plantar to the 
axis of rotation (arrow) of 
the lesser MTPJ. (b) 
Chronic dorsiflexion of the 
MTPJ shifts the position of 
the interossei dorsal to the 
axis of rotation. 
Plantarflexion moment arm 
of the interossei is 
compromised
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 Pathomechanics of the Plantar Plate Rupture

The plantar plate is recognized as the most important stabilizing structure of the 
lesser toes [72, 73]. Rupture of the plantar plate compromises the action of all other 
dynamic structures which normally provide stability across the DIPJ, PIPJ, and 
MTPJ. Cadaveric and surgical studies of lesser digit instability consistently show 
that attenuation and rupture of the plantar plate is the primary underlying etiology 
of deformity [75, 76, 86–88].

When a patient is in relaxed stance, the plantar fascia is loaded, and the lesser 
digits should rest on the supportive surface. With contracture of the EDL, a claw toe 
may be evident off weight bearing which reduces to normal alignment with weight 
bearing (Fig. 6.20). This is due to the powerful influence of the plantar fascia pro-
viding plantarflexion moment to the lesser MTP via its attachment to the plantar 
plate. Loading of the plantar fascia exerts a reverse windlass mechanism across the 
MTPJ by restricting extension of the proximal phalanx.

Rupture or failure of the plantar plate is the result of abnormal mechanical loads 
placed on the structure over an extended period of time. Histologic study enables 
insight into the specific loads borne by the plantar plate during standing and ambu-
lation. According to Ker, the cellular composition of a load bearing tissue will 
respond to specific stress and adapt accordingly [89]. Specifically, cells will display 
predominantly fibrocartilage when the tissue is subjected to compressive forces. 
Tensile forces will produce changes seen in ligament tissue, showing predominantly 

a b

Fig. 6.20 Loading of the plantar fascia and plantar plate. (a) Dorsiflexion contracture of the 
MTPJs. (b) Activating the reverse windlass with loading forefoot, dorsiflexing the metatarsals, 
plantarflexing the digits
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fibroblasts with a higher proportion of collagen. Gregg et al. performed histologic 
study of 16 plantar plates from 3 cadaver specimens [90]. The morphology of the 
plantar plate in this study suggested that the plantar portion of the plate experiences 
primarily tensile forces while the dorsal section experiences both tensile and com-
pressive forces.

Maximal compressive and tensile forces are exerted on the plantar plate at the 
exact same phase of the walking gait cycle. Terminal stance, initiated by heel rise, 
causes plantarflexion of the metatarsals across the digits which are fixed on the sup-
portive surface. Closed kinetic chain dorsiflexion of the MTPJs engages a windlass 
mechanism as the plantar fascia winds around the head of the metatarsal. Tensile 
strain is greatest in the plantar fascia at the beginning of terminal stance [91]. At the 
same time, heel rise also corresponds with peak plantar pressure across all of the 
metatarsal heads, maximizing compression force at the plantar plate [33, 35].

In a classic paper describing the effects of foot position on loading of the plantar 
fascia, Saraffian illustrates that internal rotation of the tibia, pronation of the rear-
foot, and supination of the forefoot cause elongation strain in the plantar aponeuro-
sis [91]. He credits MacConnaill for originally describing this position of the foot as 
an “untwisted plate” configuration of the forefoot relative to the rearfoot [58]. This 
rotation of skeletal segments between the leg and the toes also engages a “reverse 
windlass” mechanism originally described by Hicks [92]. Here, loading of the foot 
causes lowering of the arch resulting in increased tension in the plantar aponeurosis. 
This increased tension in the plantar aponeurosis plantar-flexes the toes at the meta-
tarsophalangeal joints.

While many have speculated that a pes planus foot posture pre-disposes to digital 
deformities, there is little objective proof that such a cause-effect relationship actu-
ally exists. In the largest study (169 patients) of crossover second toe deformity 
(considered synonymous with plantar plate rupture), Kaz and Coughlin found that 
the lateral talometatarsal angle (Meary’s angle) had a slight correlation with second 
digital deformity [14]. However, other radiographic measures of flatfoot including 
lateral talocalcaneal angle and A/P talonavicular coverage had no correlation with 
digital deformity. In that study, the most significant finding was that 86% of patients 
with crossover deformity of the second digit were women. This suggested that 
higher-heeled footwear was a significant etiology, but this factor was not directly 
evaluated in the investigation.

In terms of compressive loads, some investigations have suggested that an elon-
gated metatarsal is a risk factor for plantar plate rupture [10, 13, 15]. However, as 
demonstrated earlier in this chapter, deviation of alignment of the first metatarsal in 
HAV deformity can greatly affect the accuracy of radiographic measures of length 
of the second metatarsal. Using the Hardy Clapham arc measure of the metatarsal 
parabola, Kaz and Coughlin found no significant role of an elongated second meta-
tarsal in causing crossover toe deformity.

Stainsby speculated that the chronically dorsiflexed position of the proximal 
phalanx at the MTPJ, as seen in claw toe deformity, will eventually lead to rupture 
of the plantar plate [93]. He describes a “plunger effect” of the head of the metatar-
sal pushing thru the plantar plate as the digit is forced into extension at the MTPJ in 
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claw toe deformity. Here, the combined effect of tensile strain from extension of the 
digit along with compression of the metatarsal head against the plantar plate could 
explain eventual failure of this structure.

A final etiology for plantar plate rupture is shear force, which is accentuated 
under the central metatarsals in patients with HAV deformity [31]. Unfortunately, 
there are no studies of shear stress in patients with metatarsalgia, plantar plate inju-
ries, or digital deformity, but one must recognize the role of this deforming force 
when studying the pathomechanics of all these conditions. This becomes especially 
important when studying the detailed anatomy of the plantar plate and the fat pad of 
the forefoot as described by Bojsen-Moller [94].

Bojsen-Moller and Flagstad were the first to describe a mechanism whereby 
extension of the metatarsal-phalangeal joint, seen in hammertoe deformity, will 
cause the protective fat pad cushion to displace distally in the foot and correlated 
this with increased shear stress in the forefoot [94]. They elegantly described and 
illustrated the key relationships between the plantar fat pad and the distal insertions 
of the plantar aponeurosis (Fig. 6.21). The authors divide the “ball of the foot” into 
three transverse areas: (1) a proximal segment with subcutaneous transverse bands 
of the plantar fat pad interwoven with the deep sagittal septa of the plantar aponeu-
rosis, (2) the area directly beneath the heads of the metatarsals which contain the 
submetatarsal fat cushions, and (3) the distal area which contains the insertions of 
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Fig. 6.21 From Bojsen-Moller and Flagstad [94]. Drawing of a sagittal section through the sec-
ond interspace showing the internal architecture of the three areas of the ball of the foot. The sagit-
tal septum is attached to the proximal phalanx through the transverse metatarsal ligament and the 
plantar ligament of the joint. The vertical fibers and the lamellae of the plantar interdigital ligament 
are attached to the proximal phalanx through the fibrous flexor sheath. The plantar longitudinal 
fibers of the plantar aponeurosis inserts into the plantar integument. The plantar interdigital liga-
ment retains the plantar fat pad
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the plantar aponeurosis into the skin. Just deep is the transverse interdigital liga-
ment, also known as the superficial transverse metatarsal ligament. Bojsen-Moller 
describes the critical function of the plantar aponeurosis to restrain anterior migra-
tion of the integument during the third rocker or “push off” phase of gait. The integ-
ument and fat pad are speculated to undergo significant shear stress from the 
underlying metatarsals during push off. He suggests that failure of the plantar fascia 
stability is critical to displacement of the metatarsal fat pad as well as overall digital 
stability.

We do know that claw toes are associated with significant anterior displacement 
of the plantar fat pad in the forefoot as shown by Bus et al. [95]. This MRI study of 
diabetic patients with hammertoe or claw toe deformity revealed a significant ante-
rior displacement of the plantar fat pad away from the weight-bearing surface of the 
metatarsal head. This resulted in significant thinning of the submetatarsal fat pad 
which would explain increased plantar pressure in this location. In a follow-up 
study, Bus and co-workers found that claw toe deformity caused decreased fat pad 
thickness under the affected metatarsal and this increased peak plantar pressure by 
almost twofold at that location [96]. These authors propose a “fat pad-plantar pres-
sure exchange principle” whereby the fat pad migrates distally and plantar pressure 
increases proximally.

The question is do patients with elevated shear force under the lesser metatarsals 
eventually develop claw toes and plantar plate tears? Or is the anterior displacement 
of the plantar fat pad in the forefoot a result, not a cause of digital deformity? The 
anatomy of the distal insertion of the plantar fascia in the forefoot suggests that this 
structure is important in tethering the skin and fat pad and stabilizing these struc-
tures from shear forces which develop during push off in walking gait. When the 
plantar plate ruptures, the stabilizing influence of the distal extensions of this struc-
ture into the integument and fat pad are lost, thus explaining the common finding of 
distal fat pad migration in patients with plantar plate ruptures. Whether abnormal 
shear stress is the underlying mechanical force causing plantar plate failure is yet to 
be proven but should definitely be considered as an important underlying etiology. 
This would become important when evaluating footwear and lifestyle as risk factors 
for plantar plate rupture and digital deformity.

Evaluating the anatomy of the tear may reveal the specific forces which cause 
rupture of the plantar plate. Coughlin and co-workers evaluated patients with sec-
ond MTPJ instability and evaluated the plantar plate surgically [76]. They proposed 
a classification and staging system based upon clinical findings as well as the ana-
tomic type of tear in the plantar plate. They propose that attenuation of the plantar 
plate (Grade 0) is followed by partial (Grade 1) or complete (Grade 2) tear thru the 
distal aspect of the plantar plate, just proximal to its insertion on the proximal pha-
lanx. Longitudinal tears are combined with a transverse tear (Grade 3), and finally 
extensive degeneration is associated with a button hole tear (Grade 4). Later, Nery 
and co-workers prospectively evaluated 68 patients with lesser MTP joint instability 
and found that this classification system accurately predicted severity of injury and 
prognosis for surgical repair [76]. The finding that transverse tears appeared most 
common in the distal portion of the plantar plate was confounding given that this 
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area is thicker and stronger than the more proximal section. The transverse tear pat-
tern suggests that tensile strain may be the most damaging force acting on the plan-
tar plate. If compressive forces were most responsible, the tear pattern would be 
expected to show diffuse attrition, primarily directly beneath the metatarsal head. 
However, this is not seen until stage 4 of the Coughlin classification system.

There are many static and dynamic structures which insert on the plantar plate 
and which are affected by rupture (Fig. 6.3). The four lumbrical muscles arise from 
the medial border of the flexor digitorum longus tendons and insert to the medial 
side of the proximal phalanx on the plantar surface and insert into the distal plantar 
aspect of the plantar plate (Figs. 6.10 and 6.17). The tendons of the plantar interos-
sei muscles lie just dorsal to the DTML and run a course adjacent to the plantar 
plate, with some fibers of the interossei inserting directly into the plantar plate (Figs. 
6.12 and 6.18). The sheath of the FDL and the FDB insert on the plantar portion of 
the plantar plate. The interossei and the extensor sling also insert on the plantar 
plate. The accessory (suspensory) collateral ligament attaches directly to the plantar 
plate along with the deep transverse metatarsal ligament (Figs. 6.8 and 6.10).

Cadaveric studies by Suero [97], Bhatia [98], and Chalayon [99] have shown that 
solitary disruption of the plantar plate will cause significant sagittal plane instability 
of the MTPJ, while combined rupture with the collateral ligaments will cause gross 
instability in multiple planes. There is some debate whether collateral ligament rup-
ture precedes or follows plantar plate rupture.

Deland and Sung reported on a crossover toe deformity which occurred from 
rupture of the lateral collateral ligament with the plantar plate still intact [17]. 
However, the notion that collateral ligament failure precedes plantar plate attenua-
tion and rupture has been disproven by the largest anatomic study of 2nd MTPJ 
deformity published to date. Coughlin and co-workers performed anatomic dissec-
tion of 16 cadaver specimens with deformity of the 2nd MTPJ [100]. Five of the 
specimens had only dorsal deformity, while the other eleven had combined dorsal 
and medial deviation of the 2nd MTPJ. All 16 specimens had transverse tears of the 
plantar plate adjacent to the insertion at the base of the proximal phalanx. Six speci-
mens had more extensive midsubstance tears as well as rupture of the lateral col-
lateral ligament. The authors concluded that plantar plate insufficiency precedes 
collateral ligament tear. Once the lateral collateral ligament fails, gross instability 
and dislocation are likely.

When studying the pathomechanics of acquired instability of the 2nd MTPJ, one 
cannot ignore the strong association with this disorder and hallux abductovalgus 
(HAV) deformity [71, 72, 101]. Kaz and Coughlin found that 49% of patients with 
crossover second digit deformity also had HAV deformity [14]. Coughlin et al. in a 
cadaveric study found HAV deformity along with crossover second digit in 88% of 
the specimens. How HAV and acquired instability of the adjacent 2nd MTPJ are 
related remains open to speculation. Laterally directed pressure of the hallux against 
the second digit in HAV deformity may somehow compromise the lever arm for the 
interossei or lumbricales, but no study has verified this concept. Certainly lateral 
deviation of the 2nd MTPJ would place load on the medial collateral ligament which 
is less likely involved in crossover toe deformity than lateral collateral ligament 
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failure [100]. As shown in Chap. 5, instability of the first ray does not always shift 
plantar pressure to the second MTPJ. In their study of 169 patients with crossover 
deformity of the second toe, Kaz and Coughlin found plantar callus under the sec-
ond metatarsal in only 7% of the patients [14].

While rearfoot pronation and flatfoot deformity are associated with HAV, there 
appears to be no direct association of rearfoot pronation with plantar plate tears and 
digital deformity. Finally, the role of footwear contributing to HAV as well as sec-
ond MTP pathology has been recognized by many authorities, and this extrinsic 
factor may be the common link to the two conditions [14, 102, 103].

 How Do Digital Deformities Cause Metatarsalgia?

Chronic extension of the lesser MTPJ causes attenuation and eventual rupture of the 
plantar plate. Rupture of the plantar plate causes the proximal phalanx to assume a 
dorsally subluxed position at the head of the metatarsal which is different from its 
position in hyperextension [17] (Fig. 6.22). With hyperextension, the MTPJ is still 
a congruent joint. With plantar plate rupture, the proximal phalanx migrates dor-
sally in the sagittal plane, without moving in the normal arc motion at the MTPJ, 
thus creating a subluxed, incongruent joint.

Therefore, claw toes and digits with a plantar plate tear are two different patholo-
gies, but they may co-exist. Both conditions result in instability of the metatarso-
phalangeal joint. Claw toes demonstrate excessive dorsiflexion of the lesser MTPJ, 
but the joint surfaces remain congruent. Excessive MTPJ dorsiflexion in claw toes 
is caused by reverse buckling from tendon imbalance and will reduce with weight 
bearing as long as the plantar plate is intact. Plantar plate tears cause dorsal transla-
tion of the proximal phalanx with weight bearing. The dorsal motion does not fol-
low the normal arc of dorsiflexion of the MTPJ. Rather, plantar plate tears cause a 
sagittal plane subluxation as the proximal phalanx will float and gap away from the 
dorsal surface of the head of the metatarsal (Fig.  6.23). Claw toes will have 

a b

Fig. 6.22 (a) Plantar plate tear: subluxation with incongruent MTPJ. (b) Congruent joint with 
claw toe
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excessive dorsiflexion, and the base of the proximal phalanx will follow the curva-
ture of the head of the metatarsal, keeping the joint congruent.

The difference between the two types of instability of the lesser MTPJ can be 
accurately detected using the “drawer test” for sagittal plane instability (Fig. 6.24). 
This will be positive in plantar plate tears but negative with claw toes. Clinically, 
plantar plate tears will show a “floating toe” above the plane of the lesser digits with 
mild to moderate contracture of the PIPJ (Fig. 6.25). Claw toes demonstrate dorsi-
flexion, not floating, of the proximal phalanx with moderate to severe plantarflexion 

Fig. 6.23 Dorsal 
subluxation/gapping with 
plantar plate tear

Fig. 6.24 The drawer test for plantar plate tear
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contracture of the PIPJ (Fig. 6.26). Also, plantar plate tears will progress to rupture 
of the lateral collateral ligament with medial subluxation combined with dorsal sub-
luxation (Fig. 6.27). This transverse plane instability of the lesser MTPJ is rarely 
seen in claw toe deformity unless there has been amputation or plantar plate tear of 
the adjacent digit as shown in Fig. 6.27.

Whether subluxed or hyperextended, the dorsal position of the MTPJ weakens 
the lever arm of the EDL and EDB which can no longer effectively extend the PIPJ 
and DIPJ. The dorsal subluxed MTPJ also weakens the plantarflexion moment arm 
of the lumbricales and the interossei which are now unable to plantarflex the proxi-
mal phalanx against the supportive surface. Finally, the plantarflexion effect of the 

Fig. 6.25 The floating toe with mild interphalangeal contracture

Fig. 6.26 The claw toe 
with severe interphalangeal 
joint contractures at digits 
3–5. Floating toe with 
plantar plate tear at 
second digit
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FDL and FDB on the middle and distal phalanges is compromised due to reverse 
buckling at the MTPJ. Now the two essential structures delivering plantarflexion 
moment to the entire digit are lost: the plantar fascia and the flexor tendons. With 
both plantar plate tears and with claw toes, there is significant loss of plantar pur-
chase of the toe.

Hamel et al. describe a windlass effect of the plantar aponeurosis at the lesser 
digits which applies flexion moment to the proximal phalanx [104]. This flexion 
moment develops during passive dorsiflexion of the digit during heel rise. Thus the 
plantar aponeurosis plays a critical role in stabilizing the toe and resisting dorsiflex-
ion during toe off. Hamel et al. propose that a claw toe deformity can occur if the 
long flexor tendons are overloaded when the plantar fascia stabilizing mechanism is 
lost. Hamel et  al. compromised the plantar fascia by performing a complete 

Fig. 6.27 Plantar plate 
tears will progress with 
medial subluxation of 
the MTPJ
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fasciotomy in cadaver specimens. They observed that loading shifted laterally to the 
lesser metatarsals during toe off and as they describe “a shift from the normal high 
gear push off to the less efficient low gear push off” [104]. This may explain the 
correlation of HAV deformity which has compromised windlass function at the 1st 
MTPJ, causing a lateral shift of load in the forefoot and a low-gear push off.

Sharkey and co-workers demonstrated that the plantar fascia can provide passive 
tension during static stance, as well as dynamic tension via the windlass mechanism 
during late stance and toe-off which will reduce the plantar-to-dorsal bending 
moments across the metatarsals [105]. In another study, these investigators demon-
strated a similar offloading or shielding of bending moments of the first metatarsal 
by the flexor hallucis longus (FHL) [106]. Similar shielding of bending moments is 
provided by the flexor digitorum longus at the lesser metatarsals [107]. Proper pur-
chase of the digits against the supportive surface will reduce plantar pressure under 
the heads of the metatarsals. This will offload or shield the metatarsal from dorsal 
displacement. Reduction of dorsal bending moment is also counteracted by retro-
grade plantarflexion moment placed on the metatarsal head as the digit dorsiflexes 
and engages the windlass during terminal stance. The net result of both mechanisms 
is a reduction of dorsal bending moment or dorsal displacement of the metatarsal 
during standing and walking.

Extension of the metatarsophalangeal joint could increase plantar pressure under 
the metatarsal head via retrograde force from the proximal phalanx causing plan-
tarflexion moment at the tarsometatarsal joint (Fig. 6.15). Multisegment foot model-
ing has allowed insight into the motion of key skeletal segments of the human foot 
during dynamic gait [108]. Nester and co-workers found a significant amount of 
motion available at the tarsometatarsal joints [109]. Metatarsals 1–3 move an aver-
age of 6 degrees in the sagittal plane, while metatarsals 4–5 move 11 degrees. This 
dispels the myth that the tarsometatarsal joints are relatively rigid. It also allows 
understanding of how a metatarsal can plantarflex in response to extension of the 
proximal phalanx with a hammertoe deformity.

Digital deformities create metatarsalgia via another mechanism involving ante-
rior shift of the plantar fat pad in the forefoot. The plantar fascia extends beyond the 
plantar plate in the forefoot to form a network of structures which anchor to the 
plantar integument [94] (Fig. 6.21). Thus, the calcaneus is actually attached to the 
plantar integument and fat pad in the ball of the foot via the plantar fascia. The tracts 
of the plantar fascia fan out beyond the MTPJs in vertical and transverse orientation 
anchoring the integument to the fibrous tunnel of the flexor tendons. Distally, the 
plantar digital ligament also known as the interdigital ligament runs transversely, 
sending vertical fibers to the dermis. The adipose tissue is retained within transverse 
bands of the plantar digital ligament.

The skin and fat pad in the ball of the foot is thus anchored longitudinally, trans-
versely, and vertically by extensions of the plantar fascia. As the digits move into 
extension during terminal stance, tension develops in the plantar fascia which stabi-
lizes the fad pad and integument to the underlying flexor tendons as well as the 
plantar plate. Bojsen-Moller and Lamoreux speculate that this mechanism dissi-
pates shear force against the skin during push off [110]. They measured displace-
ment of the skin at the ball of foot relative to dorsiflexion of the toes. They found 
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that full extension of the digits would reduce mobility of the integument and fat pad 
by 50% [110].

Patients with claw toe deformity have been shown with MRI study to have sig-
nificant anterior displacement of the plantar fat pad in the forefoot [95]. Reduction 
of this displacement of the fat pad with tape will reduce extension of the 1st MTP in 
claw toe deformity (Fig. 6.28).

It is plausible that attenuation and rupture of the plantar plate will compromise 
the distal extensions of the plantar fascia beyond the plantar plate which anchor to 
the plantar integument. Pressure studies by Bus et  al. of patients with claw toe 
deformity show increased plantar pressure in the forefoot by over 50% compared to 
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Fig. 6.28 (a) Crossover 2nd digit deformity with plantar plate tear. (b) Plantar fad pad displace-
ment can be reduced with retrograde taping. (c) Correcting crossover toe with plantarflexion- 
abduction of digit along with proximal pull on plantar fad pad
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healthy subjects [100]. The authors attributed this finding primarily to displacement 
of the fat pad rather than loss of mechanical stability of the digits.

 Pressure Studies on Hammertoes

To verify the connection between digital deformities and metatarsalgia, we can look 
at pressure studies which show a pattern of similar findings. It is interesting to see 
that compared to HAV deformity, digital deformity can be expected to more predict-
ably cause elevated plantar pressures under the central metatarsals [52] (Fig. 6.29). 

Fig. 6.29 Claw toes 
predictably increase 
plantar pressure under the 
lesser metatarsals
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However, there are very few plantar pressure studies of hammertoe deformities, and 
these studies mainly focus on patients with diabetes. Two of these studies showed 
that claw toes or hammertoes will cause lower hallux pressures but higher metatar-
sal pressures [53, 111].

High plantar pressures in diabetic patients are greatly exacerbated by digital 
deformities. Bus and co-workers showed that both peak plantar pressure and 
pressure- time integrals were significantly increased in diabetic patients with claw 
toe deformities compared to age- and gender-matched diabetic patients without toe 
deformities [96]. Digital deformities are a significant risk factor for diabetic foot 
ulcerations [112]. In a study of 92 patients with diabetes, Holewski found that ham-
mertoe deformities were present in 82% of patients with a history of ulceration and 
amputation, while these deformities were only found in only 23% patients who had 
no history of ulceration [113].

Finally a pressure study was conducted by Menz and co-workers with several 
findings which verified previous studies of patients with metatarsalgia [114]. They 
studied 43 older patients with forefoot pain, measuring plantar pressures as well as 
metatarsal length pattern on standing A/P radiographs, and then compared results to 
75 patients with no forefoot pain. As seen with previous studies, there was no cor-
relation between metatarsal length and prevalence of forefoot pain, and metatarsal 
length did not predict increased plantar pressure. However, the group with metatar-
salgia demonstrated significant increased pressure under metatarsal heads 3–5, but 
not the second metatarsal head. There was a higher prevalence of HAV deformity in 
the metatarsalgia group, but not a higher incidence of digital deformity compared to 
the asymptomatic group. The authors speculated that increased stiffness of the dig-
its and plantar fat pad, without digital deformity, might cause elevated plantar pres-
sures, but most likely the lateral shift of pressure would be influenced by the larger 
number of HAV patients. Stiffness of the more proximal TMT joints might also 
generate higher plantar pressures, but this was not discussed by Menz et al.

 The Interdigital Neuroma

A final cause of metatarsalgia is a condition which is mis-named and which has 
more long-standing myths explaining its etiology than any other forefoot condition. 
Commonly referred to as Morton’s neuroma or Morton’s metatarsalgia, this condi-
tion of forefoot pain continues to be elusive in terms of understanding its underlying 
cause. As a result, no significant advances have been made in the treatment of this 
pathology over the past 50 years.

A symptomatic enlargement of a plantar nerve of the foot was first described by 
Pasero in 1835 [115]. The painful condition resulting from a plantar nerve injury 
was named metatarsalgia by Thomas Morton (no relation to Dudley Morton) in 
1876 [116]. There is universal agreement that a neuroma is more common in the 3rd 
intermetatarsal space, followed by the 2nd intermetatarsal space [117, 118]. 
Traditionally, the term Morton’s neuroma refers to a compression neuropathy in the 
third intermetatarsal space. [119, 120] (Fig.  6.30). Alternative descriptions for a 
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neuroma of the foot include intermetatarsal neuroma, plantar interdigital neuroma, 
and interdigital neuroma [119–121].

A neuroma by definition is a neoplasm or benign tumor derived from nerve tis-
sue, with growth of specific structures of the nerve itself [122]. In the foot, the term 
neuroma refers to a chronic inflammatory change in one of the plantar common 
digital nerves of the forefoot [123]. The histopathologic changes seen in the neu-
roma of the foot suggest a non-neoplastic reactive process in response to repeated 
minor trauma and are characterized by an abundant reactive hyperplasia of elastic 
fibers [124, 125]. In addition, Gianni found that specimens of neuromas removed 
from the third innerspace showed perineural fibrosis with local vascular prolifera-
tion and intraneural sclerohyalinosis of the common digital nerve, resulting in neu-
ropathic pain [126]. None of these changes are consistent with a true neuroma 
which would involve proliferation of nerve tissue only. Therefore, in the human 
foot, the term neuroma refers to the non-neoplastic enlargement of a common digi-
tal nerve. Hence, the term interdigital neuroma appears more appropriate when 
describing this common cause of metatarsalgia.

Neuromas are common condition in the human foot. A survey in the United 
Kingdom found a diagnosis of neuroma in 88 of 100,000 women and 50 in every 
100,000 men presenting for primary care in the United Kingdom, causing the most 
common compressive neuropathy after carpal tunnel syndrome [127]. In another 
study, it was shown that women age 50–55 were threefold more likely to be admit-
ted to the hospital to be treated for neuroma compared to men [128].

Fig. 6.30 The classic 
Morton’s neuroma
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Neuromas are commonly found in patients with HAV deformity, digital deformi-
ties, and flatfoot [129, 130]. This observation along with the histopathologic find-
ings of neuroma suggests a mechanical etiology. Numerous theories have been 
proposed about the pathomechanics of the interdigital neuroma, particularly spe-
cific to the anatomy of the third intermetatarsal space. Entrapment of the third plan-
tar common digital nerve has been theorized to be the result of compression or 
traction or both mechanisms.

It has been previously proposed that the third plantar common digital nerve 
branches from an anastomosis of both the medial and lateral plantar nerves, thus 
occupying more space and also wrapping around the flexor digitorum brevis muscle 
belly [131, 132] (Figs. 6.31 and 6.32). Compression from increased thickness of the 
third digital nerve branch as well as traction placed upon it from contraction of the 
flexor digitorum muscle, according to past theories, make this nerve uniquely vul-
nerable to entrapment [131, 132]. However, in a cadaver study of 71 feet, Levitsky 
and co-workers found that the third plantar common digital nerve, originating as a 
communicating branch from the medial and lateral plantar nerves, was found in 
only 27% of the specimens and, when present, was not thicker than any of the other 
common digital nerves [123] (Fig. 6.33).

An alternative explanation for the mechanical cause of the interdigital neuroma 
was proposed by Bojsen-Moller and Flagstad [133]. Their elegant dissection of the 
ball of the foot in 20 cadaver specimens revealed several unique characteristics of 
the third intermetatarsal space (Fig. 6.34). The third plantar digital nerve was found 
to originate from both the medial and lateral plantar nerve and was postulated to be 
less mobile and vulnerable to traction when the toes move into extension. This trac-
tion was proposed to increase compression of the third plantar common digital 
nerve against the deep transverse metatarsal ligament at the dorsal surface of the 
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nerve. Also, the deep sagittal septa extensions of the plantar fascia revealed differ-
ences between the second and the third intermetatarsal spaces. The plantar common 
digital nerves course along the posterior margin of the septa to enter the intermeta-
tarsal spaces. The third plantar common digital nerve makes a more oblique turn 
around this posterior margin of the sagittal septa compared to the other common 
digital nerves and is pulled upon by the flexor digitorum muscle belly lying adja-
cent. This places traction upon the third plantar common digital nerve. Interestingly, 
Bojsen-Moller and Flagstad describe a unique role of footwear as an etiology of 
entrapment of the digital nerves. They speculate that stiffer shoes inhibit dorsiflex-
ion of the digits. Normally, dorsiflexion motion of the digits pulls the deep sagittal 
septa and superficial transverse metatarsal ligament in an anterior direction which 
will decompress the digital nerves. Reduced mobility of the digits leaves the septa 
and distal extensions of the plantar fascia directly on top of the nerve during push 
off. This may verify why patients suffering from a painful Morton’s neuroma com-
monly take off their shoes and feel relief walking barefoot. It is possible that 
increased extension motion of the lesser digits may actually facilitate decompres-
sion of the digital nerves.

The exact site of entrapment of a plantar common digital nerve leading to neu-
roma formation has been subject to debate. Gauthier embraced a previous held 
notion that the entrapment occurred at the deep transverse metatarsal ligament and 
described a surgical remedy which sectioned the anterior margin of the ligament 
without nerve resection [134]. Release of the deep transverse metatarsal ligament 
via endoscopic approach was later promoted as an alternative to neurectomy for 
treatment of neuroma [135].

However, the true location of the Morton’s neuroma relative to the deep trans-
verse metatarsal ligament was elucidated in a cadaveric and clinical study conducted 
by Kim and co-workers [136]. Kim et al. studied 17 cadaver specimens and found 
that the bifurcation of the common digital nerve in the second and third innerspace 
was located distal to the anterior margin of the deep transverse metatarsal ligament 
by 16.7  mm and 15.1  mm, respectively. This position changed minimally when 
looking at foot position at midstance and at heel off. In their clinical study of surgi-
cal evaluation of 32 feet, Kim et al. noted that the neuroma started at the bifurcation 
and extended an average 7.5 mm proximal, still located distal to the deep transverse 

Fig. 6.32 Communicating 
branches from the lateral 
and medial plantar nerves 
form the third plantar 
common digital nerve 
which has developed 
a neuroma
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Fig. 6.33 Variations of plantar nerve anatomy from study by Levitsky et al. [123]. Only 11 out of 
71 specimens demonstrated a communicating branch from the lateral and medial plantar nerves, 
forming the third plantar common digital nerve
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metatarsal ligament [136]. The authors concluded that the cause of the interdigital 
neuroma in the foot was pinching of the nerve by the metatarsal heads or the base of 
the proximal phalanx at the joint level, distal to the deep transverse metatarsal liga-
ment (Fig. 6.35).

Pinching or compression of the third plantar common digital nerve has been 
proposed to be caused by excessive pronation of the foot. Pronation is thought to 
cause excessive mobility of the forefoot in the direction of abduction possibly caus-
ing compression of footwear against the lateral metatarsals [137]. Also, pronation is 
thought to allow excessive mobility off the lateral column of the foot relative to the 

Fig. 6.34 The digital nerve (dn) to the third innerspace passes makes an oblique turn below the 
belly of the flexor digitorum brevis (fdb). (From; Bojsen-Moller and Flagstad (1976). Figure 2 
Dissection of right foot. The plantar aponeurosis has been removed to demonstrate the superficial 
layer of the central compartment and the five submetatarsal cushions (cu). The cushion under the 
head of the third metatarsal bone is very narrow in this specimen. Four fat bodies (fb) cover the 
digital nerves (dn), while they pass through the weight-bearing area of the ball. The nerve for the 
third interstice takes an oblique course below the belly of the short flexor (fdb) to pass behind the 
sagittal septa. One of the septa of the fourth toe is shown (ss). Note the mooring ligament (ml) 
which in the interdigital web arches from one fibrous flexor sheath to the next. ms marginal septum
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more stable medial column, setting up a movement interface thru the third inter-
metatarsal space [138, 139.

Conversely, cavus or supinated foot types have also been associated with forma-
tion of interdigital neuroma [140]. In particular, neuroma formation in the second 
intermetatarsal space have been identified in cavus feet and have been attributed to 
close metatarsal impingement and/or increased plantar declination of the metatar-
sals [141, 142].

Using the Foot Posture Index, the Framingham Foot Study found no association 
between pronated and supinated foot types and the presence of neuroma [143]. 
Naraghi and co-workers studied the Foot Posture Index of 68 patients with a diag-
nosis of interdigital neuroma and found no correlation between foot posture and 
incidence or location of neuroma [144]. Patients with an interdigital neuroma dem-
onstrated foot posture falling within normative range. However this study did show 
that patients with interdigital neuroma had significant reduced ankle joint dorsiflex-
ion compared to healthy controls.

Naraghi et al. followed up with another study measuring plantar pressure in 52 
patients with interdigital neuroma compared to 31 healthy control subjects. There 
were no differences in peak plantar pressure or in contact time when comparing the 
two groups [145]. It is important to note that this study selected neuroma patients 
who did not have other forefoot pathologies such as HAV or digital deformities 
which could affect plantar pressure distribution. In this study, there was no differ-
ence in forefoot width and length measurements when comparing neuroma patients 
with healthy subjects. This is in agreement with a previous study showing no rela-
tionship between forefoot width, as well as metatarsal spacing and risk of neu-
roma [146].

Fig. 6.35 The neuroma is 
located distal to the deep 
transverse metatarsal 
ligament
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It is interesting that Naraghi et al. found a strong association between restriction 
of ankle joint dorsiflexion and presence of neuroma yet did not find increased plan-
tar pressure in the forefoot of patients with an interdigital neuroma [144, 145]. 
Naraghi et al. acknowledge that their method of measurement of ankle joint dorsi-
flexion using a hand held goniometer had previously shown to be unreliable [147]. 
Gatt and Chockalingam have shown that the traditional technique of measuring 
ankle joint dorsiflexion actually measures a combination of both foot and ankle 
dorsiflexion [148]. They demonstrated that with simple goniometer measure of 
ankle joint dorsiflexion taken off weight bearing and with full weight-bearing mea-
surement such during a lunge test, the measurement is really a total of both ankle 
and foot sagittal plane motion [148]. In fact, the motion across the midtarsal joint 
and tarsometatarsal joints in the sagittal plane during gait totals 50% greater than 
that of the ankle joint alone. This contribution of the midfoot joints to overall dorsi-
flexion of the foot and ankle during gait has been verified in other studies [149, 
150]. Therefore, what Naraghi et al. observed in patients with neuroma was a rela-
tive decreased motion of dorsiflexion of the combined foot and ankle joints which 
did not result in increased plantar pressure in the forefoot during walking. This lack 
of motion may have caused compression or traction of the common digital nerves 
via a mechanism which has yet to be identified.

In conclusion, despite its common occurrence, the interdigital neuroma of the 
human foot remains an elusive entity. Despite a wide range of theories of etiology, 
no underlying mechanism or intrinsic risk factor for the interdigital neuroma has 
been validated and confirmed with laboratory or clinical study. Treatments for the 
interdigital neuroma are not based upon addressing the etiology. Instead, interven-
tions which ablate or excise the damaged nerve continue to be the preferred treat-
ment [138, 139].
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The Adult Acquired Flatfoot

“Doc, my feet feel like suction cups on the floor.”
Anonymous patient of Dr. Richie with bilateral Adult Acquired Flatfoot deformity

7

Key Points
 – Flatfoot deformity is common in the newborn and usually spontaneously 

resolves by age 10
 – The adult acquired flatfoot (AAF) occurs in middle-aged adults who have 

pre-existing flatfoot deformity.
 – The shape of the talus in patients with AAF shows valgus angulation on 

both the superior and inferior articular surfaces
 – AAF begins with a gradual degeneration of the posterior tibial tendon 

which results from abnormal loads and increased friction which occurs in 
flatfoot deformity

 – AAF is characterized by progressive valgus deformity of the hindfoot, col-
lapse of the medial longitudinal arch, and abduction of the forefoot

 – The progressive structural changes in AAF are not solely due to rupture of 
the posterior tibial tendon alone but more likely due to rupture of the spring 
ligament and the medial collateral ligaments of the ankle.

 – Gait studies of AAF patients show delayed heel rise, excessive sagittal 
plane motion in the midfoot, and a lack of pronation of the forefoot during 
terminal stance.

 – Coupling between the forefoot and rearfoot as well as between the rearfoot 
and the leg is disrupted in AAF deformity.
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 Introduction

We are all born with flat feet. Most people develop an arch by age 10, and among 
those who do not, the vast majority remain relatively asymptomatic for the rest of 
their life. However, a percentage of people with flatfeet will develop chronic symp-
toms, and some will suffer progressive collapse of foot alignment later in life. That 
condition has become known as the adult acquired flatfoot (AAF) deformity.

The adult acquired flatfoot is the result of failure of multiple static and dynamic 
supportive structures of the longitudinal arch of the foot. Ironically, these same 
structures are unique to the human foot and provide specialized function not seen in 
other primates. With failure of these unique support elements, the end stage adult 
acquired flatfoot closely resembles the ape foot in both in structure and function.

Before studying the adult acquired flatfoot, it is appropriate to begin with a 
review of the pediatric flatfoot. It is important to clarify that the pediatric flatfoot 
and the adult acquired flatfoot are two entirely different conditions involving differ-
ent anatomic structures and posing vastly different indications and prognosis for 
treatment.

 The Pediatric Flatfoot

According to Tachdjian, a “flatfoot” is a generic term to describe any condition 
where the longitudinal arch of the human foot is “abnormally low or absent” [1]. 
Thirty years after that definition appeared in an authoritative pediatric textbook, 
there remains no agreed criteria for establishing the diagnosis of “flatfoot.” 
Furthermore, there remains considerable debate about the long-term sequelae of the 
pediatric flatfoot and the need to treat the condition from the outset. Regarding the 
lack of agreement for the criteria in diagnosing flatfoot, Evans and Rome state in 
their 2011 Cochrane review, “In the 21st century this situation remains and stymies 
clinical practice and research globally. There is a need for a standardized frame-
work from which to evaluate the pediatric flatfoot” [2].

The condition known as flatfoot has been also described with various names 
including pes planus, pes valgus, flexible pes valgus, flexible pes planus, calcaneal 
valgus, and pronated foot. Despite the fact that the deformity presents in all three 
body planes, most authorities have focused on simple alignment of the arch (flat) 
and position of the hindfoot (valgus) [3–5]. Studies of pediatric patients which diag-
nosed  flatfoot have used various measures including ink footprint, arch index, pho-
tography, pedobarograph, standing radiograph, and rearfoot angle. The reliability of 
these measures and the validity of using them to diagnose a flatfoot deformity have 
not been proven. However studies of the natural resolution of flatfoot in the growing 
child have shown consistent findings.

All newborn children have flatfeet, and subsequently the arch begins to develop 
over the first 6 years of life [6, 7] (Fig. 7.1). Staheli and co-workers studied 441 
asymptomatic subjects over a wide age range and concluded that flatfeet are com-
mon in infants, are less common in children, and when seen in adults, are usually 
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asymptomatic [8]. Staheli et al. recommended observation only, without treatment 
of the pediatric flatfoot.

Pfeiffer and co-workers studied 835 children between the ages of 3 and 6 years 
old, and based upon visual evaluation of a flat arch and valgus heel alignment, diag-
nosed flatfoot deformity in 44% of the subject population [5]. The flatfoot deformity 
reduced with age starting with the 3 year olds who had a 54% incidence of flatfoot 
while the 6 year olds had a 24% incidence. Also, there was an increased risk of 
flatfoot in males and overweight subjects. This study also differentiated between 
“physiologic” and “pathologic” flatfoot deformity whereby a heel valgus position 
greater than 20 degrees was  deemed pathologic and warranted treatment. Therefore, 
90% of the patients with flatfoot did not require treatment according to the authors.

El and co-workers evaluated 579 school children aged 10 years and measured the 
arch index using footprints [4]. Flatfoot deformity was found in 17.2% of the chil-
dren of whom 25% had evidence of ligament laxity. In their summary of 15 studies 
of the prevalence of flatfoot deformity in the pediatric population, Evans and Rome 
found that between ages 2 and 6, 46.3% of children have a flatfoot deformity [2]. 
This prevalence decreases to 14.2% by 10 years of age. The authors concluded that 
flatfoot deformity was a relatively normal finding in children under age 6 and, when 
present, will spontaneously improve by age 10.

A review of these studies shows a consensus of opinion that the vast majority 
children with flatfeet are asymptomatic. In particular, the majority of children with 
flatfeet are noted to have a flexible deformity. By definition, a flexible flatfoot dem-
onstrates some arch structure off weight bearing which disappears upon weight 
bearing [9]. Conversely, a rigid flatfoot deformity shows no arch, whether weight 
bearing or not. The congenital rigid flatfoot deformity is usually associated with a 
tarsal coalition or a vertical talus, and both conditions are almost always symptom-
atic and worthy of treatment [2, 6, 7] (Figs. 7.2 and 7.3).

The American College of Foot and Ankle Surgeons classified the pediatric flat-
foot as being either flexible or rigid [10]. Flexible deformities have two subdivi-
sions: symptomatic and asymptomatic. Symptoms are more likely in patients with 
increased rearfoot eversion and in patients with tight heel cords. This opinion echoes 
the findings from the classic article published by Harris and Beath in 1948 where 
3619 Canadian soldiers were studied [11]. Flexible flatfeet were found in 14% of 
the adult subjects, and 25% of these people reported regular pain in their feet. Harris 
and Beath observed that a tight heel cord was the most common finding in 

Fig. 7.1 All newborn and 
early walking infants have 
the appearance of flatfeet
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a

b

Fig. 7.2 (a) Vertical talus. 
(b) Radiograph of 
vertical talus

Fig. 7.3 Tarsal coalition 
in coronal readiograph: 
note loss of middle facet  
of subtalar joint in 
right image
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symptomatic adults with flexible flatfoot and concluded that this most likely con-
tributed to worsening of deformity with age.

When evaluating systematic reviews of the pediatric flatfoot deformity, several 
findings have consensus of opinion [2, 9, 12]. Flatfoot deformity in the newborn 
will spontaneously resolve in most cases by age 10. The majority of children with 
flatfeet have a flexible deformity which is asymptomatic. Therefore, treatment of 
flatfoot in asymptomatic children is not warranted. However, most authorities agree 
that a subgroup of asymptomatic children with flatfoot will develop symptoms later 
in life. However extrinsic and intrinsic risk factors for these young, asymptomatic 
patients to develop future disability have not been universally agreed upon.

Flexible pes planus or flatfoot deformity has been associated with a myriad of 
lower extremity pathologies proximal to the feet themselves. Studies have shown 
that adults with pes planus are more likely to suffer from low-back or diffuse lower 
limb pain [13, 14]. Pes planus is associated with generalized foot pain, hallux 
abductovalgus, metatarsalgia, and hammertoes [15–20]. These findings continue to 
challenge clinicians who evaluate young patients presenting with asymptomatic 
flatfoot deformity. Which of these children will eventually progress to develop sig-
nificant symptoms later in life? And, is there any evidence that early intervention 
will minimize the risk of developing symptoms later in life?

Of all the adult pathologies associated with pediatric flatfoot deformity, the adult 
acquired flatfoot (AAF) certainly has the greatest potential for significant and per-
manent disability. As will be shown, the pediatric flatfoot may be a precursor to the 
adult acquired flatfoot, but the two conditions are entirely different in their pathoa-
natomy and pathomechanics.

 Definition of the Adult Acquired Flatfoot

The adult acquired flatfoot is a symptomatic, progressive deformity of the foot 
caused by a loss of dynamic and static supportive structures of medial longitudinal 
arch [21]. Previously described as posterior tibial tendon dysfunction (PTTD), the 
term adult acquired flatfoot has become a more accurate description of the global 
nature of the condition involving multiple anatomic structures.

 History and Terminology

Symptomatic, progressive flatfoot deformity in the adult has traditionally been 
attributed to degeneration or rupture of the posterior tibial tendon [21]. While teno-
synovitis of the posterior tibial tendon associated with flatfoot deformity was 
described in the medical literature over 75 years ago, these reports did not mention 
actual rupture of the tendon or progressive deterioration of foot alignment in the 
patients studied [22–24]. Cozen was the first to describe a progressive deformity of 
the foot resulting from attenuation of the posterior tibial tendon [25]. He proposed 
that a planovalgus foot deformity caused “bowstringing” of the posterior tibial ten-
don, leading to mechanical irritation and synovitis.
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Actual rupture of the posterior tibial tendon with subsequent development of 
acquired flatfoot deformity was first reported in 1969 by Kettlekamp and 
Alexander [26]. The first description of acquired flatfoot in an adult secondary 
to both tendon and ligament failure was published by Goldner et  al. in 1974 
[27]. They described a sequence of events starting with progressive failure of 
the posterior tibial tendon and eventual rupture of the medial calcaneonavicular 
(spring) ligament leading to flatfoot deformity. In this article, Goldner et  al. 
were the first to describe an operative procedure to treat this condition involving 
a transfer of the flexor digitorum longus tendon to replace the ruptured posterior 
tibial tendon.

In the 1980s a sudden awareness took place in the orthopedic and podiatric 
communities that patients could undergo spontaneous rupture of the posterior tibial 
tendon and subsequently develop a flatfoot deformity [27–32]. Why this cause-
effect relationship had never been reported before remains an enigma, particularly 
when recognizing the monumental volume of research which subsequently was 
published focusing on the adult acquired flatfoot after the initial reports in the 1980s.

After initial reports of complete rupture of the posterior tibial tendon with 
acquired flatfoot deformity, other surgeons began documenting the existence of 
an attenuated or “deficient” posterior tibial tendon which could also lead to 
progressive deformity [33–35]. This observation led Johnson and Strom to 
develop and publish their landmark classification system describing a progres-
sive flatfoot deformity based upon the integrity of the posterior tibial tendon 
[36]. This published article also propagated the popular use of the term “poste-
rior tibial tendon dysfunction” (PTTD) which is still used today. Notwithstanding, 
other authors began documenting associated ligament failure with the develop-
ment of progressive flatfoot in adult patients and began using the term adult 
acquired flatfoot (AAF) instead of PTTD [37, 38].

Recognizing the shortcoming of attributing the condition solely to rupture of the 
posterior tibial tendon, many authorities began using the term adult acquired flatfoot 
to describe a condition which involved failure of multiple anatomic structures in the 
foot and ankle [38–41]. In 2017, Ross and co-workers evaluated the evolution of the 
terms “posterior tibial tendon dysfunction” and “adult acquired flatfoot deformity” 
[42]. They point out the shortcomings of using the term PTTD which focuses only 
on tendon integrity while overlooking the role of ligament failure in progressive 
adult flatfoot deformity. Ross et al. also clarify that a progressive flatfoot deformity 
can occur in adult patients for reasons other than tendon failure such as sequela 
from Charcot arthropathy, rheumatoid arthritis, or certain neurologic disorders 
[43–45].

Notwithstanding, the terms AAF and PTTD are used interchangeably today both 
in peer-reviewed publications and in academic symposia. In this chapter, both terms 
will be used depending upon the particular study which is referenced, using the 
terms chosen by the specific authors.
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 Epidemiology

The true prevalence of AAF or PTTD is not known because patients often do not 
seek treatment and when they do, the condition is often misdiagnosed [46, 47]. A 
survey of elderly patients (mean age 80) revealed a 10% incidence of PTTD which 
had been misdiagnosed by their treating doctors [27]. A subsequent study by the 
same researchers, surveying a younger population, found that among women age 40 
and older, the prevalence of PTTD was 3.3%, and all of the patients were previously 
undiagnosed despite characteristic deformity and long-standing symptoms [48].

The prevalence of AAF in women is startling and undeniable. A higher rate of 
rupture of the posterior tibial tendon in women vs men was first documented in 
some of the early reports of the condition [30, 49]. Subsequent to those reports, 
many articles were published showing a consistent higher prevalence of AAF in 
women compared to men. A review of 5 published studies of conservative treatment 
of PTTD revealed that among the 170 subjects, 128 were women (75%) [31]. A 
recent systematic review of ten studies of patients with PTTD revealed that 78% of 
the subjects were women [51]. Further discussion about this finding will be found 
in the pathomechanics section of this chapter.

 Risk Factors

It is well recognized that patients with AAF have a history of flatfeet all their life 
[34, 35, 52]. Around the fifth decade, some of these people, usually women with 
flatfeet, become markedly symptomatic. The symptoms begin usually on one foot 
only, with swelling and pain along the distal course of the posterior tibial tendon 
[30, 34–36, 41]. Why certain people with congenital flatfoot deformity suffer this 
significant, potentially catastrophic breakdown of foot alignment with loss of gen-
eral mobility has remained an unanswered question for many years.

Potential groundbreaking research recently published from the Hospital for 
Special Surgery in New York gives insight into this issue. Using weight-bearing, 
multiplanar CT imaging, a group of researchers identified a specific deformity in the 
shape of the talus in patients with stage II adult acquired flatfoot deformity [52, 53]. 
Specifically, the inferior surface of the talus (part of the posterior subtalar joint) and 
the superior surface of the talus (part of the ankle joint) have a significant valgus 
angulation in AAF deformity (Fig. 7.4). This valgus angulation of the talus is not 
seen in healthy controls. Interestingly, the significant valgus alignment of the infe-
rior surface of the talus is seen in other non-human primates, where the calcaneus is 
located lateral rather than directly beneath the talus. This is discussed in Chap. 2. 
The entire posterior facet of the subtalar joint of the chimpanzee is oriented vertical 
or in extreme valgus attitude relative to the weight-bearing surface as shown in 
Fig. 7.1, Chap. 2. The human embryo demonstrates this same alignment early in 
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development (see Fig. 7.3 in Chap. 2). The authors who discovered the deformity of 
the talus in AAF patients believe that it is an “innate deformity” and not acquired 
[53]. Severity of deformity of the talus does not change with progression of 
AAF. Further research is needed to determine if valgus deformity of the articular 
surfaces of the talus are unique to the pathologic adult acquired flatfoot or might 
also be seen in other adults with non-pathologic, asymptomatic flat feet.

Thirty years ago, Holmes and Mann published an article citing certain risk fac-
tors for rupture of the posterior tibial tendon [49]. Of the 67 patients diagnosed with 

a

b

Fig. 7.4 Valgus angulation of superior and inferior articular surfaces of the talus in stage II adult 
acquired flatfoot. (From: Cody et al. [53]. Figure 2 MP-WB coronal plane images (left) demon-
strate how to measure the superior to inferior angle at 50% of the anterior-posterior dimension of 
the posterior facet of the talus on sagittal images (right). (a) The superior to inferior angle (SI) is 
shown in a control patient versus (b) in a flatfoot patient. Increased talar valgus is evident in the 
flatfoot patient)
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rupture of the posterior tibial tendon, 76% were women. Fifty-two percent of the 
patients had either diabetes, hypertension, or obesity. The authors proposed that 
hyperlipidemia could affect perfusion of the posterior tibial tendon. In reality, 
Holmes and Mann were the first to propose that a relationship exists between meta-
bolic syndrome and tendinopathy. That process has been studied extensively since 
1989 and clearly has relevance to the pathomechanics of AAF.

Metabolic syndrome identifies a group of risk factors which increases the risk of 
coronary artery disease, stroke, and diabetes. The five main risk factors are increased 
abdominal fat, high triglycerides, low HDL cholesterol, high blood pressure, and 
high fasting blood sugar [54]. Increased circulating lipids as well as fat deposition in 
the abdominal (belly) area are associated with elevated markers for inflammation in 
various tissues around the body [54, 55]. Research has shown a strong association 
between metabolic syndrome and certain tendinopathy conditions [56, 57]. Also, 
generalized musculoskeletal pain has been associated with metabolic syndrome [58, 
59]. Since people with metabolic syndrome are usually overweight, the relationship 
between increased body mass index (BMI) causing overload of tendons and increased 
inflammation from hyperlipidemia can both become precursors to degeneration and 
eventual rupture of tendons in the human body [60, 61]. Obesity by itself a risk factor 
for PTTD [30, 49, 50]. When combined with metabolic syndrome, these two factors 
would likely increase the risk of degeneration of the posterior tibial tendon and cer-
tain ligaments in the hindfoot which leads to AAF deformity.

There is a growing body of evidence for genetic risk factors for tendinopathy. 
Certain genes have been identified as important regulators of fibrillogenesis and col-
lagen cross bridging which are essential for establishing integrity to tendons and liga-
ments [62–64]. These genetic factors may interact with other intrinsic and extrinsic 
risk factors to contribute to degeneration of the posterior tibial tendon and the spring 
ligament which are both critical structures in the pathogenesis of AAF deformity.

 Anatomy

The tibialis posterior muscle (TP) originates from the tibia, the fibula, and the inter-
osseous membrane in the proximal portion of the lower leg. Morimoto performed 
cadaver studies and observed that the fibular side of the origin of the TP is the stron-
gest which improves the lever arm for transverse and frontal plane control of the 
foot and ankle [65] (Fig. 7.5).

The tibialis posterior is a multipennate muscle with short fibers designed for 
limited excursion and more powerful contraction. Shorter muscle fiber length 
equates to increased strength. However, as demonstrated in Chap. 3, the tibialis 
posterior is relatively weak compared to the gastrocnemius and soleus musculature. 
According to the study by Silver, the soleus provides 30% of the strength of the 
lower leg musculature, while the gastrocnemius provides 19.2% of overall strength 
[66]. In comparison, the tibialis posterior provides only 6.4% of the strength of the 
lower extremity musculature, while the flexor digitorum longus (FDL) pro-
vides 1.8%.

 Anatomy
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The tendon of the tibialis posterior, also known as the posterior tibial tendon, 
originates at the myotendon junction located in the distal third of the lower leg. 
Relative to the other deep leg flexors (FDL and FHL), the tendon of the TP is the 
longest and plays a critical role in storage and return of elastic energy during walk-
ing [67]. If this tendon becomes stretched or attenuated, the short fibers of the tibi-
alis posterior muscle are unable to compensate to increase tension.

There are six sections of the posterior tibial tendon: myotendon transition, 
proximal retinaculum, retromalleolar, inframalleolar, distal retinaculum, and 
insertion [68]. The TP tendon changes direction at the distal margin of the medial 
malleolus and takes on a distinct histologic appearance due to the physical forces 
which are created by the bony pulley at this location (Fig. 7.6). In this retromal-
leolar region is a section of fibrocartilage on the anterior surface of the TP tendon 
providing a gliding surface which protects against compression and shear stress 
[69, 70] (Fig. 7.7). This gliding zone of the posterior tibial tendon is unique among 
the other ankle flexors and renders the TP tendon vulnerable to degeneration and 
rupture. This will be discussed further in the pathoanatomy and pathomechanics 
sections.

Tibilis posterior 6.9

Fig. 7.5 The tibialis 
posterior: tendon crosses 
lower leg in transverse 
plane and pulls against the 
fibular origin
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There are three main components of the insertion of the TP tendon. Often over-
looked, the multiple insertions of the TP tendon demonstrate the far-reaching influ-
ence of this muscle on foot function and stability (Fig. 7.8). The anterior component 
of the TP insertion is the largest and attaches to the tuberiosity of the navicular as 
well as the first (medial) cuneiform [68]. The middle component is most important 
functionally as it inserts on the second and third cuneiforms as well as the cuboid. 
This component appears to stabilize the transverse arch across the midfoot. Other 
slips of the middle component of the TP tendon insert on the base of second, third, 
fourth, and sometimes the fifth metatarsals [68]. The middle component also gives 
attachment to the medial limb of origin of the flexor hallucis brevis muscle. Finally, 
the third component is a “recurrent” slip of the TP tendon which inserts on the ante-
rior aspect of the sustentaculum tali. Olewnik studied 80 cadaver specimens and 
found four different patterns of insertion of the TP tendon [71] (Fig.  7.9). 
Consistently, the TP tendon inserts on the navicular and medial cuneiform bones. 
The tendon did not always insert on the base of the metatarsals and was more likely 
to insert on the remainder of the cuneiform bones. Therefore, in some patients, the 

Fig. 7.6 The 
retromalleolar pulley sets 
up a “gliding zone” for the 
TP tendon. (From: Semple 
et al. [182] Figure 2 Gross 
anatomy of retromalleolar 
region. Gross anatomy of 
retromalleolar region 
indicating flexor digitorum 
longus tendon (FDL), 
tibialis posterior tendon 
(TP), medial malleolus 
(M), and tendo Achilles 
(TA). Small arrow 
indicates rounded TP 
tendon proximally, and 
large arrow indicates the 
flattened area of tendon in 
retromalleolar region)
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TP tendon does extend beyond the cuneiforms with its insertion and therefore does 
not have a long lever arm to apply torque to the midtarsal joint. It is unknown if 
these patients are more prone to develop AAF deformity later in life.

 The Talonavicular Joint

The talonavicular joint is the pivotal joint of the adult acquired flatfoot deformity. 
Radiographic studies show that as the adult acquired flatfoot progresses, the pri-
mary changes occur at the talonavicular joint in both the sagittal and transverse 
planes [72, 73] (Fig. 7.10). Surgical correction of the AAF deformity is most effec-
tive when, compared to all the other rearfoot joints, realignment of the talonavicular 
joint is performed [74].

The talonavicular joint is the most mobile of all the joints in the human foot 
[75]. Compared to the calcaneocuboid joint, the talonavicular joint lacks any type 
of intrinsic osseous features to provide anatomic “locking” for stability. Instead, 
the talonavicular joint relies on an intricate complex of ligaments for stability. 
MacConnail draws an analogy between the talonavicular joint and the hip joint. 
The hip joint is referred to as the “acetabulum coxae,” while the talonavicular 

a

b

Fig. 7.7 The 
retromalleolar gliding zone 
of the TP tendon. (From: 
Petersen et al. [69]. 
(Springer Publication). 
Figure 1 (a) Posterior tibial 
tendon. In the 
retromalleolar region, the 
cross section of the tendon 
is oval, and the tendon 
surface directed toward the 
medial malleolus is smooth 
(arrows). The large arrow 
points toward the insertion 
at the navicular. (b) 
Longitudinal section of a 
tendon from the region 
where it wraps around the 
medial malleolus. In this 
region the tissue consists 
of three different zones (I, 
II, III). The small arrows 
mark the longitudinal 
extension of the 
fibrocartilaginous zone
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joint was described as the “acetabulum pedis” [76]. Unlike the hip, however, 
MacConnail observed that the talonavicular joint was a hinged structure in the 
transverse plane, pivoting laterally at the medial sling of the bifurcate ligament or 
the calcaneonavicular ligament. He also supported the notion proposed by Wood-
Jones that the talus is an intercalary bone, moving with the leg rather than with the 
bones of the foot [77]. MacConnail describes the unique anatomy and function of 
the talus:

“The talus has seven articular surfaces. Three of these are within the ankle joint, one touches 
the navicular bone, one touches the dorsum of the calcaneus, and two articulate with the 
sustentaculum tali, each by its proper facet. This seven-fold articulation of the talus is of 
major importance. The talus has no muscles, and its ligaments come into action only as the 
result of external forces; it is, therefore, to be taken as a rigid body with six degrees of 
freedom: three axes of rotation, and three planes of translation.”

The intercalary position of the talus and the envelope of articular cartilage around 
its body led Pisani to propose that this bone functions as a “meniscus” between the leg 
and the foot [78]. He coined the term “coxa pedis” to describe a similarity between the 
head and neck of the femur with the talus. In combination with the tibia, the body and 

Fig. 7.8 From Kelikian 
and Saffafian [68]. The 
three zones of insertion of 
the TP tendon are anterior 
(4, 5), middle (2, 3) and 
recurrent (1) 
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neck and the talus resemble the femur and articulate with an acetabulum, the navicu-
lar, to form a ball and socket joint (Fig. 7.11). Pisani describes two extremes of foot 
deformity, both of which involve dislocation of the head of the talus from the acetabu-
lum of the navicular. In club foot there is a dorsal-lateral dislocation from the acetabu-
lum, while in vertical talus, there is a plantar dislocation [78].

Pisani also argues that the term “subtalar joint” should be abandoned as it sug-
gests one single articulation. Instead, there are two distinct articulations on the infe-
rior surface of the talus [78]. He reviews the fact that the two articulations of the 
talus appear at different times during embryonic development. The most important 
articulation involves the talus and the navicular as well as the anterior and middle 
facets of the calcaneus. This articulation, described by Pisani as the talocalcaneona-
vicular joint, develops as a distinct joint in the 16th embryonic week and remains 
anatomically separated from the posterior facet of the talocalcaneal joint  (Fig. 7.12). 
Each joint has its own stabilizing ligaments and distinctly separate joint cap-
sules [78].

Pisani also studied the critical role of the coxa pedis in the pathomechanics of the 
adult acquired flatfoot [79]. He describes AAF as a destabilization of the talocalca-
neonavicular joint which begins with a degenerative process within the supportive 
ligaments of the joint itself. Specifically, Pisani describes the fibrocartilage within 
the superomedial calcaneal navicular (spring) ligament as a “glenoid structure” of 
the coxa pedis which is subject to considerable loads in the pes planus foot condi-
tion. In particular, the glenoid is subjected to compressive load applied laterally 
from the head of the talus and medially from the TP tendon. In pes planus, the talus 
protrudes medially, and the TP tendon is tensioned to resist this subluxation.

In a subsequent paper, Pisani reports on several surgical cases of “degenerative 
glenopathy” whereby the spring ligament was fully or partially ruptured while the 

TPT

a b c

MCB

TPT

MCB

TPT

MCB
LCB LCB

I,II,III
IV,V, MB

ICB

Fig. 7.9 Variation of insertion of the TP tendon. (From: Olewnik [71])
Legend: TPT tibialis posterior tendon, MCB medial cuneiform bone, LCB lateral cuneiform bone
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posterior tibial tendon was intact [80]. In each of these cases, there was presence of 
an accessory navicular bone which Pisani proposed contributes to excessive com-
pression of the fibrocartilage of the spring ligament against the medially protruding 
head of the talus. Once the glenoid structure fails, the subluxation of the talocalca-
neal navicular joint progresses and secondarily causes valgus rotation of the poste-
riorly located talocalcaneal joint. This entire process was labeled by Pisani as 
“peritalar destabilization syndrome” [80, 81].

Fig. 7.10 Subluxation of 
the talonavicular joint in 
the transverse plane is the 
hallmark of the adult 
acquired flatfoot deformity
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a

b

Fig. 7.11 The acetabulum 
of the talocalcaneonavi-
cular joint. (From: Pisani 
[78]. (a) The talus, 
navicular, and middle facet 
of the calcaneus are one 
distinct articulation. The 
middle facet of the 
calcaneus is clearly part of 
the acetabulum pedis, 
while the posterior facet of 
the calcaneus is a separate 
joint) (b) Talus is removed 
to expose the surfaces of 
the articulations between 
the talus, navicular and 
calcaneus.  The posterior 
facet of the calcaneus, 
forming the talocalcaneal 
joint, is clearly 
anatomically separated 
from the anterior and 
middle facets which are 
part of the 
talocalcaneonavicular joint

Fig. 7.12 12-week 
embryo: talocalcaneonavi-
cular or anterior subtalar 
joint is clearly 
differentiated from 
posterior subtalar joint. 
(From Pisani [77])
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 Key Ligaments

The deep concavity of the talocalcaneonavicular articulation is enveloped by a 
broad network of ligamentous and capsular structures to restrain the wide range of 
freedom provided by the anatomic configuration of this ball and socket joint 
(Fig. 7.13).

Fig. 7.13 From: Spring 
ligament complex: 
illustrated normal anatomy 
and spectrum of 
pathologies on 3T MR 
imaging. Omar et al. [83]. 
Figure 1 Illustration 
showing the normal 
anatomy of the SLC (with 
the talar head removed). 
Arrowhead = SM band, 
small arrow = MPO band, 
large arrow = IPL band)
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The spring ligament complex is probably the most important anatomic structure 
of the adult acquired flatfoot as it is commonly ruptured in this condition [82, 83]. 
The first detailed description of an actual “complex” of ligaments collectively 
termed the spring ligament was published by Davis and co-workers in 1996 [84]. 
The complex described by Davis et al. included the inferior calcaneonavicular liga-
ment, the superomedial calcaneonavicular ligament, the posterior tibial tendon, and 
the anterior tibionavicular ligament which is a component of the superficial deltoid 
ligament. Since that time, many detailed anatomic studies have been published 
which verify that multiple ligaments form a complex. Furthermore, one continuous 
joint capsule spans and encompasses both the spring ligament and the deltoid liga-
ment complexes [85–92] (Fig. 7.14).

Previously, the deltoid ligament complex, also known as the medial collateral 
ligaments, had been described as having two components. The superficial portion is 
composed of the tibiospring, tibionavicular, superficial posterior tibiotalar, and talo-
calcaneal ligaments. The deep portion of the medial collateral ligament complex is 
composed of the deep anterior tibiotalar and deep posterior tibiotalar ligaments [88].

Cromeens et al. dissected nine cadavers and used a novel technique to isolate the 
individual ligaments of the deltoid and spring ligament complexes  [91]. Their study 
attempted to address previous confusion regarding terminology and description of 
the medial collateral ligaments of the ankle, i.e., the deltoid ligament. Furthermore, 
they studied the relationship of the deltoid and the spring ligament complex. 
Dissection started at the attachment of each ligament, and then mapping was carried 
out with CT imaging and 3-D digitization (Fig. 7.15).

Cromeens et al. found that the combined medial collateral and spring ligament 
complexes were composed of multidirectional bands of tissue connecting four dif-
ferent bones and spanning three synovial joints. They designated five components 
to the two ligament complexes. These were named the tibiocalcaneonavicular, 

Tibiocalcaneal Ligament

Tibiospring Ligament

Tibionavicular Ligament

Tibiotalar Ligament
Deep Posterior

Superficial Posterior

ba

Tibiotalar Ligament

Fig. 7.14 From Figure  1 (a) Cadaveric dissection demonstrating an anteromedial view of the 
deltoid ligament complex with the tibionavicular ligament grasped. (b) Schematic diagram of the 
origins and attachments of the ligamentous components of the deltoid complex. (Source: Reprinted 
with permission from Campbell et al. [90]. and Reprinted in: Ormsby et al. [155])
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superficial posterior tibiotalar, deep anterior tibiotalar, deep posterior tibiotalar, and 
inferoplantar longitudinal ligaments. These ligaments were interwoven into one 
continuous network extending from the medial malleolus to the navicular.

Of importance from the work of Cromeens et al. was the recognition that the two 
branches of the superficial deltoid ligament, i.e., tibiocalcaneal and tibionavicular, 
were intimately connected and part of the main component of the spring ligament, 
the superomedial calcaneonavicular ligament. They name the combined structure of 
all three ligaments the tibiocalcaneonavicular (TCN) ligament. The articulation of 
this ligament with the head of the talus has cartilage tissue forming a “glenoid” 
structure as observed by Pisani [80]. The TCN ligament encompasses multiple liga-
ments to form a continuous band of tissue which surrounds the head of the talus and 
maintains a proximal stabilization of the navicular against the calcaneus. The blend-
ing of ligaments around the head of the talus, the sustentaculum, and the navicular 
verifies the distinct anatomical and functional articulation named the 

a b

c d

Fig. 7.15 (From: Cromeens et al. [91]. Fresh-frozen cadaveric dissections demonstrating the five 
components contributing to the medial collateral and spring ligament complexes. (a) Medial view 
of the hindfoot showing the tibiocalcaneonavicular ligament. (b) Medial view of the hindfoot with 
the tibiocalcaneonavicular ligament transected and reflected, showing the superficial posterior tib-
iotalar ligament. (c) Medial view of the hindfoot with the tibiocalcaneonavicular and superficial 
posterior tibiotalar ligaments transected and reflected, showing the deep anterior and posterior 
tibiotalar ligaments. (d) Plantar view of the hindfoot showing the tibiocalcaneonavicular and infer-
oplantar longitudinal ligaments. (1) Calcaneus; (2) deep anterior tibiotalar ligament; (3) deep pos-
terior tibiotalar ligament; (4) inferoplantar longitudinal ligament; (5) navicular; (6) superficial 
posterior tibiotalar ligament; (7) sustentaculum tali; (8) talus; (9) tibiocalcaneonavicular ligament; 
(10) tibia)
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talocalcaneonavicular joint by Pisani [78]. It is now clear that this articulation is 
separate from the posterior facet of the calcaneus which makes up the talocalcaneal 
joint. Hence the term “subtalar joint” is misleading as it suggests one articulation, 
whereas the talus actually has two distinctly different articulations on its inferior 
surface. Comparing the motion which occurs at the talocalcaneonavicular joint ver-
sus the talocalcaneal joint as shown in Chap. 3, it is clear that these two articulations 
affect function of the foot in very different ways.

Amaha verified the observations of Cromeens et  al. that the medial collateral 
ligaments of the ankle blend with and become part of the spring ligament complex 
[92]. Furthermore, Amaha et al. showed that the capsule of the ankle, subtalar, and 
talonavicular joints could be detached as one continuous sheet and the key liga-
ments could not be easily separated from this capsule (Figs. 7.16 and 7.17). The 
cartilaginous tissue within the capsule articulated with the head of the talus and 
provides an important connection between the navicular and the calcaneus. The 
authors also showed that the capsule of the combined ankle and talonavicular joints 
joins with the talocalcaneonavicular ligament to form the floor of the TP tendon 
sheath. They propose a close association between all these structures and the adult 
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Fig. 7.16 Caption (From: Cromeens et al. [91]) The tibiocalcaneonavicular ligament combines 
the superficial deltoid with the spring ligaments
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acquired flatfoot deformity. This verifies a long accepted notion that the TP tendon 
actually reinforces and protects the spring ligament complex from excessive loads 
[38, 41, 84].

 Muscle Function and the Adult Acquired Flatfoot

Traditionally, the tibialis posterior has been called the “strongest invertor of the 
foot” [35, 51, 52, 93]. One point of confusion is the common practice of inter-
changeably using the terms “foot” motion and subtalar joint motion. The belief that 
the tibialis posterior is the strongest invertor of the foot has been based upon the 
location of the proximal portion of the TP tendon relative to the axis of the subtalar 
joint which passes thru the head and neck of the talus [94].

The location of the TP tendon in the transverse plane, relative to the axis of the 
subtalar joint, places it most medially located of all the tendons of the foot (Fig. 7.18). 
Based in this simple evaluation of location of the TP tendon in one plane, it could be 
concluded that it has the longest lever arm for inversion of the subtalar joint compared 
to all other tendons of the lower leg. This notion was supported by Hinterman et al. in 
an in vitro cadaver study of ankle and subtalar joint moment arms [95]. In this study, 
the TP tendon was given a value of 1.0 inversion moment arm, while the FDL scored 
0.75 and the tibialis anterior (TA) scored 0.59. Klein showed similar dominance of 
inversion moment arm at the subtalar joint of the TP (19.2 mm) compared to the tibi-
alis anterior (3.8 mm) [96]. It should be noted that the inversion lever arm of the TP 
and TA are shorter as the foot is moved into a pronated position [95] (Fig. 7.18).

Hinterman also showed that as the ankle moves into plantarflexion, there is 
greater increase in plantarflexion moment arm for the gastrocnemius and soleus 
[95]. As the ankle moves into dorsiflexion, the moment arm of all the invertors of 
the ankle decreases. This relates to the position of the insertion of the Achilles on 
the calcaneus and the perpendicular distance from the ankle joint axis. This study 
showed that as the foot moves into eversion, moment arm of the invertors, 

a b

Fig. 7.17 Caption (From: Amaha et al. [92]) The capsule of the ankle, subtalar and talonavicular 
joints are one continuous structure
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particularly the tibialis posterior, decreases. As Fig. 7.18 demonstrates, with pro-
gressive change of alignment of the foot from neutral to AAF deformity, the lever 
arm for inversion provided by the TP, TA, and Achilles becomes significantly com-
promised. In particular, the TA and Achilles actually become evertors of the foot as 
deformity progresses.

Looking at muscle moment arm isolated only to the subtalar joint is short sighted 
when studying adult acquired flatfoot deformity. Radiographic studies of patients 
with AAF demonstrate that the primary deformity occurs at the talonavicular joint 
[72, 73]. Gait studies of patients in stage II AAF show that excessive motion is 
located in the midfoot joints and not the subtalar joint [97–101]. These studies also 
showed that motion in the transverse plane, not the frontal plane, dominates the 
AAF deformity.

A more relevant study of muscle moment arms in regard to the AAF deformity 
was conducted by McCullough and co-workers [102]. Although not intended to 
simulate the AAF deformity, this cadaver study did allow unconstrained motion 
across the rearfoot and midfoot joints and also measured moment arm in the trans-
verse plane. The studies conducted by Hinterman and Klein isolated motion to the 
subtalar joint only. Using a simulator with more modern methods of measuring 
tendon moment arms, McCullough et al. determined that the longest, most effective 
moment arm for total foot inversion is provided by the tibialis anterior (16 mm) 
which was 30% longer than the tibialis posterior (10  mm). The most effective 
moment arm provided by the tibialis posterior is in the transverse plane (adduction/
abduction) where the moment arm measures 21.4 mm.

Surprisingly, McCullough et al. showed that the FDL and tibialis posterior had 
identical total foot inversion moment arms of 10 mm which were 30% lower than 
the tibialis anterior. The FDL tendon is closely aligned to the posterior tibial tendon 

NORMAL PRONATED FLATFOOT

Tibialis anterior

Tibialis posterior

Tibialis anterior

Tibialis posterior

Achilles Tendon Achilles Tendon

Tibialis anterior

Tibialis posterior

Achilles Tendon

Fig. 7.18 Loss of inversion lever arm for TA, TP, and Achilles as pronation and flatfoot deformity 
progress. The TA and Achilles eventually become evertors rather than invertors
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as they pass along the medial aspect of the calcaneus. Pisani points out the unique 
position of both the FDL and FHL beneath the sustentaculum which are suited to 
resist frontal plane eversion of the calcaneus even though neither tendon inserts on 
this bone [80].

Pisani points out the futility of performing an FDL tendon transfer as part of 
surgical correction of the AAF deformity [80]. This notion was later verified in a 
study by Hui and co-workers [103]. They measured the inversion motor arm of the 
intact, native flexor digitorum longus (FDL) and found that it was reduced or short-
ened by 45% when the tendon was transferred to the navicular. Furthermore, Hui 
factored the anticipated loss of one grade of strength with any tendon transfer, which 
amounts to a loss of 20% total force, and then calculated overall loss of moment or 
torque. Reducing the total force of the transferred FDL by 20% and then calculating 
moment arm, Hui et al. show that the intact FDL inversion capacity drops from 3.5 
Newton-meters to 1.5 Newton-meters when transferred to the navicular [103]. 
Therefore, the FDL tendon transfer, a popular surgical procedure for correcting the 
adult acquired flatfoot, results in a loss of over 60% inversion moment (torque) for 
the entire foot.

This study by Hui illustrates that moment arm is only one component of overall 
torque-producing capacity of a muscle across a joint. In Chap. 3, cross-sectional 
area of muscles of the lower extremity was used to make an estimate of maximal 
isometric force. Multiplying this force by the moment arm, estimated by McCullough 
et al., the total moment or torque in Newton-meters was calculated for various mus-
cles in the lower extremity. From these calculations, it was demonstrated that for 
inversion of the foot, the tibialis posterior is capable of generating 7.5 Newton- 
meters (Nm) of torque while the tibialis anterior can generate 5.8 Nm. For adduc-
tion, the TP generates 15.7 Nm, while the FDL generates 3.8 Nm (see Fig. 7.15, 
Chap. 3).

Clearly, the torque-producing activity of the tibialis posterior is twice as large in 
the transverse plane as the frontal plane. If lost, the TP can be supported in the 
direction of inversion by another muscle with similar torque-producing capacity: 
the tibialis anterior. However, in the transverse plane, the tibialis anterior is unable 
to compensate. Supplemental or replacement adduction torque produced by the 
FDL achieves only one fourth the power of the tibialis posterior. This finding 
explains why the AAF deformity is most dominant in the transverse plane rather 
than the frontal plane [97–101].

Studies show evidence of overactivity and underactivity of certain muscle groups 
in patients with pes planus, with or without PTTD. In a study of 12 patients under-
going surgery for partial or complete rupture of the TP tendon, Wacker et al. used 
MRI to measure significant hypertrophy of the FDL muscle compared to the unaf-
fected leg [104]. This may not be the result of PTTD as ultrasound study of patients 
with pes planus compared to normal arch feed also demonstrates hypertrophy of the 
FDL muscle as well as the FHL [87]. Conversely, this same study showed decreased 
cross-sectional area of the peroneal musculature in patients with pes planus [105].

EMG studies of muscular activation mirror the findings of muscle volume 
changes relative to foot posture. Increased EMG activity of the ankle inverters has 
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been shown in patients with pes planus compared to control patients with normal 
foot posture [106, 107]. Decreased EMG activation of the peroneus longus and 
brevis has been measured in patients with pes planus compared to normal arched 
individuals [106–108]. These findings of change in magnitude of muscle activation 
suggest a compensation for abnormal foot posture to improve alignment and offset 
progression of deformity.

 Pathoanatomy

The posterior tibial tendon inserts on the navicular via an enthesis or fibrocartilage 
attachment. An enthesis has four zones starting with the tendon itself which blends 
into fibrocartilage and calcified fibrocartilage and then becomes part of the underly-
ing bone [109]. The enthesis of any tendon insertion is designed to dissipate stress 
at the anchorage point to bone which result from tensile, compressive, shear, and 
bending forces. Studies have shown that immunocytes can be activated and attach to 
receptors in the enthesis located at these high points of stress [110, 111]. Hence, 
there is evidence linking posterior tibial tendinopathy with rheumatoid arthritis as 
well as certain seronegative inflammatory arthropathies such as ankylosing spondy-
litis, ulcerative colitis, and psoriatic arthritis [43–45, 112].

The enthesis of the posterior tibial tendon has been studied in detail by Moriggl 
and colleagues [113]. They identified two locations of fibrocartilage: one within the 
enthesis itself and one more proximal and imbedded within the TP tendon itself. 
This second location was closely opposed to the superomedial calcaneonavicular 
(spring) ligament. Both locations of fibrocartilage were proposed by the authors to 
protect the tendon from friction or bending forces.

Moriggl et al. found that the proximal section of fibrocartilage at the insertion of 
the TP tendon may differentiate into bone, forming an accessory navicular [113]. 
The presence of an accessory navicular has been associated with AAF [114, 115]. 
Pisani reported on several surgical cases of AAF where an accessory navicular bone 
was attributed to cause degenerative changes in the adjacent spring ligament [81].

The presence of fibrocartilage in the distal portion of the posterior tibial tendon 
creates a hypovascular zone which appears vulnerable to degeneration and rupture. 
Since the early reports in the 1980s, the area behind the medial malleolus was observed 
to be the most common site of rupture of the posterior tibial tendon [28, 30, 35, 36]. 
The TP tendon changes direction at the distal margin of the medial malleolus and 
demonstrates a distinct histologic appearance due to the physical forces which result 
from the bony pulley action at this location. The fibrocartilage on the anterior surface 
of the TP tendon in the retromalleolar region provides a gliding surface which protects 
against compression and shear stress [69, 70]. This fibrocartilage has been speculated 
to also interrupt the normal blood flow to the PT tendon [116] (Fig. 7.19).

Vascular compromise has been speculated to be a primary cause of degeneration 
and non-traumatic rupture of the posterior tibial tendon [27–30]. However studies of 
perfusion of the posterior tibial tendon have shown conflicting results. Several 
investigations have identified a so-called hypovascular zone of the TP tendon 
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beginning in the retromalleolar region and extending 1.4 cm distal to the tip of the 
medial malleolus [117, 118]. This finding was verified by Peterson et al. who used 
immunohistochemical staining and identified an avascular region in the anterior 
portion of the posterior tibial tendon where it passes behind the medial malleolus 
[116]. However, Prado and co-workers conducted their own study of perfusion of 
the PT tendon and concluded there was no zone of hypovascularity, and the vulner-
ability for rupture of this tendon in the retromalleolar region can be attributed to 
mechanical stresses which arise from a flatfoot deformity [119].

The retromalleolar region renders the posterior tibial tendon susceptible to 
degeneration and rupture for another reason. Apposition of a tendon against bone 
creates a “gliding zone” which has increased compression and friction forces [120, 
121]. These forces develop from the gliding of the tendon against bone. Uchiyama 
and colleagues studied gliding resistance of the posterior tibial tendon in cadaver 
specimens [122]. Dorsiflexion of the ankle increased gliding resistance of the pos-
terior tibial tendon, while plantarflexion decreased resistance. The investigators 
then created a flatfoot deformity by cutting key ligaments in the arch of the cadaver 
specimens and observed a 30% increase in friction or gliding resistance in the pos-
terior tibial tendon. The authors concluded that a flatfoot deformity increased the 
risk of degenerative changes in the posterior tibial tendon due to creation of 
increased friction in the retromalleolar gliding zone.

A subsequent study by Arai and co-workers showed that motion of the foot in the 
frontal and transverse planes, rather than the sagittal plane, increased friction and 
gliding resistance of the posterior tibial tendon in the retromalleolar region [123]. 
This gliding resistance was increased with creation of a flatfoot deformity and 

Fig. 7.19 The retromalleolar section of the TP tendon. (From: Petersen et  al. [116]. Figure 2 
Injection of Indian ink into a posterior tibial tendon of a 65-year-old man after clearing of the tissue 
shows that the terminal endings of the peroneal artery enter the tendon via a mesotenon (arrow-
heads) from the posterior aspect. In the region where the tendon turns around the medial malleolus 
(m), the well-vascularized paratenon is absent, and the distribution of vessels in the tendon is 
inhomogeneous. The posterior part of the tendon has a complete vascular network. The anterior 
part which is directed toward the medial malleolus is avascular. Detail is taken from the region 
where the tendon passes around the medial malleolus)
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increasing load in the cadaver models. This validates the role of obesity as a risk 
factor for AAF. Finally, a study by Fujii and co-workers concluded that the FDL and 
FHL tendons do not increase gliding resistance in a simulated flatfoot condition 
[124]. It appears that the boney apposition of the TP tendon in the retromalleolar 
groove provides the unique setting for increased friction of this tendon, particularly 
when the foot is moved in the direction of abduction and eversion.

Degeneration rather than inflammation appears to be the hallmark of the histopa-
thology of posterior tibial tendon dysfunction. Mosier and colleagues studied surgi-
cal specimens of the posterior tibial tendon in 15 patients who had stage II AAF 
deformity [125]. Four types of histologic changes were found consistently: increased 
mucin content, hypercellularity, neovascularization, and chondroid metaplasia. No 
inflammatory infiltrates were seen. These findings led the authors to conclude that 
the pathology of the posterior tibial tendon represented a tendinosis, not a tendon-
itis, in stage II disease. Furthermore, the histologic findings showed marked disrup-
tion of orientation of collagen bundles, rendering the posterior tibial tendon 
vulnerable to rupture.

The authors could not determine if these findings were a cause or result of pro-
gressive flatfoot deformity.

Fowble and co-workers had similar findings when they studied the histopathol-
ogy of patients with stage II and III PTTD [126]. The specimens taken from the 
damaged TP tendon showed mucoid change and tenocyte cellularity with chondro-
metaplasia. As with the Mosier study, Fowble et al. found no evidence of inflamma-
tion in the samples. Also, there was no significant difference in the histopathologic 
findings when comparing stage II and stage III patients.

Other studies have confirmed that as the posterior tibial tendon changes in PTTD, 
there is a loss of predominance of type I collagen normally seen in healthy tendons. 
Specimens taken from patients with PTTD show a reduction of type I collagen 
(40%) and increase in type V collagen (26%) and type III collagen (53%) [127, 
128]. These findings are consistent with a progression toward degeneration and 
eventual rupture of a tendon.

 Pathomechanics and Staging of Deformity

It was recognized in early reports that PTTD was a progressive pathology. In 1989 
Johnson and Strom published a three-stage classification system of posterior tibial 
tendon dysfunction based upon condition of the posterior tibial tendon, position of 
the hindfoot, and flexibility of the deformity [36]. After the Johnson and Strom clas-
sification was published, considerable insight into the condition known as PTTD 
was gained from research over a 20-year period leading many to change the name 
of the condition to adult acquired flatfoot (AAF). This was primarily due to the 
recognition that AAF was not just the result of failure of the posterior tibial tendon. 
A shortcoming of the Johnson and Strom classification was attributing the condition 
solely to failure of the TP tendon. Furthermore this classification was based on sub-
jective criteria and was never tested for validity and reliability. Inexplicably, the 

7 The Adult Acquired Flatfoot



249

Johnson and Strom classification became the gold standard for staging the AAF and 
has remained so over a 30-year period despite the publication of several more appro-
priate systems [39, 129–132].

Newer classification systems for the adult acquired flatfoot recognized that the 
deformity progresses to multiple joints, not just the hindfoot. Both the Bluman and 
Raikin classifications evaluate changes in the midfoot joints and the joints of the 
medial column which are the result of progressive ligament failure [131, 132]. 
These classification systems were designed to suggest treatment options for each 
level of deformity even though the reliability of the system to predict appropriate 
treatment has never been tested. Furthermore, all current systems for classification 
of the AAF still primarily rely on subjective criteria which lead to considerable 
variation of interpretation by the practitioner.

The classification system proposed by Bluman, Title, and Myerson will be used 
in this chapter to describe the pathomechanics of the adult acquired flatfoot [131] 
(Table  7.1). It is recognized that this system is based on the previous work of 
Myerson who based his classification upon the original work of Johnson and Strom 
[36, 39]. Thus, some of the shortcomings of that original system have been carried 
forward and are repeated in the newer system. Furthermore, the Bluman system is 
focused primarily on surgical treatment of the AAF from stage II onward, overlook-
ing documented evidence of the efficacy of non-surgical interventions [133].

Notwithstanding, the Bluman system represents the best available system today 
to classify the stages of the AAF deformity.

 Stage I Tenosynovitis of the TP Tendon Without Deformity

The description of stage I AAF by Bluman as well as Johnson and Strom clearly 
designates that there is no “deformity” in the affected foot. This contradicts the 
long-standing belief that AAF starts with a pre-existing flatfoot deformity [34, 35, 
52]. Yet, Johnson and Strom, Bluman et al., and Raikin all propose a stage I level of 
AAF which has no evidence of flatfoot deformity. Instead, they propose that the 
AAF begins with tenosynovitis of the posterior tibial tendon in an otherwise struc-
turally sound foot. Bluman et al. subdivide stage I, recognizing that some patients 
with tenosynovitis have underlying inflammatory joint disease such as rheumatoid 
arthritis or seronegative spondyloarthropathy and should be recognized as a sepa-
rate group. Another subgroup of stage I has tenosynovitis of the posterior tibial 
tendon from unknown cause and have “normal hindfoot anatomy.” Finally stage I-C 
has tenosynovitis with “mild hindfoot valgus” of 5 degrees or less. Bluman et al. 
recognize that this stage has a partial rupture of the TP tendon, yet the patient can 
still perform a single foot heel raise.

Much of the evidence for the cause-effect relationship of mechanical overload 
causing degeneration of the posterior tibial tendon is based upon a pre-existing pes 
planus foot deformity. Specifically, patients with pes planus have greater activation 
of the hindfoot inverters than patients with rectus foot alignment [106, 107]. Also, 
studies show that a flatfoot deformity experimentally produced in cadaver models 
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Table 7.1 Bluman classification of adult acquired flatfoot [131]

Classification of posterior tibial tendon rupture

Stage Substage
Most characteristic 
clinical findings

Most characteristic 
radiographic 
findings Treatment

I A Normal anatomy Normal Immobilization, NSAIDs, 
cryotherapy, orthoses, 
tenosynovectomy

Tenderness along 
PTT

± Systemic disease-specific 
pharmacotherapy

B Normal anatomy Normal Immobilization, NSAIDs, 
cryotherapy, orthoses 
Tenosynovectomy

Tenderness along 
PTT

C Slight HF valgus Slight HF valgus Immobilization, NSAIDs, 
cryotherapy, orthoses, 
tenosynovectomy

Tenderness along 
PTT

II A1 Supple HF valgus HF valgus Orthoses
Flexible forefoot 
varus

Meary’s line 
disruption

Med. displ. calc. osteot.

Possible pain along 
PTT

Loss of calcaneal 
pitch

TAL or Strayer and FDL transf. if 
deformity corrects only with 
ankle plantar flexion

A2 Supple HF valgus HF valgus Orthoses
Fixed forefoot 
varus

Meary’s line 
disruption

Med. displ. calc. osteot. and FDL 
transf.

Possible pain along 
PTT

Loss of calcaneal 
pitch

Cotton osteoctomy

B Supple HF valgus HF valgus Orthoses
Forefoot abduction Talonavicular 

uncovering
Med. displ. calc. osteot. and FDL 
transf.

Forefoot abduction Lateral column lengthening
C Supple HF valgus HF valgus Med. displ. calc. osteot. and FDL 

transf.
Fixed forefoot 
varus

First TMT plantar 
gapping

Cotton osteot. or medial column 
fusion

Medial column 
instability
First ray 
dorsiflexion with 
HF correction
Sinus tarsi pain

III A Rigid HF valgus Subtalar joint space 
loss

Custom bracing if not surgical 
candidate

Pain in sinus tarsi HF valgus Triple arthrodesis
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significantly increases friction force on the TP tendon at the retromalleolar pulley 
[122, 123]. The classification systems proposed by Johnson and Strom, Bluman 
et  al., and Raikin do not evaluate overall foot posture or arch profile in stage I, 
instead focusing only on rearfoot alignment in the frontal plane. Significant valgus 
deformity is not noted in the hindfoot until stage II, according to all classification 
systems, and this change will not occur without spring ligament disruption 
[134, 135].

Tenosynovitis of the TP tendon can occur from overuse, as seen in other tendons, 
without contributing mechanical factors of foot deformity [136, 137]. Tendinitis and 
tendinopathy can also occur from other risk factors including obesity, hyperlipid-
emia, and diabetes which are all related to circulating inflammatory markers seen in 
metabolic syndrome [30, 49, 50, 54–57]. Finally, genetic factors have been identi-
fied as a risk factor for tendinopathy [63, 64].

It is unclear which patients, untreated in stage I AAF with tenosynovitis, will 
progress to stage II which is characterized by rupture of the TP tendon and sequen-
tial rupture of key ligaments in the hindfoot. As discussed previously, a significant 
percentage of patients with flexible congenital flatfoot deformity remain asymptom-
atic all of their life and never undergo progression of deformity. Multiple factors 
must contribute to the etiology and progression of adult acquired flatfoot deformity 
besides the intrinsic risk factor of a pre-existing flatfoot.

Table 7.1 (continued)

Classification of posterior tibial tendon rupture

Stage Substage
Most characteristic 
clinical findings

Most characteristic 
radiographic 
findings Treatment
Angle of Gissane 
sclerosis

B Rigid HF valgus Subtalar joint space 
loss

Custom bracing if not surgical 
candidate

Forefoot abduction HF valgus Triple arthrodesis ± lateral 
column lengthening

Pain in sinus tarsi Angle of Gissane 
sclerosis
Forefoot abduction

IV A Supple tibiotalar 
valgus

Tibiotalar valgus Surgery for HF valgus and 
associated deformity

HF valgus Deltoid reconstruction
B Rigid tibiotalar 

valgus
Tibiotalar valgus TTC fusion or pantalar fusion

HF valgus

Abbreviations: HF, hind foot; FDL transf., flexor digitorum longus transfer; med. displ. calc. 
osteot., medial displacement calcaneal osteotomy; NSAID, nonsteroidal anti-inflammatory drugs; 
PTT, posterior tibial tendon; TAL, tendo Achilles lengthening; TMT, tarsometatarsal joint; TTC, 
tibiotalocalcaneal.
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 Stage II: Rupture of Posterior Tibial Tendon with Flexible 
Flatfoot Deformity

The diagnosis of rupture of the TP tendon as originally proposed by Johnson and 
Strom and later supported by Bluman et al. is based upon physical examination. 
Specifically, the patient demonstrates “weakness with inversion” of the plantar- 
flexed foot and is unable to perform a single foot heel rise. Also, a flatfoot deformity 
is now “clinically apparent.”

What is missing from these classification systems is a recognition that AAF 
occurs unilateral over 80% of the time, making the unaffected foot an ideal com-
parison for weakness and deformity [138]. Therefore, the hallmark of stage II is 
asymmetry of flatfoot deformity, with the symptomatic side showing key clinical 
findings which differ from the asymptomatic side (Fig. 7.20).

An erroneous assumption made by Johnson and Strom and then carried forward 
by Bluman et al. is that the single foot heel rise test is diagnostic of rupture of the 
posterior tibial tendon. Studies have shown that patients who have lost function of 
their posterior tibial tendon due to surgical transfer can still perform a single foot 
heel rise [139–141]. The single foot heel rise requires stiff, stable midfoot joints 
with intact ligaments. With rupture of the spring ligament, excessive sagittal plane 
motion occurs at the talonavicular joint compromising the lever arm of the triceps 
surae to plantarflex the entire foot as a rigid body at the metatarsophalangeal joints. 
Thus, rupture of the spring ligament causes difficulty or inability to perform the 
single foot heel rise (Fig. 7.21).

The second error in these classification systems is attributing the structural 
changes seen in stage II to rupture of the posterior tibial tendon. Many studies pub-
lished after the Johnson and Strom classification verified that isolated loss of the 
posterior tibial tendon will not cause a flatfoot deformity until multiple ligaments 
subsequently rupture [142–145]. It is recognized that spring ligament failure, rather 
than posterior tibial tendon failure, is the primary event leading to progressive adult 
acquired flatfoot deformity [83, 146–148].

Fig. 7.20 Asymmetry 
with left foot 
demonstrating increased 
valgus alignment of the 
rearfoot and greater 
forefoot  abduction is the 
hallmark of stage II adult 
acquired flatfoot
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In a landmark study, Jennings and Christensen identified the primary role of the 
spring ligament in AAF deformity. They sectioned the spring ligament in five cadav-
eric specimens and applied axial load to the tibia while also loading the posterior 
tibial tendon [148]. When the spring ligament was sectioned, a significant change of 
alignment associated with flatfoot deformity occurred which the posterior tibial ten-
don was unable to compensate.

These findings were further validated in a more recent study using finite analysis 
computer modeling to measure stress in key soft tissue structures in stage II AAF 
deformity [149]. The plantar aponeurosis and the spring ligament were identified to 
be the two primary structures which maintained integrity of the medial longitudinal 
arch, while the TP tendon played a secondary role. Furthermore, the plantar aponeu-
rosis shows a primary role in preventing arch elongation. The spring ligament was 
found to have a primary function of controlling motion at the talonavicular joint and 
subtalar joint.

MacDonald and co-workers evaluated the effects of progressive sectioning of 
the spring ligament in nine cadaver specimens placed under physiologic loading. 
Motion capture demonstrated significant changes in alignment of the hindfoot 
and ankle with isolated spring ligament sectioning [150]. The talus was noted to 
undergo significant adduction and plantarflexion. The tibiotalar and subtalar 
joints underwent significant valgus rotation with spring ligament sectioning 
showing the global role of the spring ligament in providing stability to the ankle 
and hindfoot.

Rupture or deficiency of the spring ligament complex is the key event leading to  
stage II AAF deformity (Figs. 7.22 and 7.23). Deland studied 31 patients with docu-
mented tear or degeneration of the TP tendon [82]. The superomedial calcaneona-
vicular ligament was ruptured in 87% of the patients, while the interosseous 
talocalcaneal ligament was ruptured in 48% (Fig. 7.24). Of importance, the plantar 
fascia was intact in all these patients. This finding supported the previous work of 
Balen et al. who found spring ligament pathology in 92% of patients with TP tendon 
pathology but no evidence of plantar fascia pathology [151]. Williams found that 
spring ligament pathology was as frequent as posterior tibial tendon pathology in 
their MRI study of patients with AAF deformity [152].

Fig. 7.21 Inability to 
complete the single foot 
heel rise is due to spring 
ligament deficiency 
causing plantarflexion 
moment of the triceps 
surae to be exerted across 
the unstable midfoot joints 
instead of at the 
metatarsophalangeal joints
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The spring ligament and superficial deltoid ligament form a complex which con-
tains multiple ligaments [91, 92]. There is evidence that rupture of one component 
of the complex may destabilize the remaining ligaments leading to progressive rup-
ture [135, 153]. Ormsby and colleagues verified the sequential rupture of compo-
nents of the spring-deltoid ligament complex in patients with stage II and III AAF 
deformity [154]. They found that the tibionavicular portion of the superficial deltoid 
ligament was attenuated or ruptured in more severe cases of AAF and this was 
almost always accompanied by attenuation of the spring ligament complex 
(Fig. 7.25). In less severe deformity, the tibionavicular ligament was intact, while 
the spring ligament complex was still attenuated or ruptured. The authors concluded 
that the superficial deltoid ligament will rupture after the spring ligament complex 
in the progression of the adult acquired flatfoot deformity.

The shortcoming of staging AAF according to the condition of the TP tendon 
was noted by Pasapula and colleagues who proposed a new classification system 
based upon spring ligament integrity [155]. They note the large body of evidence 
showing that spring ligament rupture is an essential part of the progressive AAF 
deformity and propose that attenuation of this ligament actually precedes the teno-
synovitis seen in the TP tendon in stage I AAF deformity. Furthermore, Pasapula 
et al. propose that progressive collapse of the longitudinal arch of the foot will not 

Fig. 7.22 PT tendon tear 
and spring ligament injury. 
(From: Omar et al. [83]). 
Axial PD-weighted image 
shows full-thickness 
longitudinal split tear of 
the PT tendon (long arrow) 
with tenosynovitis and 
thickening of the 
superomedial band of the 
spring ligament complex 
(small arrow)
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occur with isolated spring ligament failure but also requires acquired instability of 
the first TMT (metatarsocuneiform) joint. They observed that pronation of the hind-
foot will be resisted by a stable first ray. However, with spring ligament failure, 
talonavicular joint instability will cause retrograde hindfoot valgus deformity which 

a b

Fig. 7.23 Spring ligament degeneration. (From: Omar et al. [83]). (a) Axial 2D fat-suppressed 
PD-weighted image. Arrow shows thickening of the superomedial (SM) band of the spring liga-
ment complex (SLC) consistent with degeneration. (b) Axial 2D PD-weighted image in a different 
patient shows diffuse thinning and irregularity of the SM band of SLC (arrow) consistent with 
chronic degenerative attenuation

Fig. 7.24 Attenuation of 
the interosseous 
talocalcaneal ligament. 
(From: Deland et al. [82]). 
Figure 3 Sagittal MRI of a 
69-year-old woman with 
stage II AAF demonstrates 
a thickened, hyperintense, 
torn (grade III) 
interosseous ligament 
(long arrow). Of note, the 
long plantar ligament is 
maintained (short arrow))
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will progressively increase ground reaction forces on the first ray. The stabilizing 
structures of the first ray will eventually fail, causing dorsiflexion of the medial 
column upon weight bearing. Dorsiflexion of the medial column relative to the lat-
eral column will result in a “supination deformity” of the forefoot.

Interestingly, despite attributing the deformity seen in stage II AAF to a rupture 
of the TP tendon rather than other ligaments, Bluman and colleagues acknowledge 
that supination deformity of the forefoot is an important part of the progression of 
flatfoot [131]. In fact, they break down stage II into four subdivisions depending 
upon the level and severity of forefoot-to-rearfoot deformity. In stage II-A, Bluman 
et al. attribute these changes of forefoot alignment to a valgus positioned hindfoot 
causing overload and adaptation in the medial column of the foot. Acquired supina-
tion deformity occurs as the forefoot inverts on the rearfoot to keep the metatarsals 
plantigrade. This is a normal compensatory motion of the forefoot on the rearfoot as 
originally described by Steindler and later by Saraffian (see Chap. 2). This supi-
nated position of the forefoot is distinctly different from a congenital forefoot varus 
deformity which is not the result of, but can theoretically be the cause of, compensa-
tory pronation of the rearfoot [138]. Forefoot supination or “supinatus” deformity is 
acquired from persistent valgus positioning of the rearfoot during weight bearing. 
Supination deformity is reducible in the early stage II-A-1 AAF and rigid in later 
stage II-A-2 AAF according to Bluman et al. [131] (Fig. 7.26). Another variation of 
deformity is abduction of the forefoot across the tarsometatarsal joints, stage II-B 
(Fig. 7.27). Finally, sagittal plane breakdown of the medial column across the talo-
navicular, naviculocuneiform, or first metatarsocuneiform joints will cause “medial 
column instability” viewed on a lateral weight-bearing radiograph and classified as 
stage II-C (Fig. 7.28).

What is missing from the Bluman classification is recognition of sequential liga-
ment rupture causing the various changes in forefoot alignment seen in the four 
categories of stage II AAF deformity. Pasapula et al. attribute supination deformity 

Fig. 7.25 Rupture of the 
tibionavicular ligament. 
(From: Ormsby et al. 
[154]. Sagittal 
T2-weighted image 
demonstrating attenuation 
and bulging of the TN 
ligament over the 
talonavicular joint. Arrows 
indicate dorsal and plantar 
margins of the TN 
ligament. (PDFS proton 
dense fat suppressed)
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and first ray instability to failure of the plantar ligaments of the first metatarsocunei-
form joint, although many radiographic studies of AAF show that faulting or break-
down of the medial column can occur at multiple joints [72, 73, 156, 157]. Alsousou 
showed that when Meary’s line is disrupted with breakdown of the medial column 
in flatfoot deformity, the naviculocuneiform joint is involved in 30% of the cases 
[156] (Fig. 7.29). Swanton and co-workers showed that the plantar naviculocunei-
form ligament is actually an extension of the insertion of the posterior tibial tendon 
and is compromised in AAF and spring ligament failure [157].

 Ligament Failure and Shift of Skeletal Segments

Rupture of the spring ligament and medial collateral ankle ligament complexes 
which occurs in stage II AAF deformity causes a global three-dimensional shift of 
alignment of skeletal segments in the ankle, hindfoot, and forefoot. A general obser-
vation in patients with stage II AAF is flattening of the medial longitudinal arch in 

a

b

Fig. 7.26 (a) Acquired 
forefoot supination 
deformity. Supination is 
reducible in early stage II 
AAF deformity
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the affected foot compared to the contralateral foot [39, 51]. Cadaver studies have 
shown that the plantar aponeurosis as well as the long and short plantar ligaments are 
the most important structures which maintain the integrity of the longitudinal arch of 
the foot [143, 158]. However, these ligament structures are unaffected in stage II 
AAF [82, 151]. Therefore, arch flattening is not the immediate change seen in stage 
II AAF. Instead, loss of the spring ligament allows abduction of the foot at the talo-
calcaneonavicular joint, driven by the peroneal muscles. Abduction of the forefoot 

Fig. 7.27 Stage II-B AAF 
deformity-transverse plane 
subluxation across 
tarsometatarsal joints

Fig. 7.28 Medial column 
subluxation at 
talonavicular joint in AAF 
contributing to forefoot 
supination deformity
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disrupts alignment of the medial truss structure of the longitudinal arch deviating and 
compromising the moment arm of the plantar aponeurosis. Spring ligament rupture 
causes significant plantarflexion of the talus and eventual attenuation of the remain-
ing ligaments of the first ray leading to visible collapse of the longitudinal arch [52].

What is lacking in cadaver studies of arch stability is the reproduction of the 
effects of the peroneal musculature in AFF deformity. The peroneal muscles have 
been identified to be a significant deforming force in the propagation of adult 
acquired flatfoot [141]. This is validated by the fact that patients who undergo sur-
gery for dropfoot, from common peroneal nerve palsy, do not develop a flatfoot 
deformity despite transfer of the attachment of the tibialis posterior tendon away 
from the navicular to the dorsum of the foot [139–141]. Clearly the lack of any 
deforming force from the peroneal musculature in these unique patients explains 
why they did not develop a flatfoot deformity. More importantly, these patients lost 
function of the TP tendon but did not develop ligamentous rupture.

The progression of the AAF deformity is due to isolated loss of the TP tendon. 
Even with the peroneal musculature acting un-opposed, flatfoot deformity will not 
progress unless key ligaments fail. The progressive AAF deformity is caused by 
rupture of the spring ligament causing sequential rupture of the medial collateral 
ankle ligaments and the interosseous talocalcaneal ligament [82]. Certainly the 
peroneal musculature contributes to the progression of deformity, but the sequence 
would not occur without ligamentous rupture.

The failure of the TCN ligament in the spring ligament and medial collateral liga-
ment complexes results in translation of the head of the talus into a plantar-flexed and 
adducted position relative to the forefoot. This causes flattening of the medial longi-
tudinal arch and also causes a retrograde motion of the calcaneus into the direction 
of eversion [91, 159]. While the plantar aponeurosis has a primary function of pre-
venting arch elongation, sagittal plane collapse of the arch will occur once the spring 
ligament is lost and the talus plantarflexes relative to the forefoot [149].

The spring ligament provides stability to the calcaneus at the talocalcaneona-
vicular joint, while an important frontal plane restraint of the calcaneus is provided 
by the interosseous talocalcaneal ligament [160]. Belen found evidence of sinus 
tarsi abnormality suggesting injury to both the interosseous talocalcaneal ligaments 
and cervical ligaments in 72% patients with stage II PTTD [151]. Sinus tarsi syn-
drome and impingement of the calcaneus on the lateral malleolus are the result of 
extreme valgus rotation and lateral subluxation of the calcaneus which results from 
ligament rupture within the talocalcaneal joint [161–164] (Figs. 7.30 and 7.31).

Fig. 7.29 Medial column 
subluxation at 
naviculocuneiform joint in 
AAF contributing to 
forefoot supination 
deformity

Pathomechanics and Staging of Deformity



260

Standing radiographs will demonstrate all these alignment changes when the 
symptomatic foot is compared to the asymptomatic foot. On the anterior-posterior 
view, forefoot abduction will be evident with increased talonavicular angle and 
increased uncoverage of the head of the talus [165]. On the standing lateral radio-
graph, there will be a decrease in calcaneal pitch angle, increased Meary’s angle 
(measuring alignment of the medial arch), and decreased height of the distance 
between the medial cuneiform and the fifth metatarsal [166, 167].

Three-dimensional computer modeling with CT imaging allows visualization of 
shifting of skeletal segments in AAF which are not seen on plain radiographic 
images. These studies show that the tibia and talus migrate medially while the 
navicular and calcaneus migrate laterally [168, 169] (Fig.  7.32). However, the 
cuboid does not shift relative to the calcaneus. This may be due to the anatomic 
locking of this joint, while no locking is available at the talonavicular joint.

The 3-D CT studies verify the notion of “peritalar subluxation” originally pro-
posed by Hansen and colleagues, which describes the displacement of various skel-
etal segments in AAF (180,181). As seen in the CT imaging studies, the talus is 
stable in the ankle joint, while the bones of the foot which are distal to the talus 
undergo three-dimensional rotation due to ligament rupture (Fig. 7.33). This is a 
displacement or untwisting of the lamina pedis as originally described by 

Fig. 7.30 Sinus tarsi and 
lateral impingement. 
(From: Donovan and 
Rosenberg [161]. Fig 2-c)
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MacConnaill [76]. With untwisting of the lamina pedis which causes peritalar sub-
luxation, the calcaneus moves proximal and plantarflexes, causing secondary 
Achilles and triceps contracture [171]. The calcaneus is already displaced laterally 
due to innate deformity of the talus with valgus angulation of the posterior facet [52, 
53]. The navicular moves dorsal and lateral on the talus, and the medial column is 
now free to flatten and elongate due to loss of the truss mechanism. The lateral col-
umn has no ligament loss causing elongation, and the calcaneocuboid joint has 
osseous locking so it remains stable. The mobile, elongating medial column rotates 
into abduction, causing the entire forefoot to pivot laterally around the stable calca-
neocuboid joint [170].

The rotation and displacement of skeletal segments within the foot affect the 
moment arm of key muscles as the AAF deformity progresses. As the foot moves 
into eversion and abduction, the moment arm of the invertors decreases (Fig. 7.18). 
Hinterman showed that inversion moment arm of the tibialis posterior is reduced 

Fig. 7.31 Radiographic evaluation of AAF. (From: Cody et al. [53]). Standard weight- bearing 
lateral, AP, and hindfoot measurements demonstrate (a) calcaneal axis for calcaneal pitch and 
talocalcaneal angles; (b) talar axis for talocalcaneal angle and Meary’s angle; (c) long axis of first 
metatarsal for Meary’s angle; (d) medial column height; (e) AP first metatarsal axis for the talar-
first metatarsal angle; (f) illustration of the AP talar coverage angle; (g) talar axis for the talocalca-
neal angle and talar-first metatarsal angle; (h) calcaneal axis for the talocalcaneal angle; and (i) 
hindfoot alignment angle measured at the intersection of the long axes of the tibia and calcaneus
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with eversion of the foot [95]. Lee and colleagues showed that the tibialis anterior 
has a significant inversion moment arm when the foot is in neutral or inverted, but 
this changes into an eversion moment arm when the foot is everted [172]. Therefore, 
as the foot moves into an everted position, the torque capacity of the two primary 
invertor muscles becomes compromised.

Lee et al. also showed that the gastrocnemius via the Achilles tendon has a small 
inversion moment arm on the rearfoot when the ankle is positioned at 90 degrees 
and the rearfoot is in a neutral position [172]. Eversion of the hindfoot creates a 
slight eversion moment arm of the Achilles. Displacement of the insertion of the 
Achilles with a medial displacement osteotomy increases the length of the inversion 
moment arm of the triceps surae acting on the subtalar joint [173].

As the calcaneus plantarflexes in stage II AAF deformity, the effective length of 
the Achilles tendon shortens which causes weakening due to compromise of the 
force/length relationship. Houck and colleagues showed that patients with stage II 
PTTD have delayed ankle joint plantarflexion and delayed heel off during walking 

Fig. 7.32 Standing 
radiograph of stage III 
deformity shows 
significant medial shift of 
tibia and talus over the 
calcaneus
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gait [100]. The authors concluded that this finding was not only due to weakening 
of the triceps but also was a compensation which allowed early double limb support, 
thus decreasing the need for push off on the affected limb.

Plantarflexion of the calcaneus which causes shortening of the tendo Achilles will 
demonstrate a compensatory equinus contracture of the ankle joint upon examination 
of patients with adult acquired flatfoot deformity. Valgus moment arm increases in 

Non-Weight-bearing Weight-bearing

Fig. 7.33 Simulated weight-bearing CT imaging demonstrates medial shift of tibia and talus over 
calcaneus, eversion of calcaneus, supination, and abduction of forefoot. (From: Zhang et al. [169]. 
Figure 9 Lateral (top) and posterior (bottom) three- dimensional CT images of a stage II posterior 
tibial tendon dysfunction (PTTD) flatfoot subject’s right foot under non-weight bearing (left) and 
full-body weight bearing (right))
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AAF with increased Achilles contracture [174]. Equinus contracture of the triceps has 
been speculated as a contributing factor to the etiology of adult acquired flatfoot 
although no studies have confirmed this cause-effect relationship. While most patients 
with AAF deformity demonstrate equinus contracture on physical examination, there 
is a lack of research which can answer the question whether this contracture is a cause 
or effect of many structural changes seen in the foot and ankle in adult acquired flat-
foot deformity. The triceps are recognized as a primary deforming force in the pro-
gression of the adult acquired flatfoot deformity, but the negative effects only occur 
when the stability of the midfoot is compromised by ligament failure.

 Stage III and IV

In the final two stages of AAF, the foot is rigid due to degenerative arthritis and 
ankylosis of the hindfoot and ankle joints. As with stage I and II, there is opportu-
nity for subjective interpretation when determining that a patient is in stage III or 
IV. Bluman et al. provide no objective criteria other than describing a “rigid hind-
foot valgus” deformity. Stage IV differs from stage III with valgus deformity in the 
talocrural joint due to rupture of the deep tibiotalar section of the deltoid ligament. 
The clinical determination of a “flexible” vs “rigid” AAF deformity requires assess-
ment of mobility of the hindfoot, while weight bearing, where the calcaneus is 
attempted to  be reduced to neutral or aligned with the lower leg [138].

 Gait Disturbance with AAF

The disruption of ligaments in the midfoot and rearfoot in adult acquired flatfoot 
deformity causes a shift of skeletal segments within the foot which are detected in 
static exam and in standing radiographs. However, more significant changes are 
seen during dynamic gait where excessive mobility of certain joints, loss of cou-
pling between the foot and the leg, and loss of push off have been noted in several 
kinematic studies using 3-D multisegment foot models [97–100, 176–178]. These 
studies are remarkably similar in showing consistent changes.

Rattanaprasert studied a single patient who had suffered traumatic rupture of 
their posterior tibial tendon and then developed acquired flatfoot deformity [97]. 
Compared to a group of ten healthy subjects, the AAF patient showed significant 
dorsiflexion of the forefoot on the rearfoot during heel rise. Also there was excessive 
forefoot abduction in the AAF patient but not significant eversion of the rearfoot.

Tome and co-workers used a multisegment foot model to study gait in 12 patients 
in stage II PTTD and compared to 10 healthy control subjects [98]. Greater forefoot 
abduction was measured in the PTTD patients during the entire stance phase of 
walking gait. Also, the medial longitudinal arch was lower from loading response 
thru pre-swing in the PTTD patients. The authors concluded that after loss of the TP 
tendon, the other extrinsic arch supporting muscles are unable to compensate to 
provide stability. The excessive motion across the longitudinal arch suggested that 
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an osseous locking mechanism does not exist in the foot as loss of soft tissue sup-
port leads to significant flexibility across the midfoot joints.

Ringleb and colleagues studied kinematics, plantar pressures, as well as EMG 
activity in five patients with PTTD deformity [99]. As with previous studies, the 
primary changes occurred in the sagittal and transverse plane across the midfoot 
joints, while hindfoot eversion motion did not differ between the two groups. 
Increased forefoot dorsiflexion across the midfoot joints was observed in the PTTD 
patients. The patient group demonstrated inversion of the forefoot during heel rise. 
The healthy controls demonstrated eversion of the forefoot during heel rise indicat-
ing healthy function of the first ray and engagement of the windlass mechanism. In 
this study, PTTD patients exhibited greater activity of the peroneus longus, perhaps 
a compensation attempting to evert the forefoot and plantarflex the first ray. Also, 
increased activity of the gastrocnemius was measured in the PTTD group suggest-
ing excessive work to plantarflex the ankle with an unstable midfoot.

Also, functional shortening of the Achilles due to plantarflexion of the rearfoot 
weakens the tension producing capacity of the gastrocnemius which now must work 
harder to initiate heel rise [101].

Houck et  al. [100] developed a multisegment foot model to evaluate rearfoot 
motion, midfoot motion, as well as first metatarsal motion in 30 patients with PTTD 
compared to 15 healthy controls. As with the study by Ringleb, Houck et al. found 
that the plantar-flexed alignment of the rearfoot caused shortening of the Achilles 
and weakness of the triceps which delayed heel rise. Also, greater flexibility across 
the midfoot joints compromised stiffening of the foot and delayed heel rise 
(Fig. 7.34). This flexibility was associated with lowering of the medial longitudinal 

Fig. 7.34 Gait studies of 
patients in stage II AAF 
consistently show forefoot 
abduction on the affected 
side along with delayed 
heel rise due to midfoot 
instability. Right foot 
should have begun heel 
rise before heel contact by 
the left foot
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arch and dorsiflexion of the first metatarsal. Unlike other studies, Houck et al. mea-
sured greater hindfoot eversion in the PTTD patient group compared to controls. 
Kinematic studies which do find greater hindfoot eversion with PTTD show a mag-
nitude of increase in the realm of only 3 to 5 degrees [175, 176].

Neville et al. studied plantar loading patterns in subjects with PTTD using in 
shoe pressure measurement insoles [177]. A reduction in total loading of the fore-
foot during terminal stance in the patient group compared to healthy controls indi-
cated loss of stability of the arch for push off. Furthermore, there was a loss of 
lateral forefoot loading in the patient group which would normally occur with hind-
foot inversion. A shift of loading toward the midfoot and heel in the PTTD patient 
group was similar to what is seen in patients with rupture of the tendo Achilles. With 
loss of arch and midfoot stability, the Achilles appears ineffective in transferring 
load to the forefoot in patients with PTTD. This can be demonstrated when patients 
in stage II deformity are unable to perform a single foot heel rise (Fig. 7.22). In 
another study, this same research group determined that the loss of normal loading 
of the forefoot during terminal stance in PTTD is not due to muscle weakness but 
rather due to loss of ligament stability across the midfoot joints [176].

Van de Velde and co-workers were the first to measure coupling between key 
segments of the foot and leg [178]. Also, this was the first study to compare patients 
with stage II and stage III AAF deformity. As expected, the more rigid stage III 
deformity was associated with less motion across the medial arch and in the rearfoot 
compared to stage II.  Both groups demonstrated decreased walking speed and 
delayed heel lift compared to healthy controls. Verifying previous studies, AAF is 
associated with reduced “twisting” of the forefoot on the rearfoot during terminal 
stance which is characterized by hindfoot inversion and forefoot eversion. Instead, 
patients with AAF demonstrated lack of eversion or pronation of the forefoot during 
terminal stance [178]. This study also showed decreased hallux dorsiflexion in the 
AAF patients during terminal stance, suggesting a lack of loading of the first ray and 
failure to engage the windlass mechanism during heel rise.

The most significant finding of the study by Van de Velde et al. was the disruption 
of coupling or synchronized motion between the rearfoot and the lower leg in PTTD 
patients, compared to healthy controls. Coupling is the mechanism where internal 
and external rotation of the leg is converted to inversion and eversion of the foot. 
Loss of coupling between skeletal segments has been theorized to be either the 
result or the cause of many musculoskeletal injuries [179]. A study of 11 injured 
runners showed out of phase coupling between the foot and leg which was improved 
with use of custom orthotic devices [180]. Hinterman, in a cadaver study, showed a 
significant loss of coupling between the foot and leg when the medial ankle liga-
ments and the interosseous talocalcaneal ligament are severed, identical to what is 
seen in stage III AAF deformity [181]. For the first time, an in vivo kinematic study 
from Van de Velde verified Hinterman’s previous work, showing that the foot 
becomes mechanically disconnected from the leg when the medial ankle and arch 
ligaments are ruptured. The lack of connectivity or mechanical coupling between 
the foot and the leg poses one of several challenges in treating PTTD.
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Kinematic studies verify a deterioration of specialization of the human foot as 
the adult flatfoot deformity takes on the features of the ape foot.

In the rearfoot, the calcaneus moves laterally and abuts on the distal fibula. The 
talus adducts and now lies adjacent to the calcaneus in the transverse plane.

The longitudinal arch is lost, and increased flexibility of the forefoot on the rear-
foot in the sagittal and transverse planes occurs in the AAF deformity. As a result, 
heel rise is delayed, and a midfoot break is accentuated in AAF deformity. Eversion 
or pronation of the forefoot during heel rise is lost in AAF, and the first ray loses 
stability for loading. As a result, hallux dorsiflexion and engagement of the windlass 
are compromised. Due to all of these changes, the adult acquired flatfoot has now 
assumed the structure and function of the ape foot.
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Plantar Heel Pain

Key Points
• Plantar heel pain is a common disorder of the foot which involves multiple 

anatomic structures.
• It is widely accepted that inflammation followed by degeneration of the 

plantar aponeurosis at its attachment to the calcaneus is the most common 
pathology associated with plantar heel pain.

• During walking and running, the plantar aponeurosis is subjected to loads 
which approach the maximal limit of load to failure.

• Entrapment of the inferior calcaneal nerve can be a primary or secondary 
cause of chronic plantar heel pain.

• Increased body mass index and reduced ankle joint dorsiflexion are the two 
most common risk factors for plantar heel pain.

• Deficits in toe flexor strength have been identified in patients with plantar 
heel pain.

• There is conflicting evidence verifying the role of hindfoot pronation and 
plantar heel pain.

• Dorsiflexion of the digits increases strain in the plantar aponeurosis by 
70%, while Achilles tendon tension increases strain by 30%.

• Kinematic studies of patients fail to demonstrate a consistent pattern of 
foot mechanics which predispose to the development of plantar heel pain.

• Plantar fascia thickening rather than calcaneal spurs is more commonly 
associated with plantar heel pain.

It is reasonably certain that a condition which has so many 
different theories of etiology and treatment does not have valid 
proof of any one cause. – Snook and Chrisman: A study of 
plantar heel pain in 1972. [1]
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 Introduction

Heel pain is probably the most common condition affecting the human foot. 
However, it is under reported. This may be due to the simple fact that incidence rates 
of foot conditions are largely based upon a number of visits to doctors, yet with 
plantar heel pain, a larger portion of patients never seek treatment. It is reported that 
over 2 million people per year in the United States seek treatment for plantar heel 
pain and that the condition will affect 10% of the population in their lifetime [2]. 
However, recent surveys of incidence of foot pain suggest that plantar heel pain may 
be more prevalent than these estimates. A population-based survey of 3206 people 
age 20 and older in Australia revealed that 4% of the subjects had plantar heel pain 
at the time of taking the survey. Using this percent incidence in the United States, 
which has a population of 253,768,092 adults age 18 years old or older, 10 million 
of them could be expected to have plantar heel pain at the same time [3].

The term “plantar heel pain” is descriptive and encompasses a range of diagnoses [4]. 
Conditions which can cause pain on the plantar aspect of the calcaneus include plantar 
fasciitis, calcaneal spur, subcalcaneal bursitis, calcaneal periostitis, calcaneal stress frac-
ture, fat pad syndrome, entrapment of Baxter’s nerve, and radiculopathy [5]. There is gen-
eral consensus that plantar fasciitis is the most common cause of plantar heel pain [5–10].

The term plantar fasciitis has fallen under some scrutiny as the name implies an 
inflammatory condition. Histopathologic studies of patients with chronic plantar 
heel pain demonstrate degenerative changes in the plantar fascia rather than inflam-
matory infiltrates, which has prompted some authors to use the term “plantar fasci-
opathy” [11]. However, the term “plantar fasciitis” continues to be preferred by 
most clinicians when diagnosing the common presentation of plantar heel pain. The 
pathomechanics of plantar heel pain is a continuum from inflammation to degenera-
tion of the plantar fascia in most patients. This process will be discussed in depth in 
this chapter justifying the use of the term plantar fasciitis to describe the common 
cause of plantar heel pain. We will also discuss the relationship between plantar 
fasciitis and entrapment of the inferior calcaneal nerve which is another cause of 
plantar heel pain.

 Anatomy

The anatomy of the plantar aponeurosis is summarized according to the detailed 
descriptions which are provided by Sarrafian [12]. The plantar aponeurosis has 
three components: central, lateral, and medial (Fig.  8.1). The medial and lateral 
components are thin fascial coverings for the medial and lateral intrinsic muscula-
ture and do not play a role in plantar heel pain. The central component of the plantar 
aponeurosis is a strong fibrous sheet of tissue which extends from the heel to the ball 
of the foot. Its origin is primarily from the posteromedial calcaneal tuberosity, 
approximately 1.5–2 cm in width. In this chapter, the term plantar fascia is synony-
mous with the term plantar aponeurosis, and both terms refer to the central band of 
this structure rather than the superficial medial and lateral bands.
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Anatomic and clinical articles often describe a connection between the insertion 
of the Achilles tendon and the origin of the plantar aponeurosis. In the Italian litera-
ture, there is a description of the Achilles-calcaneal-plantar arch system [13]. In the 
English literature, there is a reference to the “foot and ankle linkage system” 
describing an anatomic connection between the Achilles and the plantar aponeuro-
sis [14]. However, in a cadaver study of 10 adults, three neonates, and two fetal feet, 
Snow and co-workers showed that, while a connection between the Achilles and the 

Superficial transverse
metatarsal ligaments

Proper plantar digital
arteries and nerves

Transverse fasciculi

Digital slips of
plantar aponeurosis

Medial plantar fascia

Cutaneous branches of medial
plantar artery and nerve

Plantar aponeurosis

Medial calcaneal branches of tibial
nerve and posterior tibial artery

Lateral plantar fascia

Cutaneous branches
of lateral plantar
artery and nerve

Lateral band of plantar aponeurosis
(calcaneometatarsal ligament)

Tuberosity of calcaneus
with overlying fat
pad (partially cut away)

Superficial branch of
medial plantar artery

Fig. 8.1 The plantar fascia: medial, central, and lateral bands. (Re-printed with permission from 
Netterimages)
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plantar aponeurosis was clearly evident in the neonate, it becomes separated by 
periosteum in the adult foot [15]. The authors concluded that while the linkage 
between the Achilles and the plantar aponeurosis is strongly mechanical, it is not 
anatomic.

As the plantar aponeurosis is followed from its origin from the calcaneus into the 
foot, it is observed to divide at the mid-metatarsal level. The division provides five 
longitudinally oriented segments which then divide into three superficial and five 
deep tracts. The three central superficial tracts insert into the skin and into the super-
ficial transverse metatarsal ligament, also known as the plantar interdigital ligament 
(Fig. 8.2). The five deep tracts form ten sagittal septa which pass along each side of 
the long flexor tendons. Each sagittal septa inserts in the interosseous fascia, the 
fascia of the transverse head of the adductor hallucis, the deep transverse metatarsal 
ligament, and the plantar plate of the metatarsophalangeal joint.

In the great toe joint, the medial sagittal septa inserts on the plantar plate of the 
1st MTPJ and the medial sesamoid as well as the medial head of the flexor hallucis 
brevis. The lateral septum of the aponeurotic band of the great toe inserts on the 
transverse metatarsal ligament, the plantar plate, and the lateral sesamoid and con-
nects with the fascia of the lateral head of the flexor hallucis brevis muscle. The 
distal insertions of the plantar aponeurosis provide essential stabilization of the dig-
its. A lesser recognized function of the plantar aponeurosis is stabilization of the 

Mooring ligament
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Subcutaneous
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Fig. 8.2 Distal insertions of the plantar aponeurosis: each sagittal septa inserts in the interosseous 
fascia, the fascia of the transverse head of the adductor hallucis, the deep transverse metatarsal 
ligament, and the plantar plate of the metatarsophalangeal joint. The three central superficial com-
ponents insert into the skin and into the superficial transverse metatarsal ligament, also known as 
the plantar interdigital ligament. (From: Bojsen-Moller and Flagstad [145]. Figure 6)
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plantar fat pad and plantar integument distal to the MTPJs particularly during termi-
nal stance and pre-swing.

 The Nerves and Plantar Heel Pain
There is much confusion and misuse of terminology regarding the nerves passing 
along the medial and inferior aspect of the calcaneus. The first branch of the lateral 
plantar nerve has been implicated by many authors to be a potential cause of plantar 
heel pain [16, 18–22]. This nerve, also known as the nerve to the abductor digiti 
quinti, originates from the lateral plantar nerve at the level of the bifurcation of the 
tibial nerve into the medial and lateral plantar nerves [17]. The first branch of the 
lateral plantar nerve passes thru a discreet corridor bordered medially by the abduc-
tor hallucis muscle and laterally by the medial head of the quadratus plantae muscle 
(Fig. 8.3). At the lower border of the abductor hallucis, the nerve makes an abrupt 
lateral turn passing above the thick fascia of the medial intermuscular septum. At 
this lateral turn, located across the bony inferior medial ridge of the calcaneus, the 
first branch of the lateral plantar nerve is in a vulnerable position for entrapment. 
This nerve crosses beneath the quadratus plantae muscle obliquely giving sensory 
branches to the periosteum of the medial tuberosity of the calcaneus, the long plan-
tar ligament, and motor branches to the lateral head of the quadratus plantae, the 
flexor digitorum brevis, and finally divides into two branches which insert into the 
abductor digiti quinti [17]. The first branch of the lateral plantar nerve is thus 
encased in a tight tunnel as it passes from medial to lateral across the plantar surface 
of the calcaneus (Fig. 8.4). The plantar fascia and flexor digitorum muscle form the 
floor of the tunnel, while the calcaneus, the quadratus plantae, and the long plantar 
ligament form the roof. The roof and floor of this tunnel converge proximally to 
meet at the anterior margin of the calcaneus which forms a proximal wall. The first 
branch of the lateral plantar nerve has potential for entrapment from multiple 
sources: the deep fascia or medial intermuscular septum separating the abductor 
hallucis from the quadratus plantae, the bony inferior medial ridge of the calcaneus, 

Fig. 8.3 First branch of the lateral plantar nerve (nerve to the abductor digiti minimi). (From: 
Baxter and Thigpen [146]. Figure 2)
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and the direct pressure from either the plantar aponeurosis or the flexor digitorum 
brevis, or both. With degeneration and thickening of the proximal plantar fascia, the 
inferior calcaneal nerve, lying directly above, can become entrapped against a 
“wall” which is the inferior surface of the body of the calcaneus.

Roegholt was the first to propose a mechanism whereby the first branch of the 
lateral plantar nerve could become entrapped, causing plantar heel pain [18]. He 
renamed the first branch of the lateral plantar nerve the inferior calcaneal nerve and 
speculated that its position could be entrapped by a calcaneal spur. Tanz evaluated 
the first branch of the lateral plantar nerve and also observed that there was potential 
for entrapment by a calcaneal spur, inflammation, or venous engorgement [19].

Aronson et al. studied 30 cadaver feet and confirmed previous reports describing 
the course of the inferior calcaneal nerve with sensory branches to the periosteum 
of the calcaneus [20]. Przylucki and Jones dissected the inferior calcaneal nerve in 
four patients with heel pain and performed histologic examination of the specimens, 
documenting changes consistent with entrapment neuropathy [21]. They proposed a 
mechanism for entrapment at the medial edge of the calcaneus.

In their seminal article, Baxter and Thigpen described neurolysis of the “mixed 
nerve supplying the abductor digiti quinti muscle” in 26 patients [22]. The authors 
proposed two sites of potential entrapment: the fascia of the abductor hallucis mus-
cle and the medial edge of the calcaneus (Figs. 8.3 and 8.4). After this article was 

a b

Nerve to abductor
digiti quinti m.

Abductor digiti
quinti m.

Lateral plantar n.

Medial plantar n.

Fig. 8.4 Baxter and Thigpen showed that, contrary to most anatomy texts depicting a distal loca-
tion of the nerve to the abductor digiti quinti muscle (a), the nerve actually passes along the distal 
plantar margin of the medial calcaneal tubercle (b) where entrapment may occur along the corridor 
for passage. (Baxter and Thigpen [146]. Fig. 1)
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published, entrapment of the first branch of the lateral plantar nerve became known 
as “Baxter’s neuropathy” despite the fact that the condition had been described 
by several authors in previous publications [23, 24].

It is appropriate that Saraffian adopted the name inferior calcaneal nerve to 
describe the first branch of the lateral plantar nerve [17]. The term “first branch of 
the lateral plantar nerve” is a misnomer because the nerve is not always the first 
branch off of the lateral plantar nerve. The term “nerve to abductor digiti quinti” is 
misleading because it neglects the important motor input that the nerve provides to 
the flexor digitorum brevis and quadratus plantae muscles. The term inferior calca-
neal nerve is appropriate in describing its unique location and its potential role in 
plantar heel pain.

In comparison, the medial calcaneal nerve is a pure sensory nerve which has no 
innervation to the plantar fascia or periosteum of the calcaneus [25]. This nerve 
originates from the posterior tibial nerve usually posterior and proximal to the first 
branch of the lateral plantar nerve [17] (Fig. 8.5). The medial calcaneal nerve divides 
into three branches at the level of the tarsal tunnel. The posterior branch innervates 
the skin covering the medial aspect of the Achilles tendon as well as the integument 
of the medial and posterior portion of the heel. The middle and anterior branches 
course thru the fat pad of the heel innervating the skin on the plantar heel and proxi-
mal arch area. There is no connection of this nerve to the deep fascia, the periosteum 
of the calcaneus, or the plantar aponeurosis. The medial calcaneal nerve is a sensory 
nerve which innervates the fat pad and bursa structures which are superficial to the 
calcaneus. Entrapment of the medial calcaneal nerve can be involved with a 
variation of plantar heel pain not caused by impingement of the structures surround-
ing the plantar fascia [17, 25].

Medial calcaneal nerve

Periosteal branch
ICN

Calcaneus

Posterior tibial nerve

Medial plantar nerve

Lateral plantar nerve

Abductor Hallucis

Inferior calcaneal nerve

Plantar Fascia

Plantar Fat Pad

Fig. 8.5 Medial plantar nerve innervates fat pad and integument under calcaneus. Inferior calca-
neal nerve passes above plantar aponeurosis and abductor hallucis
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 Histology

The enthesis or proximal attachment of the plantar fascia to the calcaneus is a direct 
bridge of fibrocartilage rather than an indirect periosteal attachment [26–28]. 
Fibrocartilage appears to be located predominantly at sites within tendons and liga-
ments that are subjected to bending, shear or compressive forces, or a combination 
of all three forces [29]. It is noted that tensile forces are not associated with forma-
tion of fibrocartilage at tendon insertions.

Wearing and co-workers make an argument that the fibrocartilage enthesis of the 
plantar aponeurosis, void of periosteal attachment to the calcaneus, is not suscepti-
ble to direct traction and detachment [30]. Traction in the plantar fascia is com-
monly blamed as the cause of an inferior calcaneal spur, yet there is very little 
evidence to support this theory. Tensile strain may be a mechanism for plantar apo-
neurosis injury located more distal to the enthesis. Indeed most authorities attribute 
degeneration of the plantar fascia to abnormal tensile loads. Hence, many studies 
have been conducted to determine what causes these abnormal loads. This will be 
discussed further in the section covering function of the plantar aponeurosis.

Wearing et al. describe four zones of the fibrocartilaginous enthesis which allow 
a gradual transition from uncalcified fibrocartilage to partially calcified cartilage 
which transitions to the bone. According to Wearing et al., by incorporating calci-
fied and uncalcified fibrocartilaginous zones, direct attachments provide a gradual 
transition from hard to soft tissue, which helps to dissipate stress evenly [30].

The fibrocartilaginous insertion of the plantar aponeurosis into the calcaneus is 
prone to degenerative change [31]. This leads to ossification within the fibrocarti-
lage and the formation of a spur which is typically found deep to the plantar fascia 
at the dorsal surface of the enthesis [31, 32] (Fig. 8.6). The changes seen in the 
fibrocartilage of the plantar aponeurosis may also be a response to compression, 
bending, and shear forces for which this structure is designed to dissipate. Wearing 
et al. propose that plantar heel spurs may provide a buttressing effect to the fascia 
by effectively minimizing bending at the insertion [30].

There is general consensus that plantar fasciitis is the result of mechanical over-
load which causes micro-tears in the fascia leading to an inflammatory response 
[33, 34]. A chronic inflammatory process results from continued repetitive trauma 
causing breakdown of tissue which exceeds tissue remodeling. This is why the term 
“plantar fasciitis” has traditionally seemed appropriate to describe the pathology 
[35, 36].

Histopathologic studies of surgical specimens taken from the plantar fascia in 
patients with plantar heel pain show collagen degeneration with fiber disorientation, 
increased mucoid ground substance, angiofibroblastic hyperplasia, and calcification 
[35–37]. These findings are consistent with the same degenerative changes seen in 
tendons where the condition is commonly termed “tendinosis” [38, 39]. While 
degeneration is evident, inflammatory infiltrates were not commonly seen in the 
tissue specimens taken during heel spur surgery or plantar fasciotomy. Hence, some 
authors have proposed the term “fasciosis” or “fasciopathy” in place of fasciitis 
when describing a common cause of plantar heel pain [11, 40].
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Bone Trabeculae

Bone trabeculae

The Calcaneal Spur Forms Dorsal To The Enthesis 
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Fig. 8.6 Stages of formation of the calcaneal spur, dorsal to the plantar aponeurosis. Three pos-
sible stages in the formation of a heel spur. Each drawing shows two groups of trabeculae at the 
plantar fascia enthesis. The distal trabeculae are oriented along the direction of pull of the fascia 
and the proximal trabeculae along the line of force transmission that is associated with weight 
bearing. (a) Prior to spur formation, degenerative changes occur in the dorsal enthesis fibrocarti-
lage, near the bony interface. (b) The development of a small spur (S1) is associated with subchon-
dral bone sclerosis (shaded area), on the plantar side of the spur (arrow). (c) In larger spurs (S2), 
the sclerosis (shaded area) is more obvious and is present on both its dorsal and plantar sides 
(arrows). The tip of the spur (particularly its plantar side) is covered with a pad of fibrocartilage 
and between the pad and the plantar fascia itself are neurovascular bundles. (Adapted from: Kumai 
and Benjamin [147])
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It is important to note that these histopathologic studies evaluated specimens 
taken from patients undergoing surgery for chronic heel pain [35–37, 40]. 
Perhaps these specimens demonstrate the final end stage of a continuum of tissue 
response to repetitive microtrauma. There is experimental evidence that tendons 
undergo a period of inflammatory change before developing degenerative 
changes seen in tendinosis [41, 42]. On the other hand, there are theories that 
tendons can undergo degenerative change without any preceding inflammation 
and that the two entities are independent processes [43]. What is needed are more 
histology studies of patients in the early stage of plantar heel pain to compare to 
the existing studies of patients with long-standing chronic heel pain. 
Notwithstanding, the term “plantar fasciitis” continues to be the preferred term 
by most health professionals as well as the lay public to describe the condition of 
chronic heel pain and therefore will be used in preference to “plantar fasciopa-
thy” in this chapter.

 Function of the Plantar Aponeurosis

The plantar fascia is recognized as the most important arch supporting struc-
ture of the human foot [8–11]. However, the mechanism explaining how the 
plantar aponeurosis supports the arch of the foot, and when this arch support-
ing mechanism is most critical during the gait cycle has been open to debate 
and conjecture.

Insight into the function of the plantar aponeurosis can be gained with studies of 
effects of surgical plantar fasciotomy. Several important studies were conducted 
during the 1990s when endoscopic plantar fasciotomy procedures were gaining 
popularity. These studies used static cadaver models which were positioned to simu-
late loads in the foot during midstance. Later, cadaver studies positioned the foot to 
mimic terminal stance which is more appropriate, given that maximal loads on the 
plantar aponeurosis are exerted during this phase of gait when heel rise occurs with 
activation of the windlass mechanism.

Huang et al. evaluated cadaver specimens under vertical loading and sequentially 
sectioned the plantar fascia, the spring ligament, and the long and short plantar liga-
ments [44]. The plantar fascia provided the most significant contribution to arch 
stability, and when sectioned, a decrease in arch stiffness by 25% was observed. An 
important finding from this study was that after complete release of all three struc-
tures, i.e., the plantar fascia, the spring ligament, and the long and short plantar liga-
ments, the longitudinal arch still retained 63% of its stiffness. Therefore, other static 
support mechanisms also contribute to arch stability. Later in this chapter, the trans-
verse longitudinal arch contribution to foot stiffness will be discussed.

In a study of six cadaveric specimens, Murphy et al. showed that a partial, medial 
transection of the plantar fascia caused an 18% drop in the medial longitudinal arch 
and an 8% drop in the lateral longitudinal arch [45]. When a complete release of the 

8 Plantar Heel Pain



285

plantar fascia was performed, the medial longitudinal arch dropped 29%, and the 
lateral longitudinal arch dropped 18%. This static cadaver model also positioned the 
foot flat on the supportive surface, duplicating midstance.

Thordarson studied the effects of sequential release of the plantar aponeurosis in 
eight cadaver specimens mounted on a loading frame [46]. The medial arch of the 
foot was observed to lower and elongate with progressive sectioning of the plantar 
fascia. In addition, the forefoot was noted to abduct, while the navicular rotated into 
inversion indicating triplane instability throughout the foot. Furthermore, the wind-
lass mechanism was significantly compromised with complete sectioning of the 
plantar fascia.

In another cadaver study, Kitaoka et al. measured three-dimensional rotation of 
multiple joints of the midfoot and hindfoot when a complete plantar fasciotomy was 
performed [47]. Along the medial column, there was motion of the joints in the 
direction of dorsiflexion, abduction, and eversion suggesting an overall destabiliza-
tion of the arch in three planes. Kitaoka and Daly reported the results of a mean 
8-year follow-up of 12 patients who had undergone plantar fasciotomy for plantar 
heel pain [48]. There was evidence of flattening of the longitudinal arch and a loss 
of push off power indicating less efficient propulsion during walking.

The effect of plantar fascia release on stability of the digits was demonstrated in 
a study by Sharkey and co-workers [49]. Using cadaver specimens positioned in 
terminal stance, complete plantar fasciotomy shifted plantar pressure away from the 
toes to the metatarsal heads. This resulted in significant increase in strain and bend-
ing of the second metatarsal.

The previous described studies utilized static or quasi-dynamic cadaver models. 
These models do not replicate all the forces and movements occurring in the human 
foot during walking or running. Erin Ward  and colleagues were among the first 
researchers to develop and study a dynamic cadaver model which was able to simu-
late human walking. Ward and co-workers studied the effects of sequential release 
of the plantar fascia on the kinematics of the foot [50]. They were also able to mea-
sure tensile strain or loads in the plantar aponeuronsis during the walking gait cycle. 
The force in the plantar fascia begins just after heel strike and peaks during mid-
stance with a second peak during terminal stance. Force was greater in the medial 
band of the plantar aponeurosis compared to the lateral band.

Ward and co-workers also discovered a previous unreported function of the plan-
tar fascia to facilitate supination of the foot during late midstance [50]. As the plan-
tar fascia was sectioned, the rearfoot was unable to supinate from a pronated position 
during late midstance. This suggests a role of the plantar aponeurosis to facilitate 
the dynamic mechanisms which stiffen the foot for push off. Thus, the plantar fascia 
is not just a simple arch supporting structure. For example, a computerized tomog-
raphy study verified that after plantar fasciotomy, cadaver specimens demonstrated 
increased strain in the subtalar joint ligaments [51]. Therefore, the plantar aponeu-
rosis appears to play a role in stability of the subtalar joint in addition to supporting 
the longitudinal arch.

Function of the Plantar Aponeurosis
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 Behavior of the Plantar Fascia Under Loading

Studies of the effects of plantar fasciotomy provide a partial insight into the function 
of the plantar aponeurosis. By combining the data from these studies of cadaver 
models, we can see that complete plantar fasciotomy will result in an average 
decrease in arch height of 7.4 ± 4.1 mm and in an average 15% elongation of the 
arch of the foot [45–47]. Consistently, these studies also show that complete plantar 
fasciotomy does not cause complete collapse of the longitudinal arch of the foot. 
Other passive mechanisms such as the bone configuration, the articular surfaces of 
the joints spanning the arch, as well as other ligamentous structures can partially 
compensate and maintain arch stability in spite of loss of the plantar aponeurosis.

Since tensile strain has been implicated as the primary deforming force causing 
plantar fasciitis, numerous studies have been undertaken to learn how and when 
strain is developed in the plantar aponeurosis during standing and walking. The chal-
lenge when conducting these studies is performing direct measure of strain in the 
plantar aponeurosis, as this would require invasive measures to implant strain gauges; 
an intervention  which cannot be carried out on human subjects. When studying 
cadaveric specimens, strain gauges can be inserted directly into the plantar aponeu-
rosis, but simulating the loads imposed upon the foot during dynamic gait is chal-
lenging. Notwithstanding, valuable insight has been gained by several studies which 
are presented here to better understand the mechanics of plantar fascia overload.

Carlson studied the effects of Achilles tendon and windlass engagement on strain 
in the plantar fascia [52]. Eight cadaver specimens were mounted on a frame which 
positioned the foot to simulate terminal stance or heel rise. Strain in the plantar 
fascia was measured with an extensometer. At a low magnitude of force application 
of the Achilles tendon, there was almost a 1:1 transfer of force to the plantar fascia. 
As higher force approaching body weight was applied to the Achilles, the load 
transfer to the plantar fascia diminished. A tensile force in the Achilles of 500 
Newtons produced 314 N of tensile force in the plantar fascia at zero degrees dorsi-
flexion of the toes. With 45 degrees dorsiflexion of the toes, the plantar fascia ten-
sion increased to 511 Newtons, a 1.6 times increase due to the windlass mechanism. 
A regression analysis of the results revealed that the toe angles were more important 
in transferring force to the plantar fascia than Achilles tendon force. Overall force 
in the plantar fascia was influenced 84% by dorsiflexion of the digits and only 15% 
by Achilles tendon force.

Further insight into the role of the Achilles and windlass on strain of the plantar 
fascia provided by a study by Cheng and co-workers [53]. Using a three- dimen-
sional finite element model of the foot, they studied the behavior of the plantar fas-
cia under stretch induced by dorsiflexion of the toes or tensioning of the Achilles 
tendon. Finite element method (FEM) is a computational tool which uses computer 
simulations to quantify mechanical responses of a model. With FEM, the research-
ers can manipulate certain parameters while holding others constant to evaluate the 
influence of the particular parameter. This model allowed computation of strain in 
all five slips of the plantar fascia. The results showed a transfer of strain from toe 
dorsiflexion angle and the Achilles in similar magnitude as reported by Carlson 
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et al. The strain was most concentrated near the attachment of the plantar fascia at 
the medial calcaneal tubercle. Strain was higher beneath the first ray and decreased 
moving lateral toward the fifth ray. The predominant load bearing of the plantar 
fascia under the first ray increased as Achilles tendon and toe dorsiflexion move-
ment was applied. The authors attributed the location of strain medially in the plan-
tar aponeurosis to the enhanced efficiency of the windlass mechanism at the 1st 
MTPJ made possible by the enlarged first metatarsal head and sesamoid apparatus. 
Dorsiflexion of the digits contributed 66% of the strain to the plantar fascia, while 
Achilles tendon force accounted for 33% of the strain in the plantar fascia.

Geffen used fluoroscopy and plantar pressure mapping to determine arch configu-
ration and plantar fascia length in two human subjects while walking [54]. The plantar 
fascia undergoes rapid lengthening during weight acceptance thru midstance while 
undergoing slower elongation during push off. Geffen attributes the lengthening of the 
plantar fascia to the histology of the structure which demonstrates both elastic and 
collagen fibers. The elastic fibers appeared to provide structural support during initial 
loading of the foot thru midstance allowing the plantar fascia to elongate. The colla-
gen fibers were placed under load during heel rise and push off, providing stiffness to 
the plantar fascia. This study revealed the important finding that the plantar aponeuro-
sis is certainly not a rigid, non-yielding structure. Its elastic fibers allow stretching, 
reaching a maximum of 9–12% elongation between midstance and pre-swing.

Erdemir and co-workers developed a dynamic cadaver simulator to study the 
effects of Achilles tendon load transfer to the forefoot during walking gait [55]. A 
fiber optic transducer was used to measure plantar aponeurosis force which was 
shown to peak in late stance. The force approached 96% of body weight. There was 
good correlation between Achilles tension/force and plantar fascia tension/force. 
The authors concluded that the plantar aponeurosis plays a critical role in transmit-
ting Achilles tendon force to the forefoot during terminal stance.

Another finite element model was constructed by Cheung and co-workers to 
study the effect of Achilles tendon loads on plantar fascia strain [56]. Measured 
strain increased linearly with increasing vertical load placed upon the foot. By com-
parison, Achilles tendon load produced two times the strain in the plantar fascia 
than vertical loading. During bilateral standing, the plantar fascia bears 44% of the 
total weight applied to the foot. During terminal stance, the plantar fascia bears 77% 
of body weight. The large load borne by the plantar fascia confirms its role as a 
major arch supporting mechanism of the human foot. The finite element model 
predicted that during bilateral quiet standing, the Achilles tendon generates a force 
approximating 75% body weight or 350 Newtons on the standing foot.

 The Kogler Studies

Kogler and co-workers conducted a series of studies which provided significant 
insight into the role of arch mechanics as well as  interventions to reduce plantar 
fascia strain.

[57–59] Cadaveric lower limb specimens were positioned on a supportive sur-
face simulating midstance, and a loading frame was applied to the tibia which then 
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provided cyclical loading of the foot starting a 0  Newtons and progressing to 
900 N. Strain in the plantar aponeurosis was measured with a differential variable 
reluctance transducer imbedded in the central band of the plantar aponeurosis, 
2.5 cm distal to the medial calcaneal tubercle. The model did not engage the wind-
lass mechanism and did not tension the Achilles beyond its resting length.

In the first study, Kogler et al. compared five different designs of foot orthoses in 
their ability to reduce strain in the plantar aponeurosis with loading of the foot [57]. 
Three of the devices significantly reduced strain in the plantar aponeurosis while 
two devices did not. Kogler et al. determined that the three devices which effectively 
reduced strain in the plantar aponeurosis did so by elevating the apex of the truss 
configuration of the longitudinal arch of the foot, thus relieving strain in the tie rod 
or the plantar aponeurosis. The authors speculated that the shape of the three devices 
effectively enhanced the “twisted plate” mechanism of the human foot as proposed 
by MacConnail and Saraffian to decrease strain in the plantar aponeurosis [60, 61]. 
However the authors made this correlation based upon the assumption that a foot 
orthosis design which most accurately contoured to the “apical” region of the longi-
tudinal arch of the foot would reduce strain in the plantar fascia. This apical region 
was described as the area spanning the base of the first metatarsal, the medial cunei-
form, the navicular, the sustentaculum, and the talus. By elevating the apical region, 
the foot moves into a position similar to what happens when it is “twisted” accord-
ing to the original description provided by MacConnail [60]. The twisted plate 
mechanism elevates the apex of the longitudinal arch, but not via a direct support to 
the bony architecture as theorized by Kogler et al. Instead, the plate is twisted by 
everting the forefoot and/or inverting the rearfoot which then secondarily raises the 
longitudinal arch (Fig. 8.7). Kogler et al. acknowledge this principle in concluding 
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Fig. 8.7 Twisting the footplate to offload the plantar fascia
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that the ideal movement of the foot to decrease strain in the plantar aponeurosis is a 
combination of hindfoot supination, midfoot supination, and forefoot pronation. 
When the rearfoot and midfoot are supinated, the medial aspect of the foot remains 
in contact with the ground due to pronation of the forefoot [12].

It was the second study by Kogler et al. which has provided a new and unex-
pected insight into the role of foot position and loading of the plantar fascia. They 
used the same experimental set up to measure strain in the plantar aponeurosis 
under axial load when 6 degree medial or lateral wedges were placed under the foot 
[58]. A medial wedge placed under the forefoot significantly increased strain in the 
plantar aponeurosis, while a lateral wedge placed under the forefoot significantly 
decreased strain in the plantar aponeurosis. Wedges placed under the calcaneus, 
whether medial or lateral had no significant influence on strain in the plantar 
aponeurosis.

Kogler et al. concluded that a lateral forefoot wedge would “stress shield” the 
plantar aponeurosis by two mechanisms. First, a lateral wedge would pronate the 
forefoot on the rearfoot thus facilitating the locking mechanism of the calcaneocu-
boid joint described by Bojsen-Moller [62]. Conversely, a medial forefoot wedge 
would supinate the forefoot and unlock the calcaneocuboid joint. Locking of the 
calcaneocuboid joint will stiffen the lateral column to accept load while reducing 
load at the medial longitudinal arch. A second mechanism of the lateral forefoot 
wedge is its ability to unload the medial truss of the longitudinal arch (Fig. 8.8). A 
lateral wedge placed under the forefoot will increase ground reaction force under 
the lateral forefoot and decrease force under the medial forefoot (Fig. 8.9). A medial 
forefoot wedge would increase loading of the medial forefoot (Fig. 8.10). This basi-
cally increases ground reaction forces under the distal strut of the truss of the arch 
of the foot: the first, second, and third metatarsals. This dorsiflexion moment applied 
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Fig. 8.8 The truss mechanism of the medial longitudinal arch. Struts under compression: Proximal 
strut = talus and calcaneus. Distal strut = first ray. Tie Rod under tension: Plantar aponeurosis
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to the distal strut would increase strain in the tie rod, i.e., the plantar aponeurosis. A 
lateral forefoot wedge would increase loading of the lateral column and off-load the 
medial column or medial truss mechanism. Interestingly, Kogler et al. do not dis-
cuss the twisted plate theory in their second paper although the effects of forefoot 
wedging to pronate the forefoot would account for the decreased strain in the plan-
tar aponeurosis which occurred. Pronation of the forefoot will twist the plate of 
bones (lamina pedis) favorably to decrease strain in the plantar aponeurosis (see 
Chap. 1). Finally, the failure of medial wedging either in the forefoot or rearfoot to 
influence strain in the plantar aponeurosis defies a long held theory that pronation of 
the subtalar joint is a primary factor in plantar fascia overload. The subtalar joint by 
itself appears to have very little influence directly on plantar fascia strain as illus-
trated in this study by Kogler et al. as well as subsequent investigations which will 
be presented further in this chapter.

In their final investigation, Kogler et al. studied the effects of various heel eleva-
tions on strain in the plantar aponeurosis [59]. Two methods of elevating the heel of 
the cadaveric specimens were implemented. When simple rectangular blocks of 
2 cm, 4 cm, and 6 cm were inserted under the heel of the specimens, no significant 
change of strain in the plantar fascia was measured with application cyclical loading 
from 0 to 450 Newtons. When a contoured platform, mimicking the shank profile of 
footwear was placed under the heel of the specimens, significant reduction of strain 
in the plantar fascia occurred, in similar magnitude for all three elevations. The 
contoured platform had a curve or arch profile with apex of the arch positioned 
halfway between the heel and the metatarsal heads.

Kogler et al. explain the results based upon the effects of the contoured support 
combined with heel elevation on load transmission thru the plantar surface of the 
foot [59]. Depending upon the shape of the arch of the subject, the sloped surface of 
the shank of the shoe may contact the lateral arch of the foot but not the medial arch. 
The shank of the shoe creates a curvature which may contact the lateral column of 
the foot accurately, while the higher medial arch of the subject is not in contact with 
the shank of the shoe. Thus, the area of the calcaneocuboid joint would have 
increased load bearing, while the medial truss of the foot would have decreased 
load. In patients with extreme cavus deformity, there may be minimal contact of any 

Fig. 8.9 Lateral forefoot wedge increases ground reaction force under lateral strut; decreases load 
under medial tie rod (plantar fascia)

Fig. 8.10 Medial forefoot 
wedge increases ground 
reaction force under medial 
strut; increases strain in the 
medial tie rod (plantar fascia) 
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part of the arch of the foot with the slope or shank curvature of the shoe so no 
change in load transmission would be anticipated. Similarly, in pes planus, both the 
medial and lateral arches would contact the shank curvature so there may not be 
predominant load shift to the lateral column as seen in more normal arch shapes. 
Indeed, Kogler et al. noted that only certain cadaver specimens responded to the 
elevated shank profile platforms with reduced strain in the plantar aponeurosis, 
while other specimens showed minimal change [59].

It is interesting that the application of rectangular blocks of various elevation had 
no influence on strain in the plantar aponeurosis with loading of the cadaveric feet. 
This is likely due to the lack of loading of the Achilles tendon in the experimental 
model created by Kogler et al. Had the Achilles been loaded with tension normally 
seen in quiet stance (350N), elevation of the heel would be expected to offload both 
the Achilles and the plantar fascia. A block under the calcaneus will increase plantar 
pressure under the posterior strut of the truss of the arch of the foot. Loading of the 
strut will increase tensile strain in the tie rod or the plantar aponeurosis which spans 
the medial truss structure of the foot (Fig. 8.8). Kogler et al. point out that a simple 
truss model of the foot is a triangular structure in equilibrium. Application of 
increased force under the calcaneus would apply dorsiflexion moment to the poste-
rior strut which would increase tension in the tie rod, i.e., the plantar aponeurosis. 
Yet in their study, Kogler et  al. recognize that rectangular heel  blocks did not 
increase strain in the plantar aponeurosis. The authors explain that the truss mecha-
nism is a simple two-dimensional model which fails to account for the complex 
contribution of other ligaments and the interaction of multiple joint surfaces which 
are involved in the truss itself. The truss mechanism is isolated to the medial column 
of the foot itself and does not take into account the contribution of the lateral col-
umn to modify overall load transmission thru the foot. Kogler et al. propose that a 
complex three-dimensional interaction occurs in the human foot which directs force 
transmission thru the foot [59]. They cite their research on application of medial and 
lateral wedges under the forefoot where several mechanisms with both medial and 
lateral support were discovered. The research from Kogler et al. adds validity to the 
twisted plate mechanism of the foot whereby raising and lowering of the longitudi-
nal arch is not achieved by a simple elevation of the medial truss, but rather by a 
complex three-dimensional rotation of the forefoot upon the rearfoot.

Based on the research from Kogler and co-workers, there appears to be a load- 
sharing mechanism operating between the medial column of the foot and the lateral 
column. The central band of the plantar aponeurosis originates from the medial cal-
caneal tubercle and has a direct course to the 1st and 2nd MTPJs. The long plantar 
ligament is situated to provide similar longitudinal support to the lateral column, just 
as as the central band of the plantar aponeurosis provides support to the medial col-
umn (Fig. 8.11). However, the long plantar ligament does not extend the full length 
of the lateral column as it inserts on the base of the lateral metatarsals. Kogler’s work 
shows that when the lateral column is loaded, strain on the central band of the plantar 
aponeurosis is reduced. Loading the lateral column theoretically increases strain in 
the long plantar ligament while decreasing strain in the central band of the plantar 
aponeurosis. A well-known complication of plantar fasciotomy is the development 
of lateral column pain, centered under the cuboid. This pain likely eminates from the 
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long plantar ligament which is now placed under increased strain due to loss of func-
tion of the central band of the plantar aponeurosis.  Surgical procedures which 
lengthen the lateral column of the foot have a known risk of lateral column pain post-
operative which may be due to overload of the long plantar ligament.

 The Plantar Fascia and the Arch Spring Mechanism

Caravaggi and co-workers used a multisegment foot model to measure arch move-
ment during walking in 10 human subjects and then calculated strain in the plantar 
fascia [63]. Deformation of the medial longitudinal arch began at heel strike and 

Tendon peronaus
longus muscle

Plantar tarsometatar. lig.

Tendon tibialis anticus
muscle

Plantar cuneonavis. lig.

Plantar cuboideonavic.
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Plantar calcaneonavic.
ligament

Tendon tibialis posticus
muscle

Long plantar ligament

Tendon peronaus longus
muscle

Plantar intermetatar. lig

Plantar calcancocub. lig.

Fig. 8.11 The long plantar ligament provides a truss support to the lateral column. (From: https://
wikimili.com/en/Long_plantar_ligament)
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continued to terminal stance. Faster walking caused larger arch deformation. 
Tension in the plantar aponeurosis increased with arch deformation with maximal 
tension occurring at terminal stance. Tension in the plantar aponeurosis was greatest 
medially and diminished in the lateral slips. Increased walking speed caused 
increased strain in the medial section of the plantar aponeurosis, and increased 
walking speed increased overall dorsiflexion of the digits at the MTPJs verifying the 
role of the windlass to increase loads in the plantar fascia.

Most important, Caravaggi and co-workers describe a preloading phenomenon 
of the plantar aponeurosis which occurs during swing phase and may be due to cer-
tain muscle activity. In a previous study, Caravaggi et al. proposed that a preloading 
mechanism of the plantar aponeurosis prior to heel strike would take up slack and 
stiffen the foot for load acceptance at touchdown [64]. This mechanism is the result 
of activation of the toe and ankle joint dorsiflexors (tibialis anterior, extensor digi-
torum longus) providing clearance of the foot during swing phase and creating 
antagonistic passive tension in the Achilles tendon. Dorsiflexion of the forefoot 
against the rearfoot, resisted by the Achilles tendon in the sagittal plane, will elon-
gate the arch and pretension the plantar aponeurosis. This muscle activity will 
increase with faster walking speed according to Caravaggi et al.

In their second study, Caravaggi et al. observed that there was larger arch defor-
mation and larger strain medially in the plantar aponeurosis with faster walking 
speed [63]. They speculated that some type of intrinsic mechanism operates within 
the foot which regulates muscle activity to modulate arch stiffness during walking, 
particularly in response to faster speed and increased ground reaction force. 
Regulation of activity of the ankle and toe dorsiflexors as well as activity of the tri-
ceps surae can affect pre-activation and stiffness of the plantar aponeurosis to affect 
compliance of the longitudinal arch in response to ground reaction force. This allows 
the plantar aponeurosis to provide early resistance to arch deformation which will 
increase with greater ground reaction force. Increased strain in the plantar aponeuro-
sis was noted by Caravaggi and co-workers to correlate with increased walking speed 
and was noted to occur predominantly along the medial section of the plantar apo-
neurosis. They also noted that the longitudinal arch height actually increased in ter-
minal stance thru pre-swing, and the magnitude of arch raising was dependent upon 
walking speed. Faster walking increased arch height during push off. Since the plan-
tar fascia tension remained constant during this phase of the gait cycle, Caravaggi 
and co-workers theorized that the plantar intrinsic muscles must play a role in raising 
the arch during push off. In fact, plantar fascia tension was noted to drop off to almost 
zero at toe off. This indicated that the plantar fascia would be ineffective as an arch 
supporting mechanism at the pre-swing phase of the gait cycle. They concluded that 
the most likely contribution to arch raising during terminal stance and pre-swing was 
the plantar intrinsic muscles as well as the extrinsic arch supporting muscles (tibialis 
posterior and flexor digitorum longus) which begin contracting at midstance.

Kelly and co-workers conducted a series of studies which verified some of 
Caravaggi’s proposals about the contribution of the plantar intrinsic muscles to sta-
bility of the arch of the foot. Two studies showed that the abductor hallucis, the 
flexor digitorum brevis, and the quadratus plantae muscles are all active during the 
stance phase of gait and increase activity as  increase in speed of walking and 
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running occurs [65, 66]. These plantar intrinsic muscles appear to regulate stiffness 
of the longitudinal arch in response to mechanical load and reduce strain in the 
plantar aponeurosis. However, two subsequent studies by Kelly’s research team 
contradicted their earlier conclusions and added further insights into the role of pas-
sive and dynamic support mechanisms operating within the human foot during 
ambulation.

Welte et al. studied nine human subjects using a custom apparatus which simu-
lated midstance and applied loads similar to what is seen during walking [67]. The 
researchers measured longitudinal arch compression and elongation when the 1st 
MTPJ was moved from 30 degrees plantarflexion, to neutral and then to 30 degrees 
dorsiflexion. Contrary to previous beliefs, the study showed that when the windlass 
mechanism was engaged with dorsiflexion of the hallux, the longitudinal arch elon-
gated more and dissipated more energy under loading. In the unloaded condition, 
dorsiflexion of the hallux caused an elevation of longitudinal arch height and 
decreased length of the arch, as expected. However, with loading and engagement 
of the windlass, the arch elongated, but the height of the arch was unaffected. The 
marker for arch height was the navicular, so clearly other bones may have dropped 
closer to the ground as the arch elongated. The authors speculated that shortening 
the arch length probably placed other ligaments (spring, long and short plantar liga-
ments) closer to their resting lengths. The arch could then undergo greater excursion 
with loading. In other words, engagement of the windlass raised the arch which then 
allowed more available range for flattening under loading. This is similar to coiling 
a spring (See Chap. 3 Fig. 3.23). This study did not evaluate arch stiffness during 
dynamic gait when other factors such as extrinsic muscle activity would potentially 
stiffen the arch. The results also suggest that the plantar aponeurosis undergoes 
lengthening during loading and is not completely rigid. This has been confirmed by 
other studies [52, 53, 63].

Welte et  al. also observed that when the hallux was dorsiflexed, the forefoot 
moved relative to the rearfoot in a different direction than seen when the hallux was 
plantarflexed. Dorsiflexion of the hallux pushes the first metatarsal plantar, but this 
is resisted by the supportive surface. Therefore, in order for the hallux to dorsiflex, 
the first metatarsal must move proximal which explains shortening of the longitudi-
nal arch. Welte et al. also observed that the entire forefoot moved on the rearfoot 
about an inclined axis which allowed transverse plane rotation of the forefoot in the 
direction of external rotation (abduction). This verifies that the windlass engage-
ment followed the twisted plate theory by pronating the forefoot.

Farris and co-workers studied 12 human subjects before and after performing a 
tibial nerve block to eliminate function of the plantar intrinsic muscles [68]. 
Contrary to expectation, the plantar intrinsic muscles did not appear to contribute to 
stability of the longitudinal arch during dynamic loading from initial contact thru 
midstance while walking and running. Although previous studies had shown that 
the plantar intrinsic muscles are active during the stance phase of gait, the current 
study showed that the overall contribution of these muscles to arch stiffness was 
negligible. The passive structures such as the plantar aponeurosis and the plantar 
ligaments appear to play the critical role in arch stiffening which is part of an energy 
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storage mechanism. However, at terminal stance thru pre-swing, the plantar intrin-
sic muscles appear to play an important role in stiffening the MTPJs. This mecha-
nism is critical to the positive work created by the ankle during push off [69, 70]. In 
their study, Farris et al. noted that subjects without function of the intrinsic muscles 
of the foot showed less mechanical work produced at the ankle and also showed 
reduced propulsive impulse during terminal stance and pre-swing. They attributed 
this finding to the important role of the plantar intrinsic muscles to generate plantar 
flexion moments at the MTP joints during push off. Furthermore, based upon previ-
ous research, Farris et al. note that the windlass mechanism is incapable by itself to 
stiffen the forefoot during push off. Finally, Farris et al. allude to Bojsen-Moller and 
propose that the abductor hallucis muscle acting on an adducted hallux promotes a 
high gear push off, a feature unique to human gait.

These studies underscore the importance of the plantar aponeurosis as not only 
an arch supporting mechanism but also as an elastic energy storage- and- release 
mechanism which ultimately provides metabolic energy savings.

During walking gait, the plantar aponeurosis elongates up to 12% of its resting 
length [54]. Stearne and co-workers showed that during walking, the average arch 
compression is 7  mm, while during running, this arch compression increases to 
11 mm [71]. The elastic energy return of all of the passive arch structures during 
running was estimated by Stearne et al. to provide approximately 8% of the mechan-
ical energy required to run at 2.7 meters per second [71]. In another study, Ker and 
Bennett estimated that the combined elastic energy of the plantar aponeurosis and 
plantar arch ligaments provides approximately 17% of the total mechanical energy 
expended when running at 4.5 meters per second [72]. Clearly the “arch spring” of 
the human foot is the most important passive energy storage release mechanism 
operating in the lower extremity during running.

However, as seen in the studies from Welte and Farris, extension of the digits 
which engage the windlass mechanism can actually result in decreased strain in the 
plantar aponeurosis [67, 68]. This may represent an energy absorption mechanism, 
rather than release of energy for positive work.

McDonald and co-workers studied 18 subjects running on a force plate- 
instrumented treadmill and used three-dimensional motion capture to measure the 
effects of extension of the MTPJ as well as arch depression on loading of the plantar 
aponeurosis [73]. While running at a speed of 2.7 meters per second, strain in the 
plantar aponeurosis reached a peak at 60% of stance. This is the point of maximal 
energy storage by the plantar aponeurosis which is then returned during the final 
40% of stance, when the longitudinal arch undergoes recoil from previous compres-
sion. In this study, arch compression had the primary influence on strain in the 
plantar aponeurosis, while motion of the MTPs had minimal effect. With extension 
of the MTPJs in terminal stance and pre-swing, this study showed that 11.7% of 
total lower limb joint energy absorption occurred at the 1st MTPJ. McDonald et al. 
proposed that some of this absorbed energy was transferred by the plantar aponeu-
rosis between the MTPJ and the recoiling longitudinal arch to assist with power 
generation.
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 Pathomechanics of Plantar Heel Pain

Mechanical overload of the plantar fascia has been the most common accepted 
mechanism causing plantar heel pain [6–9, 74]. Kitaoka and co-workers evaluated 
the material properties of the plantar aponeurosis in 12 cadaver specimens [75]. The 
average load to failure was 1189N which is 1.8 times body weight. Studies pre-
sented previously in this chapter reveal that the average load transmitted to the plan-
tar aponeurosis during walking and running can approximate 1.5 times body weight 
which is close to the limit of load failure [54, 55]. Therefore, repetitive loading at a 
magnitude near load failure is speculated to be the primary cause of degeneration of 
the plantar fascia in plantar heel pain pathology [74, 76]. Failure of the tissue to 
repair under continued mechanical load leads to chronic inflammation and eventual 
degeneration [77, 78].

Many extrinsic and intrinsic factors have been identified which may contribute to 
overload of the plantar fascia and the development of plantar heel pain. Intrinsic risk 
factors relate to anatomic or functional abnormalities such as foot and leg align-
ment, range of motion, muscle strength, and body mass. Extrinsic factors relate to 
lifestyle and environment such as time spent standing, exercise, footwear, and floor 
surfaces.

Over the past 40 years, many studies have been undertaken to understand the 
cause of plantar heel pain. There are two excellent reviews of published research on 
this subject from Irving et al. [79] and Sullivan et al. [80]. Also, a study of a large 
group of patients with plantar heel pain was conducted by Sullivan et  al. which 
focused on the contribution of both mechanical factors and activity factors [81]. 
These three publications provided the bulk of evidence which will be presented here 
regarding the intrinsic and extrinsic causes of plantar heel pain.

 Excessive Loading

Excessive loading of the plantar surface of the heel during walking and running has 
been suggested as a cause of plantar heel pain [82, 83]. It is intuitive that impact 
shock or excessive pressure on the enthesis of the plantar fascia attachment on the 
calcaneus would contribute to degenerative changes.

However, studies of patients with plantar heel pain fail to validate this cause- 
effect relationship.

Liddle and co-workers found no difference between symptomatic and asymp-
tomatic limbs in terms of magnitude and timing of the vertical heel strike transient 
or first vertical force maximum in patients with heel pain while walking with pre-
ferred speed [84]. It is reasonable to expect compensation in the painful foot to 
offload the calcaneus in these studies, yet most studies of patients with symptom-
atic plantar fasciitis show that regional loading of the heel is unaffected by the 
condition [85–87]. However, more recent studies have shown that patients with 
plantar heel pain engage a compensatory loading mechanism to off-load the plan-
tar fascia.
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Wearing et  al. studied 16 patients with plantar heel pain and compared to 16 
healthy controls while walking over a pressure measurement platform [88]. In com-
parison with the control subjects, patients with plantar fasciitis had reduced forces 
beneath the heel and forefoot. The patients spent less time on the rearfoot and devel-
oped peak pressure in the forefoot later, indicating less activation of the triceps 
which will diminish load on the plantar aponeurosis. Conversely, this study showed 
greater pressure under the toes of the symptomatic patients, which may indicate a 
splinting mechanism to again off load the plantar fascia. Greater toe flexion will 
reduce dorsiflexion motion which increases strain in the plantar aponeurosis.

Sullivan and co-workers collected plantar pressure data from 198 patients with 
plantar heel pain and compared to 70 asymptomatic controls [89].

The results showed a strategy to reduce loading beneath the painful heel which 
was characterized by lower peak pressure under the posterolateral heel and lower 
maximum force throughout the entire heel during walking. There was also a 
decreased maximum force in the medial forefoot combined with a higher force time 
integral in the lateral forefoot of the plantar heel pain patients. This suggested to the 
authors that there was a strategy to reduce plantar fascia loading at the 1st MTPJ 
which would decrease engagement of the windlass operating during late stance. By 
reducing maximum force across the 1st MTPJ, reduced tension and pain in the plan-
tar fascia could be the result of reduced windlass function.

 1st MTPJ Range of Motion

The work from Sullivan et al. as well as cadaveric studies from Carlson and Cheng 
discussed earlier suggest that the most significant contribution to plantar fascia 
strain is from the windlass mechanism initiated by dorsiflexion of the toes across the 
MTPJs [52, 53, 89]. Therefore, it is reasonable to consider a link between range of 
dorsiflexion range of motion of the 1st MTP and risk of developing plantar heel 
pain. Two possibilities exist regarding the effects of range of motion of the 1st 
MTPJ and tension in the plantar aponeurosis. One assumption would be that 
increased dorsiflexion range of motion of the 1st MTPJ would put greater tensile 
strain on the plantar aponeurosis via the windlass mechanism. The opposite finding 
of reduced range of motion of the 1st MTPJ could be from a tight, inflexible plantar 
fascia which would then be vulnerable to increased tensile strain during gait [90].

Two studies have shown no difference in 1st MTPJ dorsiflexion range of motion 
comparing groups of subjects with and without plantar heel pain [81, 90]. In con-
trast, a study showed reduced range of extension of the 1st MTPJ in 50 patients with 
plantar heel pain compared to 50 matched controls [91]. These studies utilized static 
measures of passive range of motion of the 1st MTPJ, rather than dynamic measures 
during gait.

A study by Creighton and Olson measured active and passive range of motion of 
the 1st MTPJ of six patients with plantar heel pain compared to healthy controls 
[92]. A significant reduced range of both active and passive extension of the 1st 
MTPJ was found in the patient group with plantar heel pain. Wearing et  al. 
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examined dynamic range of 1st MTPJ motion in ten subjects with plantar heel pain 
compared to a control group [93]. The patient group with heel pain had a mean 
dynamic extension of the 1st MTPJ which was significantly (4.6 degrees) less than 
the control group.

These studies dispel the notion that a full functioning windlass mechanism, plac-
ing maximal tensile strain on the plantar fascia, is a risk factor for plantar heel pain. 
Rather, it appears that loss of extension of the 1st MTPJ, whether being the cause or 
result of reduced flexibility of the plantar fascia is more closely associated with 
plantar heel pain.

 Strength Deficits

Toe flexor strength deficits have been identified in three different studies of patients 
with plantar heel pain [81, 90, 94]. Although these studies used different methods to 
measure toe flexor force, the findings suggest that toe flexor weakness may be either 
the cause or the result of plantar heel pain. From a mechanical standpoint, the intrin-
sic muscles and the extrinsic flexor digitorum longus muscle are most active during 
late midstance and terminal stance which coincides with maximal strain developed 
in the plantar aponeurosis [55, 65, 66]. There is a growing body of evidence that the 
toe flexors modulate stiffness across the MTPJs depending upon tension produced 
by the plantar aponeurosis [63, 67, 68]. Failure of timing and power of toe flexion 
strength could logically place increased tensile load on the plantar aponeurosis dur-
ing a critical time during the stance phase of gait.

Sullivan and co-workers carried out a study of a large group of patients which 
plantar heel pain to determine if there was commonality in musculoskeletal risk fac-
tors [83]. Compared to healthy controls, toe flexor and ankle eversion strength were 
reduced in patients with plantar heel pain. The peroneus longus provides the most 
powerful eversion moment to the foot during terminal stance [95, 96]. Loss of tim-
ing or strength of the peroneus longus could result in failure to shift load medially 
to the forefoot and engage the windlass mechanism. Furthermore, the peroneus lon-
gus acts to stabilize the first ray against ground reaction forces [97, 98]. Loss of 
stability of the first ray will also compromise the windlass mechanism and normal 
extension of the MTPJ during push off [99].

Loss of calf muscle strength has been demonstrated in patients with plantar heel 
pain. Runners with plantar heel pain showed deficits in plantar flexion strength on 
the involved limb compared to the asymptomatic contralateral limb [83]. Another 
study which isolated motion at the ankle joint showed reduced endurance of the calf 
musculature in 27 patients with plantar heel pain compared to matched controls 
[100]. In contrast, two studies showed no significant difference in plantar flexion 
endurance comparing patients with plantar heel pain and healthy controls [81, 101]. 
Since numerous studies have shown that the calf muscles, via the Achilles tendon 
exert significant tensile load on the plantar aponeurosis, evidence of weakness in 
these muscles in patients with plantar heel pain may suggest a compensatory rather 
than a causative mechanism.
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 Pronation and Arch Mechanics

The single mechanism most commonly proposed causing plantar heel pain is insta-
bility of the longitudinal arch of the foot [102–104].

Closely linked to arch instability and also commonly assumed to be a contribut-
ing factor for plantar heel pain is excessive pronation of the foot, presumably at the 
subtalar joint [105–107]. If the longitudinal arch has a truss mechanism, lowering 
the arch will move the struts into a less perpendicular position and form a more 
acute angle to the supportive surface [61]. Simple geometry will dictate that tension 
will increase in the tie rod, i.e., the plantar aponeurosis as the height of the arch 
decreases (Figs. 8.12 and 8.13). The tie rod of the lateral longitudinal arch, i.e., the 
long plantar ligament, can be expected to develop increased tensile strain as the 
height of the lateral arch lowers.

a

b

Fig. 8.12 Arch height will affect tension in the plantar aponeurosis. (a) Geometry of the truss 
mechanism. (b) Arch height and calcaneal pitch directly influences tension in the plantar aponeu-
rosis. (c) Increased calcaneal pitch will decrease strain in plantar aponeurosis (courtesy of Robert 
D. Phillips)
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Flat foot type

High-arch foot type

Fig. 8.13 Twisting the 
calcaneopedal unit (CPU) 
influences the calcaneal 
inclination angle to 
the ground

c

Calcaneal Inclination Plantar Fascia Strain (lb)

10 682.9

20 334.4

30 214.8

Fig. 8.12 (continued)
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While cadaveric models have shown a consistent and significant relationship 
between medial longitudinal arch mobility and plantar fascia strain, clinical studies 
fail to verify a cause/effect relationship when evaluating patients with plantar heel 
pain. A challenge when interpreting these studies is the wide range of methods to 
measure foot posture, arch profile, and magnitude of pronation.

 Published reports studying the relationship between foot alignmnet  and arch 
height while standing have used various measures such as rearfoot angle, navicular 
height, as well as global foot posture. Radiographic studies have been published 
evaluating patients with plantar heel pain which utilize various measures of arch 
height and truncated foot length. Another popular method is the use of footprint 
measures, most commonly the arch index. However, this method has been ques-
tioned for accuracy in predicting true arch height and alignment [108, 109].

Prichasuk and Subhadrabandhu measured calcaneal pitch on radiographs of 82 
patients with plantar heel pain and concluded that pes planus was a risk factor for 
the condition [110]. Similarly, Shama et al. evaluated static radiographs of 52 sub-
jects with plantar heel pain and concluded that pronation was a contributing factor 
to the condition in 82% of the symptomatic patients [111]. Conversely, Rano et al. 
found no difference in radiographic parameters of arch height when comparing 49 
patients with heel pain to a control group [112].

Surface markers have been used to measure arch height and rearfoot position 
during quiet standing in patients with heel pain. Rome et al. found no difference in 
navicular height when comparing 36 patients with plantar heel pain to a control 
group [113]. Studies measuring the rearfoot angle in static stance show no differ-
ences comparing patients with heel pain to a control group [90, 114, 115]. A study 
of 20 patients with plantar heel pain compared to 20 matched controls used the 
longitudinal arch angle which are lines drawn from the medial malleolus to the 
navicular tuberosity and to the first metatarsal head and found no difference in the 
angle comparing the two groups [90].

The Foot Posture Index (FPI) is a well accepted and reliable method of assessing 
global foot alignment [116]. Using the FPI, two studies showed that patients with 
plantar heel pain had a more pronated foot posture than healthy controls, although 
the entire subject pool did not have significantly pronated feet when compared to 
normative data [100, 117]. In a larger study of 202 patients with plantar heel pain, 
the FPI did not show any evidence of pronation compared to the control group, and 
both groups had scores falling within the normal range of foot posture [81].

Measures of static, standing arch height may not accurately depict dynamic arch 
height during gait and resultant strain on the plantar aponeurosis. Saraffian proposes 
that pronation of the rearfoot indirectly increases strain on the plantar fascia by 
increasing ground reaction forces medially on the forefoot resulting in supination of 
the forefoot on the rearfoot [61]. Nakamura and Kakurai showed that maximal rear-
foot eversion was associated with reduction of dynamic arch height during gait 
[117]. Lee and co-workers measured static arch height, dynamic arch height, rear-
foot pronation, and plantar fascia tension in 28 healthy subjects running on a tread-
mill [118]. There was no relationship between static arch height and dynamic arch 
height during running. Only dynamic arch height predicted strain in the plantar 
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aponeurosis. By itself, the magnitude of rearfoot pronation during running was not 
a predictor of plantar fascia tension. However, an indirect effect of rearfoot prona-
tion on plantar fascia strain was detected when magnitude of pronation was com-
bined with dynamic arch height. This verifies the fact that rearfoot pronation by 
itself cannot influence strain on the plantar aponeurosis. Other movements in the 
midfoot must take place in response to rearfoot pronation before strain is increased 
in the plantar aponeurosis. This is in accordance with the twisted plate mechanism 
of plantar fasica strain proposed by Saraffian [61].

Wearing et  al. used digital fluoroscopy to evaluate dynamic movement of the 
arch during walking gait studying 10 patients with plantar heel pain compared to 10 
healthy controls [93]. Dynamically lower arch shapes were correlated with thicker 
plantar fascia in the patient groups. However, there was no correlation with arch 
height or dynamic arch movement when comparing patients with heel pain to the 
control group. The authors concluded that plantar fasciitis is not associated with a 
lower arch or excessive arch movement during walking. Later, Wearing et al. specu-
lated that other forces on the plantar fascia besides tensile strain might be respon-
sible for the degenerative changes seen in chronic plantar heel pain patients 
[119]. These would include bending, shear, and compressive forces which would 
cause “stress shielding” as seen in insertional tendinopathy [120–122].

Adding to the debate about the role of foot pronation and arch movement in caus-
ing plantar fasciitis, Chang and co-workers published results of a high- quality 
study of 22 patients with chronic plantar fasciitis [123]. This study used a multi- 
segment foot model to measure three-dimensional motion of the shank, rearfoot, 
medial forefoot, and hallux while walking. Patients with plantar fasciitis demon-
strated greater peak dorsiflexion of the 1st MTPJ (53.3 degrees vs 49 degrees) com-
pared to healthy controls. Overall, rearfoot range of motion was greater in the 
plantar fasciitis patients, but there was no difference in magnitude of peak rearfoot 
eversion when compared to controls. There was a small but statistically significant 
increase of sagittal plane motion in the medial arch of one degree in the plantar 
fasciitis patients compared to the control group. When comparing overall rearfoot 
motion and medial arch motion, the difference between patients with plantar fasci-
itis and healthy controls is apparent when evaluating the alignment of the foot at 
touchdown. Patients with plantar fasciitis land with their feet slightly more inverted 
in the rearfoot and slightly more plantarflexed in the forefoot which then allows 
greater range of motion during midstance. The authors noted that a greater range of 
pronation, from a more inverted rearfoot position, and greater dorsiflexion of the 
forefoot after foot strike may cause greater loading of the plantar fascia. They also 
acknowledge that these findings may simply represent compensation for pain in 
the patients with plantar fasciitis.

 Ankle Joint Range of Motion

Multiple mechanisms have been proposed describing how restricted ankle joint dor-
siflexion could increase tensile strain in the plantar aponeurosis during walking and 
running. During midstance, restriction of ankle joint dorsiflexion prevents tibial 
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progression which is compensated for by excessive sagittal plane dorsiflexion 
motion across the midfoot joints [124]. This in turn would increase tensile strain in 
the plantar aponeurosis via the medial truss mechanism of the longitudinal arch 
[61]. The structure most likely to restrict motion during this critical phase of the gait 
cycle is the gastrocnemius which is placed under maximal tension with knee exten-
sion at midstance. The Achilles tendon has a direct connection to the origin of the 
plantar aponeurosis in infants, but this connection is lost by adulthood [15]. 
Notwithstanding, the Achilles tendon has a significant indirect effect on loading the 
plantar aponeurosis during stance [56].

Gastrocnemius contracture, measured with a goniometer with the knee extended, 
has been determined to be a contributing factor for plantar heel pain in a number of 
studies on athletic individuals [83] as well as the general population [2, 125]. 
Sullivan et al. found that patients with plantar heel pain demonstrate restricted ankle 
joint dorsiflexion with both a bent knee lunge test and a straight knee lunge test [81]. 
The authors concluded that structures other than the gastrocnemius could 
have caused restricted ankle joint dorsiflexion in the bent knee lunge test. In their 
recent review of current literature studying mechanical factors of heel pain, Sullivan 
et al. concluded that restriction of ankle joint dorsiflexion is a likely intrinsic risk 
factor for developing plantar heel pain [80]. This conclusion was also reached by 
Irving et al. in their systematic review of factors related to heel pain [79].

 Body Mass Index

Increase body mass directly translates to increased load borne by the foot during 
weight bearing [126, 127]. Riddle found that a body mass index (BMI) of greater 
than 30 kg/m2 was associated with greater risk of plantar heel pain. Similar findings 
were reported by Sullivan et al. where patients with plantar heel pain had a BMI of 
28 kg/m2, and the control group had a BMI of 25 kg/m2, providing the strongest 
association of any musculoskeletal risk factor in their study for developing heel pain 
[81]. Four other studies have shown a correlation with BMI scores and plantar heel 
pain [100, 110, 112, 128]. The only study which contradicts this association was 
performed by Rome et al. who found no difference in BMI in a group of 36 runners 
with heel pain compared to asymptomatic controls [113]. Clearly, among running 
athletes, other risk factors for plantar heel pain come into play besides BMI which 
is still the largest risk factor in the general population. A systematic review verified 
that BMI is the most consistent and valid reported intrinsic risk factor for plantar 
heel pain [129].

 Calcaneal Spur

Prichasuk and Subhadrabandhu found that a spur, projecting horizontally from the 
plantar calcaneal tubercle on plain radiographs, was present in 66% of patients with 
plantar heel pain and was found in 16% of the control subjects. Calcaneal spurs 
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were found in 28% of the feet of runners with plantar heel pain [83] and 44% of 
patients from the general population with heel pain [112]. Ozdemir et al. found that 
radiographic evidence of calcaneal spurs are found in 45% of patients with symp-
toms of plantar fasciitis and are also found in 20% of patients without symptoms of 
heel pain [128].

Other imaging studies using MRI and ultrasound find associated findings with 
calcaneal spur including thickening and hypoechogenicity of the plantar fascia, 
peri-fascial edema, and calcaneal bone marrow edema [130, 131]. Plantar fascia 
thickening as well as calcaneal spurs have showed a strong association with plantar 
heel pain [127, 131]. This raises a fundamental questions regarding the role of cal-
caneal spurs as a risk factor for plantar heel pain: Is the spur a cause of or a result of 
plantar fasciopathy? Or does the spur cause a variation of heel pain without plantar 
fasciopathy?

Menz et al. studied a large number of patients with plantar heel pain (n = 530) 
and used plain radiography and ultrasound to determine the association between 
calcaneal spurs, plantar fascia thickening, and plantar heel pain [132].

Plantar fascia thickening was more closely associated with plantar heel pain 
(47% of patients) than calcaneal spurs (26%). Plantar calcaneal spurs and plantar 
fascial thickening were commonly found together (30%), while isolated calcaneal 
spurs without fascial thickening was rare (4%). Recent onset of plantar heel pain 
less than 1 month duration was commonly associated with fascial thickening but not 
with calcaneal spurs. The authors concluded that fascial thickening, greater than  
4 mm, is more closely associated with plantar heel pain than are calcaneal spurs. 
This same conclusion was found in a previous study [130].

The conclusion which could be made is that fascial thickening precedes the for-
mation of calcaneal spurs and not vice versa. Calcaneal spurs appear later in the 
pathlology of plantar heel pain possibly acting as a mechanism to offload the enthe-
sis of the plantar aponeurosis from compressive loads [31]. Finally, plantar calca-
neal spurs are reported to occur in 10–60% of asymptomatic individuals making this 
finding an unlikely contributor to the cause of plantar heel pain [133].

 Other Factors

Prolonged standing has been implicated as an extrinsic risk factor for plantar heel 
pain, although published studies show conflicting results. Two studies of factory 
workers have shown increased incidence of heel pain in subjects who stand for pro-
longed periods compared to those who do not [134, 135].

Riddle et al. showed that subjects who stand all day have a three times greater 
risk for developing plantar heel pain than those who do not [2]. In contrast, two 
other studies found no correlation between incidence of plantar heel pain with 
standing during the day [81, 100].

Both Beeson [11] and Wearing [136] suggest that genetics, which have already 
proven to be associated with tendinopathy and ligament injuries, might also be 
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involved in the pathological changes seen in plantar fasciopathy. Certain genes have 
been identified as important regulators of fibrillogenesis and collagen cross bridging 
which are critical to establishing integrity to tendons and ligaments [137–139]. 
These genetic factors may interact with other intrinsic and extrinsic risk factors to 
contribute to degeneration of the plantar aponeurosis.

 Sequence of Events

Scott Wearing, who has published multiple studies of plantar heel pain, suggests a 
newer algorithm for the pathomechanics of plantar fascia degeneration [136, 140]. 
He refers to studies of tendinopathy which show that repeated mechanical loading 
cannot explain the degenerative changes seen histologically in injured tendons 
[141–143]. In tendons, other intrinsic or extrinsic factors must come into play before 
degeneration occurs [140]. To add further confusion, over half of patients with plan-
tar heel pain experience the condition in only 1 foot, yet both feet are exposed to 
basically the same internal and external risk factors [132]. Wearing argues that there 
is very little evidence that any of the previously discussed risk factors are actually 
the cause of plantar heel pain, but rather, these factors act to modulate the levels of 
pain once it is present [88, 119, 144].

Wearing proposes that plantar fasciopathy begins with an underlying defect in 
the plantar aponeurosis which may be genetic and which leads to asymptomatic 
thickening with repetitive loads. Alternatively, an underlying neuromuscular deficit 
causing strength deficits in the intrinsic or extrinsic muscles of the foot can cause 
overload and asymptomatic thickening of an otherwise healthy plantar aponeurosis. 
Subsequently, when an extrinsic factor such as unaccustomed prolonged activity or 
faulty footwear comes into play, repair of the thickened plantar fascia begins to lag 
behind, and a degenerative process ensues. Wearing points out that these degenera-
tive changes, in the absence of inflammation in the plantar fascia cannot explain the 
pain experienced by the patient. His review of all possibilities shows no logical or 
consistent explanation why plantar fasciopathy is painful [136].

One cannot ignore the contribution of the inferior calcaneal nerve in generating 
and transmitting the pain of plantar fasciopathy. As noted in the beginning of this 
chapter, the inferior calcaneal nerve is located in a precarious position sandwiched 
between the calcaneus and the enthesis of the plantar aponeurosis. There is very 
little room in this corridor to accommodate the thickening of the plantar aponeurosis 
which is seen in over 50% of patients with plantar heel pain. The inferior calcaneal 
nerve may be an innocent bystander in the pathomechanics of degeneration of the 
plantar aponeurosis, but it then becomes the primary generator of pain and disability 
as the condition progresses.

Ultimately, plantar heel pain may be the result of a nerve entrapment which is 
secondary to degeneration and thickening of the planar aponeurosis. What triggers 
this degenerative process is probably multi-factoral as no single dominant causative 
factor has yet to be identified.
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