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Preface

Many adults and children are diagnosed annually with foot and ankle disorders,
pathologies, and deformities that are extremely challenging to evaluate and treat.
Systems capable of providing accurate and reliable methods for quantitative assess-
ment of these patients have been sought for years. Only recently have technical
advances and medical needs begun to merge in order to afford a solid basis for
assessment of dynamic foot and ankle pathology. Inevitable results of this merger
include better methods of pretreatment planning, surgical and rehabilitative care,
and posttreatment follow-up.

This text began with a one-day workshop on foot and ankle motion analysis
sponsored by Shriners Hospitals for Children and the National Institutes of Health
(NIH). The workshop was conducted on November 15th, 2003 at the Natcher
Conference Center in Bethesda, MD. The workshop included national and interna-
tional researchers from the orthopedic, rehabilitation, engineering, academic, medical-
industrial, and clinical disciplines. It focused on clinical needs and scientific
advances, with an emphasis on applications, limitations, and problems to be solved.
Through the support of Shriners Hospitals, NIH, a host of contributors, and collab-
oration of the keynote speakers, this work was planned for publication.

The purpose of this book is to: (1) identify clinical needs that can be served by
current and emerging technologies, (2) educate readers about recent and anticipated
technical advances, and (3) document solid achievements within the technical and
clinical communities.

Part 1 of the text presents clinical applications and opportunities in foot and
ankle motion analysis. It has been written to convey basic as well as advanced
concepts regarding pediatric (Section A) and adult (Section B) applications.

Part 2 of the text presents technological developments and emerging opportuni-
ties in foot and ankle motion analysis and is written from a more quantitative
perspective. Foot and ankle modeling concepts are described and include seminal
developments as well as modern applications and more novel approaches (Section C).
Technical advances and emerging horizons related to mechanical paradigms, imag-
ing, kinetics, robotics and simulation, triplanar force sensing, and other exciting
technologies are included. Sources of available support for future research and
development are described and addressed in the final section of the text (Section E).

The pediatric gait experience with human motion analysis over the past 40 years
demonstrates how engineering and clinical synergy have improved medical treat-
ment. In the management of children with cerebral palsy, surgeons now perform
several necessary operations under the same anesthesia, thus greatly reducing cost,
pain, and inconvenience. Clinical and research applications in human motion analysis



have resulted in the development of new approaches to functional assessment and
longer-term follow-up. As a result, children in gait analysis—supported environments
are receiving fewer and better surgeries. This text provides a basis for expanding
these contributions to the broader community of foot and ankle patients, both adult
and pediatric.

Contributors to this text have graciously agreed to return all royalties to the
Shriners Hospitals for Children.
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1.1 HISTORICAL PERSPECTIVE

The study of human motion has been conducted for thousands of years. Records
ascribe studies of ritualistic postures and motions used by Taoist priests in the
practice of Cong Fou as early as 1000 B.C.! Hipprocrates, in his book On Articu-
lations, describes the relationship between motion and muscle.! An appreciation for
foot temporal and stride parameters including step duration and step length was
offered as early as 1836 by the Weber brothers in their scientific approach to gait
mechanics.? Foot motion study has since captivated clinicians and researchers for
well over a century. In 1872, Eadweard Muybridge, the well-known photographer
and cinematographer, studied motion through a series of cameras triggered sequen-
tially to describe the actions of animals and humans.? In 1879, Etienne Marey used
a specialized shoe pressure system to evaluate cadence.? These early and profound
contributions have been amplified and complemented by a continuous stream of
technological advances and clinical applications over the years. Today, modern
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technology allows the rapid and accurate analysis of joint angles, angular velocities
and angular accelerations (kinematic analysis), ground reaction forces, joint forces,
moments and powers (kinetic analysis); electromyographic (EMG) activities, energy
cost and consumption; and plantar foot pressures.

For whole-body gait, these analyses have clinical utility in pretreatment assess-
ment, surgical planning, and postoperative follow-up. Gait analysis allows evaluation
of abnormalities at multiple joints and resulting multilevel concurrent treatment. It
provides a means to differentiate primary conditions from secondary compensations
and a means for following quantitative treatment results. Foot and ankle motion
analysis is now approaching a similar level of utility. Foot and ankle motion, however,
requires specialized systems to track the small segments including, but not limited
to, the hallux, forefoot, hindfoot, and tibia/fibula. The increased sophistication of
cameras, processing hardware and software, and instrumentation has enabled this
“new technology” to progress to the current threshold of clinical application.

1.2 INTRODUCTION TO THE TEXT
1.2.1 ParT 1: CLINICAL APPLICATIONS AND OPPORTUNITIES

Part 1 of the text presents clinical applications and opportunities in foot and ankle
motion analysis. It has been written to convey basic as well as advanced concepts.
The first of two sections (Section A) offers unique insights into pediatric clinical
applications. A wide spectrum of children’s foot deformities, ranging from congenital
to neuromuscular, are presented and discussed in the context of segmental analysis.
A detailed review of the pathology and treatment of congenital clubfoot deformity
includes results from both standard gait analysis and segmental foot analysis.
Another study of a large population of children with treated clubfoot provides a
unique perspective on radiographic and plantar pressure findings. Limitations asso-
ciated with two-dimensional (2D) radiographic imaging are addressed in a clinical
presentation of three-dimensional (3D) magnetic resonance imaging (MRI) models
of normal and surgically treated clubfeet. The natural history of dynamic foot and
ankle deformities in children with cerebral palsy (CP) is documented through plantar
pressure assessment, while an insole technique is used to better understand the effects
of subtalar arthrodesis in treating pediatric planovalgus foot deformity. Motion
assessment is utilized in a clinical study of chemodenervation (botulinum toxin A)
and casting to study reductions in dynamic equinus in children with spastic CP. The
dynamics of the equinovarus foot are further presented in a study of EMG and
clinical outcomes. Walker usage to reduce lower extremity loading is investigated
in a clinical study of spastic diplegic gait in children. Perspectives on posture,
balance, and responses to dynamic perturbation are provided in a novel comparative
study including children with diplegic CP.

1.2.1.1 Section A

Smith et al. (Chapter 2) offer the perspective of a pediatric orthopaedic surgeon in
a presentation of several important examples of pediatric foot deformities, which
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are suitable for study with 3D foot and ankle motion analysis. Foot motion and
biomechanical models in terms of clinical significance are discussed. Important
findings regarding normal foot and ankle motion are provided in the context of
segmental contributions to the overall patterns. With this basis, a series of selected
pediatric orthopaedic conditions are presented, where motion analysis is applied.
Specific cases are presented for equinus foot deformity, planovalgus foot deformity,
varus foot deformity (equinovarus and cavovarus), clubfoot, severe flatfoot defor-
mity, and tarsal coalition. Application of current technologies to combine assessment
of motion, forces, and pressures is highlighted.

Khazzam et al. (Chapter 3) review the pathology and treatment of congenital
clubfoot deformity. Results from detailed analysis of patients evaluated at long-term
follow-up of surgical correction are described. Both standard gait analysis and
segmental foot and ankle motion analysis methods are employed. Congenital club-
foot pathoanatomy is discussed and characterized by four basic deformities (cavus,
adductus, varus, and equinus). With regard to analysis, clinical and radiographic
assessment methods are presented, along with a discussion of treatment options,
both nonoperative and surgical. A case study format is used to offer insight into
temporal/stride and kinematic results secondary to surgical clubfoot correction.
Summary results from a whole-body gait study of 17 subjects following posterome-
dial soft tissue releases are also presented. Advanced segmental foot analysis is
suggested to assess treatment outcomes and for timing of treatment interventions.

Liu and Thometz (Chapter 4) provide valuable insight regarding complete sub-
talar release for idiopathic clubfoot deformity. The detailed study reviews findings
in a population of 17 children treated by complete subtalar release, who were
examined by radiography, physical examination, and plantar pressure assessment.
Several insole assessments were also included. A series of 68 pediatric controls
provided comparative data for the analysis. Findings included significant quantitative
differences in specific regions of the foot. The greatest differences in peak pressure
loading between clubfeet and normal feet were in the midfoot and hallux regions.
Five pressure patterns are identified and described in the clinical study. A detailed
case report is used to highlight application of the analysis for treatment. Combined
surgical procedures, which are supported by the quantitative analytical approach, in
tandem with clinical examination and radiography, are suggested.

Three-dimensional modeling of normal and surgically treated clubfeet is
addressed by Talwalkar et al. (Chapter 5). Traditional radiographic angular measure-
ments are noted to be limited in accuracy and precision and not well correlated to
clinical outcomes. The inability of 2D radiography to adequately represent the
complex structure of the foot is stressed. Alternatives include computed tomography
(CT), which provides excellent imaging but requires more exposure than plane
radiography. CT also faces limitations in imaging cartilage in the skeletally imma-
ture. The ability of MRI to model bony and cartilaginous structures without ionizing
radiation is highlighted and noted to be well suited for pediatric applications includ-
ing clubfoot. Joint surface modeling and congruity assessment are additional advan-
tages of MRI technology. Results from studies of seven adolescents with unilateral
clubfoot deformity are presented. Image reconstruction, geometric modeling, and
morphological parameters are described. Results are presented from this clinical
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study, which offers new 3D quantitative information. The method is suggested to
follow the growing foot as it is influenced by pathology and/or treatment.

Church et al. (Chapter 6) investigates dynamic foot pressures in the early evo-
lution of foot deformities in children with CP. The lack of agreement in current
literature is addressed, regarding the nonsurgical and surgical treatment of foot and
ankle deformities in these children. A sparsity of information regarding the natural
history of foot and ankle deformities is also cited. The prospective study documents
the natural history of dynamic foot and ankle deformities of young children with
CP using gait analysis technology. Subjects included ten typically developing 2-yr-
olds and 51 children with CP. Thirty-five subjects with CP completed a 6-month
follow-up, and 19 completed a 1-yr follow-up. Subjects had a wide variety of baseline
function. Children with spastic hemiplegia, diplegia, and quadriplegia, who were
able to ambulate with or without an assistive device, were included. Findings from
the longitudinal study demonstrated that dynamic foot pressure patterns are still
evolving in typically developing 2-yr-old children. Findings from the study also
reveal that the presence of valgus foot position is quite prevalent in both typically
developing new walkers and young children with CP. Highlights of strategies to
correlate motor function, spasticity, range of motion, and other factors are provided
as further research is indicated.

Abu-Faraj et al. (Chapter 7) offer an insight into event-related alterations in
plantar pressure distribution resulting from subtalar arthrodesis (fusion) for the
treatment of planovalgus foot deformity in individuals with CP. Multistep dynamic
plantar pressures are studied in hemiplegic and diplegic children and adolescents.
A group of subjects with planovalgus foot deformity secondary to spastic CP was
evaluated preoperatively and following subtalar arthrodesis for rehabilitation of the
foot deformity. The study provides an objective description of plantar foot dynamics
for an increased understanding of surgical intervention and rehabilitative treatment
of this disorder. The work employs a unique Holter-type, portable, microprocessor-
based, inshoe, plantar pressure data acquisition system to record dynamic plantar
pressures. The system allows real-time recording of both pressure and temporal-
distance gait parameters for up to 2 hr during normal daily activities. Twelve children
and adolescents with planovalgus foot deformity secondary to spastic CP were
evaluated. Alterations in plantar pressures following foot surgery showed statistically
significant increases in pressure metrics at the lateral midfoot and lateral metatarsal
head. Significant alterations were not observed at the remaining plantar locations,
although subtalar fusion resulted in noticeable decreases in mean peak pressures at
the calcaneus, medial midfoot, medial metatarsal head, and hallux.

Sienko-Thomas and Ackman (Chapter 8) provide a detailed history of chemodener-
vation studies and motion assessment. Also provided are results from the authors’
own multicenter study comparing the efficacy of botulinum toxin A alone, casting
alone, and the combination of botulinum toxin A with casting. The study focuses on
the reduction of dynamic equinus during gait in children with spastic CP. Botulinum
toxin A alone was found to provide no improvement in ankle kinematics, velocity,
and stride length. Casting together with botulinum toxin A was found to be effective
in the short and long term. Ankle kinematics and kinetics, passive ankle range of
motion, and Tardieu scale scores were utilized to determine the efficacy of treatment.
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The chapter includes case examples of botulinum treatment with muscle length
modeling that demonstrates different findings before and after treatment. It is noted
that while some treatments such as botulinum toxin A appear to impact the dynamic
component of muscle length rather than fixed, the combination of botulinum toxin
A and casting may address both the fixed and dynamic components of equinus gait,
leading to greater improvement in both clinical and dynamic outcome measures.

EMG analysis and clinical outcomes are assessed by Aiona et al. (Chapter 9) in
studies of the equinovarus foot. This work specifically addresses patients with CP
who have neuromuscular deficits and a variety of bone and joint deformities. The
multiplanar aspects of eqinovarus consisting of ankle inversion at the subtalar joint
and ankle equinus are examined. An imbalance of forces across these two joints is
recognized as responsible for the deformity. Foot pathomechanics are examined,
including both stance and swing phase abnormalities. The biomechanical influences
of foot position on the moment arms of the anterior tibialis and posterior tibialis
about the subtalar joint axis are discussed. The clinical impact of the equinovarus
foot is described, including abnormal plantar pressure distribution, resultant pain,
and callus formation. The chapter details an extensive study of equinovarus foot
deformity, pre- and post-op in 26 ambulatory patients with CP. Three different
surgical procedures are included. Quantitative results are obtained from 3D gait
analysis and EMG assessment, including posterior tibialis activity. Following pre-
sentation and comparison of the study results, this chapter goes on to propose the
continued refinement of accurate kinematic foot models with the ultimate goal of
improved treatment outcomes.

Baker et al. (Chapter 10) present unique clinical results from controlled studies
of walker-assisted gait in children with spastic diplegic CP. The work recognizes a
fundamental difficulty in prescribing walkers for ambulatory assistance. The two
most commonly prescribed walkers are the anterior and posterior walkers. This study
examines, in detail, usage biomechanics during clinical assessment with each of
these walker types. The anterior walker is pushed forward, positioned, and then
stepped into. In contrast, the posterior walker is pulled behind the subject, after
steppage away from the walker. The two walking patterns create different body
positioning and affect the overall gait pattern. There is some controversy as to which
walker type is more effective and best matched to the user. The chapter presents
lower extremity kinematic results from a comparative study of anterior and posterior
walker usage. Results from 11 children with spastic diplegic CP are presented. Gait
temporal and stride parameters are also analyzed and differences between the two
walker types are highlighted. Results indicated that all lower extremity joints showed
a flexion bias with walker usage. The pelvis demonstrated a double bump pattern
while hip motion lacked a dynamic range of extension. Knee motion lacked a loading
response and ankle motion displayed diminished ranges in all three rockers. Work
continues to examine the kinematics in a larger population and to include the effects
on the upper extremities, resulting from walker usage. The inclusion of standard
outcomes measures is also recommended for future study.

Graf et al. (Chapter 11) employ a unique set of quantitative parameters to
examine responses to perturbations of standing balance during translations and
rotations about the ankle joint. Included are specific examples from children with
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CP, both with and without lower extremity bracing. The study recognizes that
children with neuromuscular disorders such as CP often have poor directional spec-
ificity with antagonists activating before agonists, delayed onset of muscle activity,
poor sequencing of muscle synergies, muscle coactivation, and a decreased ability
to generate sufficient forces. As a result, deficiencies present in muscle synergies
associated with ankle, hip, and stepping strategies. The range of motion at the foot
and ankle is also diminished. The effect of these conditions is to adversely affect
standing postural stability and responses to perturbation. The objective of the study
was to use a balance assessment protocol to analyze sway energy and other postural
metrics in a small group of children with diplegic CP who used articulated ankle
foot orthoses (AAFQOs). Results include tests from a series of normal children for
comparison. The study examines ten nondisabled children with comparisons to
children with diplegic CP. Among the findings reported are details regarding weight
symmetry, latency in response times, strength of active response (amplitude scaling),
a composite motor control test response (which assesses motor system recovery),
and an adaptation test (which assesses ability to minimize sway). While lower
extremity bracing has been shown to be useful for gait impairments, there is con-
troversy regarding the effects on balance deficits, with mixed findings on overall
functional gains. The assessment strategy presented in this chapter is recommended
for further study and application.

1.2.1.2 Section B

Section B of the text presents a series of chapters on adult clinical applications. A
hallmark of this section is a unique series of clinical investigations of adult foot and
ankle pathologies. Gait analysis in PTTD is used to examine a series of patients
tested pre- and postoperatively. Chapter 12 offers a quantitative characterization of
segmental foot analysis that is considered essential to the study. Another adult foot
study provides detailed information from pre- and postoperative assessment of
patients with hallux valgus. The study notes that further inclusion of EMG and
plantar pressure assessment could lead to improved surgical timing, footwear pre-
scription, and rehabilitation. Hallux rigidus is presented in a study of surgical
intervention. Analysis of hallux motion in a series of cases shows improved posi-
tioning and range postoperatively. Effective treatment of rheumatoid forefoot defor-
mity is investigated in another study that combines 3D gait metrics with radiographic
and clinical assessment tools. The rigid, single-body foot segment incorporated in
most lower extremity gait models is shown to be insufficient in a study of patients
with ankle arthritis. Chapter 16 offers a paradigm for applying segmental foot
analysis techniques to evaluate patients suffering from ankle arthritis before and
after treatment. A prospective study is presented, which investigates the hypothesis
that total ankle arthroplasty is effective in improving objective parameters of gait in
patients with unilateral tibiotalar arthritis. Patients are reported to demonstrate
improvements in sagittal range of motion of the ankle following total ankle arthro-
plasty. In another study, dynamic poly-EMG in gait analysis for the assessment of
equinovarus is investigated for a muscle-specific treatment approach to identify
specific muscles producing the deformity. Diabetic foot challenges are reviewed with
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regard to the pathophysiology responsible for the development of foot ulcers. The
biomechanical complexities of diabetic foot loading are explored in another chapter,
with an overview of neuropathic foot ulcers. The relationship of foot structure to
plantar pressures and ulceration and aberrant loading (normal and shear) is discussed.
Finally, the Jones fracture of the fifth metatarsal (5th MT) is investigated as a
common osseous foot injury that frequently requires surgical treatment.

Marks et al. (Chapter 12) present a detailed analysis of segmental foot motion
in a prospective study of PTTD. This study extends beyond previous evaluations of
radiographic and clinical results to include the temporal, stride, and kinematic effects
of intervention. Traditional kinematic techniques that are suitable for monitoring
more proximal joints are not sufficient for describing the complex interrelationships
between the ankle, subtalar, and transverse tarsal joints. Results from 27 preoperative
and 12 postoperative adults are analyzed, in addition to 25 adult controls. The
segmental motion-tracking technique is referenced to a radiographic indexing tech-
nique, which is described. Significant temporal and kinematic changes are noted
and described in this extensive study. Recommendations regarding clinical impact
and further technical implementation are included.

The pathoanatomy of hallux valgus is described by Frea et al. (Chapter 13) in
a study of pre- and postoperative gait analysis. Clinical symptoms revealed on
physical exam include a lateral deviation of the hallux phalanx, often with impinge-
ment of the lesser toes, and a prominence of the medial eminence. Associated
deformities include metatarsus primus varus, pronation of the hallux, and second
toe hammering. Case examples demonstrate applications of 3D motion analysis to
evaluate intervention. The study notes that additional work could lead to additional
improvements in treatment, timing of surgical intervention, prescription of modified
footwear, and rehabilitation methods following surgery. Integrated EMG and plantar
pressure measures as well as functional assessment are recommended.

Schwab et al. (Chapter 14) present work done to quantify foot and ankle seg-
mental motion in patients with hallux rigidus. It is noted that there are few studies
of quantified foot and ankle motion in hallux rigidus populations. Case examples
are presented in which multisegmental foot and ankle kinematics and temporal-
spatial data were obtained using the Milwaukee foot model (MFM). The quantitative
analyses found improved walking speeds postoperatively, due to increases in both
stride length and cadence. Analysis of hallux motion found improved positioning
and range of motion postoperatively. Surgery also served to shift the motion patterns
of other foot segments into a more normal range, as evidenced by the sagittal plane
differences between pre- and postoperative patterns.

A study of pre- and postoperative gait analysis of the rheumatoid forefoot is pro-
vided by Maskala et al. (Chapter 15). They note that while there are many procedures
described for the correction of the rheumatoid forefoot deformity, very few offer critical
quantitative data. Results are presented from tests of nine independent ambulators with
pain and deformity of the forefoot and documented rheumatoid arthritis. Postoperatively,
the hindfoot tended to be less dorsiflexed and in a more inverted position. The forefoot
was more commonly in a varus position at heel strike, while the hallux tended to assume
a less valgus position. At toe-off, the hindfoot tended to be more dorsiflexed, more
inverted, and more externally rotated. Also at toe-off, the forefoot was in a more varus
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position, while the hallux tended to be less dorsiflexed and in less valgus. The tibia was
more externally rotated at toe-off and more internally rotated at heel strike. At current
follow-up, it appears that forefoot correction consisting of first metatarsal phalangeal
(MTP) fusion, lesser metatarsal head resection, and lesser hammertoe correction, with
or without extensor hallucis longus lengthening, provides satisfactory outcomes when
assessed radiographically, subjectively, and with 3D MFM gait analysis.

Khazzam et al. (Chapter 16) offer a paradigm for applying motion analysis
techniques to patients suffering from ankle arthritis before and after treatment.
Included is a brief description of ankle anatomy, followed by a review of ankle
arthritis and its treatment options. Motion analysis case studies from two patients
are presented to clarify the clinical efficacy and usefulness of multisegmental foot
and ankle gait analysis. The study found a decrease in temporal-spatial parameters
preoperatively, which was noted to improve following surgery. Kinematically, sub-
jects had similar triplanar motion alterations preoperatively. Postoperatively, it
appears that subjects’ motion was better and that the mode of treatment (fusion or
total ankle replacement) did not impact the magnitude of improvement. Of note, the
subject that received a total ankle replacement demonstrated greater improvement
in range of motion of the hindfoot in the coronal plane. Additional study of a larger
patient population is recommended.

Brodsky et al. (Chapter 17) report on gait analysis after total ankle arthroplasty.
The chapter notes that total ankle arthroplasty has undergone a renaissance during
the past decade. The second generation of ankle replacement prostheses appears to
be more successful in providing pain relief for arthritic conditions, while maintaining
at least some of the function of the ankle joint. The prospective gait analysis study
was performed on 49 patients who were enrolled in a Food and Drug Administration
(FDA) clinical trial of the Scandinavian Total Ankle Replacement (STAR). Patients
were recruited on a consecutive basis as they presented to the clinic and met the
inclusion requirements. Three-dimensional gait analysis was performed between 1
and 2 weeks prior to the ankle replacement surgery and then again at 1 yr after
surgery. These tests were again repeated on successive anniversaries of the original
surgery up to 5 yr thereafter. The study unequivocally demonstrated improvement
in sagittal range of motion of the ankle following total ankle arthroplasty. The
difference was statistically significant. The most important unanswered question
raised by the study regards the source of the patient’s improved gait, i.e., pain relief
vs. biomechanical change. The use of segmental motion analysis of the foot and
ankle is noted to hold important promise to help address this question.

Alberto Esquenazi (Chapter 18) discusses dynamic, poly-EMG in gait analysis for
the assessment of equinovarus foot deformity. The chapter notes that the objectives of
dynamic poly-EMG and gait analysis are to assess muscle activity patterns, select
specific muscles that may be contributing to the deformity and those that may be
playing a compensatory role, and predict the functional behavior after treatment inter-
vention. A method for applying both surface and wire electrodes is described. Surface
electrodes are placed over the superficial leg muscles while bipolar wire electrodes
are inserted into the deeper leg muscles. Nine muscle-tendon units crossing the ankle
are commonly included in the clinical protocol. Detailed findings that support the use
of dynamic poly-EMG as a component of instrumented gait analysis are presented.
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Michael Pinzur (Chapter 19) notes that over 60,000 lower extremity amputations
are performed yearly on the 16 to 18 million individuals with diabetes in the U.S..
Three to four percent of these diabetic individuals will have a foot ulcer at any point
in time, and 15% will develop a foot ulcer or foot infection at some point in their
lifetime. The development of a foot ulcer in individuals with diabetes is currently
appreciated as the risk-associated marker for lower extremity amputation. The patho-
physiology of diabetes-associated foot ulcers is discussed and risk factors are
identified. Identification of sensory peripheral neuropathy highlights the associated
presence of both motor and vasomotor peripheral neuropathies. The greatest chal-
lenge to the bioengineering community may be in evaluating the actual forces that
lead to tissue breakdown, with shear being the most difficult force to measure.

Diabetic foot biomechanics are discussed by William Ledoux (Chapter 20) in a
detailed review of the effects of diabetes on soft tissue characteristics, gait patterns,
joint range of motion, ground reaction forces, and foot deformities. The chapter also
addresses how foot structure relates to plantar pressure and ulceration, and how
aberrant loading (normal and shear) is related to plantar ulceration. It is noted that
research has shown that changes in sensory perception due to peripheral neuropathy
could cause changes in gait patterns. Peripheral vascular disease, peripheral neur-
opathy (sensory, motor and autonomic), foot deformity, and aberrant soft tissue
loading are all considered to be important etiologic considerations in the develop-
ment of diabetic neuropathic foot ulcers. The chapter notes that studies have shown
retrospectively and prospectively that high peak plantar pressure is associated with
plantar ulceration. Recent work has found that it is also important to consider the
location of the plantar pressure when assessing how pressure is related to ulcer
occurrence. High shear stress is thought to play a role in plantar ulcer development,
but the evidence is not as direct as with peak pressure.

Rohr et al. (Chapter 21) examine Jones fractures in a rigorous finite element
analysis study. The Jones fracture of the 5th MT of the human foot is one of the
most common osseous foot injuries and frequently requires surgical treatment. This
particular fracture of the foot occurs during running and sports activities such as
recreational basketball. Improved understanding of the biomechanics of the 5th MT
is needed to better manage clinical treatment. In this study, a finite element model
(FEM) of the 5th MT has been developed by integrating subject-specific structural
data from MRI scans and kinematics and kinetics from motion analysis. A systematic
approach was used to investigate the effects of muscle and ground reaction forces
on the 5th MT stress distribution. Results confirm stress concentrations at the site
of the Jones fracture in the proximal metadiaphyseal portion of the 5th MT. Also
demonstrated is the prominent effect of the peroneus brevis muscle in producing
high stress. Findings of this study support precautionary measures and load control
as part of an integrated rehabilitation program for this frequent foot injury.

1.2.2 PART 2: TecHNICAL DEVELOPMENTS AND EMERGING
OPPORTUNITIES

Part 2 of the text presents technological advances and identifies emerging opportu-
nities in the area of foot and ankle motion analysis. Content includes quantitative
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analysis and data interpretation, validation, and testing. Section C focuses on various
modeling approaches for the foot and ankle, including seminal developments and
more novel work. A variety of exciting technologies in the area of foot and ankle
are also included (Section D) in the areas of virtual markers (VMs), joint axis
location, imaging, kinetics, triaxial force sensing, prosthetics, and robotic applica-
tions. The final chapter in Part 2 (Section E) discusses funding opportunities available
for foot and ankle research.

1.2.2.1 Section C

Kidder et al. (Chapter 22) present pioneering work in the development and validation
of a system for the analysis of foot and ankle gait kinematics. Prior to this work,
the foot was typically modeled as a single, rigid body, neglecting the articulations
of the foot segments. A system is presented, which allows for the precise tracking
of foot and ankle segments during the stance and swing phases of gait. A four-
segment, rigid body model is used to describe the motion of the tibia, hindfoot,
forefoot, and hallux segments. Radiographs are used to position reflective markers
in relation to the underlying bony anatomy. Testing and assessment of the system
are outlined. A five-camera Vicon motion analysis system was used to collect and
process foot and ankle motion data from a single adult subject. Results were com-
pared with normalized data from previous work. Plans for clinical application and
further improvement of the model are identified.

A similar, multisegment kinematic model is presented by Myers et al. (Chapter
23) for the assessment of the pediatric foot and ankle. Prior to the development of
this model, no pediatric foot and ankle models demonstrated sufficient accuracy and
clinical viability. The model includes four rigid body segments: the tibia/fibula,
hindfoot, forefoot, and hallux. A series of Euler rotations is used to compute relative
angles between segments. The first rotation is in the sagittal plane, to provide the
highest accuracy in the plane of most clinical interest. A validation protocol for the
model is presented, incorporating linear and angular testing. The study population
included three normal children between the ages of 6 and 11. A 15-camera Vicon
system was used to capture motion data, and a Biodex System 3 was used to generate
defined angular motions. Data from the pediatric model were compared to those
from an established adult model (MFM), with comparable results.

In Chapter 24, another foot model, the Oxford Foot Model, is presented by
Stebbins et al. for the measurement of foot kinematics over an entire gait cycle and
plantar pressure in children. An adult Oxford model was modified for application in
children with foot deformity, as in CP. Five variations on the model were each tested
to determine the most appropriate system for the measurement of intersegmental foot
motion in both normal and pathologic (i.e., CP) conditions. Another aim of the work
was the development of a reliable, automated plantar pressure measurement system
that could be applied in the presence of pediatric foot deformity. Fifteen healthy
children aged 6 to 14 were instrumented with reflective markers on the dominant
foot, as well as a conventional marker set on their lower extremities. A 12-camera
Vicon system was used to capture motion data, and data were also collected from a
piezoresistive pressure platform mounted to and synchronized with an Advanced
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Mechanical Technology, Inc. (AMTI) force plate. Results showed that the system
provided a reliable measure of motion data compared to previously validated adult
models, as well as for the measurement of localized forces under the sole.

Davis et al. (Chapter 25) outline the design, development, and evaluation of a
multisegment foot model specifically designed to accommodate the primary clinical
population, children with CP, at Shriners Hospital for Children, Greenville, SC.
Because of the difficulties arising from marker spacing and deformities in this popu-
lation, several needs were paramount. The model was designed as a two-segment
model (forefoot and hindfoot) that would accommodate children and be flexible
enough to accommodate significant deformity. The model was also designed to elim-
inate the need for radiographic analysis and camera repositioning; this was important
to allow for integration into a whole-body gait analysis and to streamline the clinical
visit process. The Shriners Hospitals for Children Greenville (SHCG) foot model
includes several technical markers, significantly reducing the responsibilities of the
clinician during data collection. The model has some congruity with the long-estab-
lished single-segment model, and testing results are favorable. The chapter also pre-
sents possible improvements and future directions regarding this model.

The work discussed by Henley et al. (Chapter 26) centers around the assess-
ment of the clinical practicality of a multisegment foot and ankle model. Specif-
ically, the chapter describes a multicenter study in which the reliability of placing
markers on a variety of specific anatomical landmarks was assessed. Marker
reliability was assessed with 14 adult and 8 pediatric feet. To construct the desired
four-segment foot and ankle model, 11 reflective markers were placed at anatom-
ical landmarks. Custom plaster molds were created for each subject and mounted
to the floor to insure that the feet remained in the exact same position relative to
the camera volume. Marker positions were recorded with an eight-camera system.
The subject moved around the room before a second set of data was taken. Marker
variations between trials, applications, and different clinicians were measured via
deviation ranges and intraclass correlation coefficients (ICCs). The second part of
the analysis examined the effects of marker variation on foot kinematic data.
Results showed good reliability of marker placement by a single clinician, but
poor reliability between multiple clinicians. The study stresses the importance of
the clinician’s sense of foot anatomy on the resultant kinematic data of the motion
analysis.

Kaufman et al. (Chapter 27) divide the leg into three functional segments — the
lower leg, hindfoot, and forefoot — for characterization of foot kinematics with a
three-body, rigid segment model. A total of 11 reflective markers were placed on
anatomical landmarks to define the three-segment model. Motion data were captured
via a ten-camera real-time system, and a Eulerian angle system was used to define
joint rotations. Data were collected from ten normal subjects aged 31 £ 6 yr. The
resultant data agreed well with those from other studies in adults, and hindfoot
motion and sagittal plane ankle motion data agreed well with other investigators’
results. In general, results agreed with those of Kidder et al. (Chapter 22).

Dragomir Marinkovich (Chapter 28) reports on a pilot study on a spatial linkage
model of the ankle complex. Recent technological advances have improved the
accuracy and validity of foot and ankle motion analysis. However, current multisegment
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models are similar in their inability to track the motion of the talus — the common
component of the ankle and subtalar joints. Foot pathologies can cause irregular
talar loading and motion; thus, knowledge of talar motion would benefit treatment
and diagnosis of such pathologies. The proposed model was developed to predict
subtalar motion on the basis of the motions of other foot segments. A revolute joint
is used to model the ankle joint, and a spatial linkage mechanism is proposed for
the subtalar joint based on key anatomical structures and ligaments of the ankle
complex. A cadaveric study was used to collect data for creation of the model, to
compare the marker based motions to the actual movements of the ankle and subtalar
joints. A Biodex 3 apparatus was used to apply known rotations to the ankle joint;
motion was tracked via a 15-camera Vicon system and 12 markers placed on the
foot, 9 incorporated from the MFM and 3 redundant markers. Results of the spatial
linkage model show that the proposed model agrees with observations that the
subtalar axis is not fixed during motion. The author proposes further study and
refinement before the model is clinically useful.

Walker et al. (Chapter 29) propose a multisegment foot model specific to the
assessment of foot biomechanics in dynamic hindfoot varus (DHV). DHV is com-
monly presented in children with hemiplegic CP and patients of any age with stroke
or brain trauma. Surgical correction typically focuses on overactive or out-of-phase
tibialis anterior (TA) or tibialis posterior (TP) muscles. Difficulties in diagnosis arise
when DHYV is presented along with concurrent activity of these muscles. A nonra-
diographic, anatomical model incorporating the shank, hindfoot, and midfoot was
proposed to determine individual contributions of the TA and TP to the varus
deformity. For the feasitility study, five children with DHV and neurological impair-
ment and six children with no apparent deformity or neurological impairment (nor-
mals) were tested. Two different Vicon systems were used to capture motion data,
and patients were instrumented with fine-wire EMG, bilaterally over the rectus
femoris, vastus medialis, semitendinosis, tibialis anterior, and gastrocnemius mus-
cles, and into the belly of the TP on the involved side. The foot model incorporated
Cardan angles by Euler decomposition to describe intersegmental articulations. The
multisegment kinematic model was able to differentiate between the normals and
the affected population. EMG and kinematic data were not able to diagnose the
relative contributions of the TA and TP to the varus deformity, however. The chapter
provides future direction for the improvement of this methodology.

1.2.2.2 Section D

Schwartz and Rozumalsk (Chapter 30) discuss the application and utility of VMs
relative to foot and ankle motion analysis. Physical markers (PMs) form the basis
of technical coordinate systems (TCS) in motion analysis. The PMs are affixed to
external landmarks for tracking of the underlying anatomy. Usage of PMs has been
validated numerous times in research settings and clinical motion analysis labora-
tories. At times, it is desirable to track motion of points that cannot accommodate
PMs, for example, the plantar surface of the foot or certain joint centers. In these
cases, VMs indirectly track these points relative to the TCS. The authors assess the
accuracy of VMs with a Monte-Carlo simulation, with particular emphasis on foot
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and ankle, also covering the use of VMs to create virtual shapes (VS). The results
of this analysis support the use of VMs and VS in advanced foot and ankle models to
provide modeling capabilities in areas where conventional marker placement is not
practical. The additional processing time required for these virtual segments is low,
and the accuracy can be very high, provided the corresponding PMs are accurately
placed.

Piazza and Lewis (Chapter 31) introduce advanced research into the determina-
tion of subject-specific ankle joint axes from relevant foot motion data. Errors in
joint definitions can have profound, deleterious effects on gait analysis results. Piazza
introduces a “functional” method, whereby joint axes and centers are determined
from measured joint rotations rather than their relative position to bony landmarks.
The knee and hip joints have simple mechanical analogs, making functional deter-
minations of these joint axes straightforward and accurate. The inherent complexity
of the ankle joint, with the talocrural and subtalar joints functioning like successive
nonparallel hinges, as well as the inaccessibility of the talus to external marking,
makes this more difficult. Two promising approaches to functional modeling of the
ankle are presented, including a numerical optimization determination of the two
joint axes from distal and proximal segmental motion, and a two-axis approximation
of the subtalar joint alone. Methods are evaluated with a cadaver model, in which
motion of the tibia, talus, and calcaneus were measured directly with markers
mounted in the bone. Preliminary results are presented and further direction dis-
cussed. Generic joint models have limited clinical utility due to the dynamic vari-
ability of joint location and articulation between subjects, and this work has exciting
potential to increase the accuracy and validity of motion analysis of the ankle joint.

Yamokoski and Banks (Chapter 32) report on the use of radiography for 3D
measurement of skeletal motion, in particular relating to the ankle joint. Over the
past 10 to 15 yr, it has become possible for accurate measurement of human motion
by dynamic radiography. Traditionally, this approach has been used to assess the
kinematics of the major weight-bearing joints — the hip and knee. The intricate
motions of the small bones of the ankle present a challenge. Marker-based motion
capture has given some insight into ankle kinematics; however, it is susceptible to
surface motion, distorting the underlying bony articulations. Ideally, application of
dynamic radiography would allow for an alternative accurate, noninvasive technique.
The current state of the art is presented, particularly in relation to the most common
site of radiographic analysis, the knee, and possible extensions of this technology
to the ankle joint are discussed, along with future challenges.

Sheehan et al. (Chapter 33) report on the use of fast-phase contrast (fast-PC)
MRI for in vivo assessment of ankle dynamics. Understanding of the in vivo kine-
matics of the talocrural and subtalar joints is of critical importance, clinically, to
reduce the impact of impairments on rearfoot function, prevent injury, and improve
diagnostic accuracy. Previous work has proven that fast-PC MRI is an effective,
accurate technique for the quantification of skeletal dynamics, with results compa-
rable to that of dynamic radiography. The study presents work in which MRI is
applied to the assessment of talocrural and subtalar 3D joint kinematics during
volitional activities. Results showed that the talocrural and subtalar joints move
independently of one another, but were contrary to established anatomical studies.
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Talocrural motion accounted for the vast majority of calcaneal-tibial motion in all
three directions of rotation. During plantarflexion, inversion and internal rotation
were evidenced at the talocrural joint, but were not evident at the subtalar joint.

In Chapter 34, Bruce MacWilliams reports on kinetic assessment of the foot.
Despite the recent advances in multisegment kinematic modeling of the foot, no
solutions have been presented for determination of the kinetics within the various
foot joints. MacWilliams discusses the barriers to kinetic analysis of the foot and
presents possibilities whereby current and/or future technologies may help overcome
them. Distributed force measures, shear force measurement, data synchronization,
pressure sensing, inertial forces, and inverse dynamics are covered. The author cites
the integration of pedobarograph data as a special challenge, because these data
cannot be channeled through standard analog to digital (A/D) units as EMG or force
plate data are. The work presented here illustrates that kinetic foot measurement is
possible with current technologies, but extensive processing time and lack of com-
mercial support remain barriers to clinical utility.

As a natural progression from the previous chapter, Miller et al. (Chapter 35)
report on the development and testing of a novel triaxial plantar force sensor. This
sensor was designed to report plantar foot pressures in the vertical, anterior—posterior
(A-P), and medial-lateral (M-L) directions. While force plates can report this
information in aggregate terms, the sensor presented here is capable of resolving
these forces in the individual segments of the foot. The capability to accurately
measure shear forces discretely across the plantar surface has great importance to
the potential development of kinetic foot models. Plantar pressure assessment is also
important clinically in the diagnosis of foot pathology, assessment of the effect of
footwear on gait, and the prevention of plantar ulceration. Calibration and subject
testing of the sensor are covered, and future work is proposed to refine the sensor.
This work has exciting possibilities, both clinically and in the development of kinetic
foot models.

Hansen et al. (Chapter 36) discuss measurement of ankle quasistiffness — the
slope of the ankle moment versus dorsiflexion curve — in relation to prosthetic
design. Muscles surrounding the ankle—foot complex include passive and active
elements relevant during gait. The net effect of these elements could be approximated
by a purely passive elastic prosthetic component. The study reports on an investi-
gation into ankle quasistiffness with varying walking speeds. A prosthetic component
that is faithful to the physiological response would be able to dynamically adapt to
the gait of the user. Data were obtained from 24 able-bodied subjects with an eight-
camera motion analysis system. Results showed that the ankle has passive properties
during slow gait and active properties during rapid gait.

In Chapter 37, Moreno White at SPARTA, Inc. reports on the development of
an advanced biofidelic lower extremity (able) prosthesis. This ongoing research aims
to develop a prosthetic ankle capable of mimicking a natural, nonamputee gait.
Research involved the creation of complex, dynamic, nonlinear FEMs to approxi-
mate the human ankle function, on the basis of clinical data from both able-bodied
and amputee subjects. The output of these analyses was used to design prototype
ankle components and full-scale ankle assemblies. Testing of these prototype ankles
through both mechanical and clinical testing is outlined.
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James Otis (Chapter 38) covers the role of robotics in gait simulation and foot
mechanics. This chapter covers methods used for characterizing the mechanical
properties of joints, as well as the implementation of cadaver models and sophisti-
cated gait simulators to understand the intrinsic kinematics and kinetics of the foot
during gait. Robotic technology has previously been applied to quantify mechanical
properties of the knee joint, glenohumeral joint, and intervertebral joints of the spine.
This technology has the potential to quantify mechanical properties and simulate
external loading conditions of the foot during functional activities. The application
presented centers on PTTD, which has particularly benefited from the use of cadaver
models and gait simulators. The construction of a cadaver model consistent with the
physiologic deformity is reported, and the engineering basis and procedure behind
the use of robotic technology are outlined.

1.2.2.3 Section E

The text concludes with a discussion by Quatrano and Khan from the National
Institutes of Health (NIH) regarding research support applicable to this text. Brief
introductions to the NIH and National Center for Medical Rehabilitation Research
(NCMRR) are presented to familiarize the reader with the scope and mission of
these organizations. To give readers an inclination of the government funding avail-
able for research, the 2004 NIH budget was 28 billion dollars, with 82% of this
supporting research grants, training, and research and development contracts. The
chapter includes an outline for the submission of grant proposals, as well as guidance
in beginning research pursuits in medicine and rehabilitation.
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2.1 INTRODUCTION

Pediatric orthopedists treat a wide variety of children with foot symptoms. Some
children present with normal variations such as flexible flat feet. Others have more
complicated foot deformities, often in association with muscle imbalance caused by
an underlying neuromuscular disorder. Accurate description of these deformities
presents a significant challenge. There exists significant variability in the interpre-
tation due to the complexity of foot motion terminology and description.

This chapter outlines several examples of pediatric foot deformities, which are
suitable for study with three-dimensional (3D) foot and ankle motion analysis. It
demonstrates how motion analysis of the foot can be applied to improve patient care,
while highlighting future challenges for a broader range of pediatric applications.

2.2 GAIT ANALYSIS

The function of the foot during gait has been studied for hundreds of years, with
important discoveries about periodicity of events, magnitude of forces, and timing
of motor unit function.'- In whole-body gait analysis, the foot is modeled as a single
rigid segment articulating with the lower extremity.® With the evolution of camera
and computer technologies, motion analysis has expanded significantly to include
detailed descriptions of segmental foot and ankle motion. Multiple markers can be
placed in a relatively small area to track subtle motions of small segments. Segmental
foot and ankle motion requires a specialized system to track the hallux, forefoot,
hindfoot, tibia, and other segments of interest. Adult foot and ankle motion has been
shown to produce consistent, accurate quantitative data that can be assessed and
statistically analyzed.” These data have been useful in analyzing the efficacy of
different treatments and evaluating the biomechanical consequences of surgery. It
has recently become possible to accurately study the pediatric foot as well.3-10 A
system that accurately measures motion, plantar pressures, and ground reaction
forces expands our ability of better describing pathologic gait patterns. While video
played in slow motion can reveal significant helpful information on segmental motion
patterns, more quantitative, 3D analysis provides improved accuracy of assessment,
understanding, and care. Systematic analysis of segmental foot motion and plantar
pressures provides a detailed record of gait events, allowing for meaningful dialog
among clinicians.

Gait analysis has proven useful in pediatric orthopedics to evaluate children’s
walking abnormalities at multiple joints for presurgical assessment, postsurgical
follow-up, and treatment evaluation.>¢ It provides a means to differentiate primary
problems from secondary compensations. The data include joint angles, angular
velocities, angular accelerations, electromyographic (EMG) activities, and plantar
foot pressures.'! Evaluation of segmental foot motion has followed the technical
evolution of improved data and collection instruments. The implementation of the
four-segment foot model provides greater accuracy for clinical decision making.
Children present with a broad range of abnormalities in foot position and motion,
ranging from idiopathic, congenital, or neuromuscular causes. It is reasonable to
assume that advanced applications of segmental foot motion analysis techniques in
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FIGURE 2.1 Left — linked motions of supination, adduction and inversion. Right — prona-
tion, abduction, and eversion.

children will ultimately result in improved treatment.>!* To date, little research has
been done characterizing foot and ankle motion in children. T