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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
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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.

 

1

 

 Hipprocrates, in his book 

 

On Articu-
lations

 

,

 

 

 

describes the relationship between motion and muscle.

 

1

 

 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.

 

2

 

 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.

 

3

 

 In 1879, Etienne Marey used
a specialized shoe pressure system to evaluate cadence.

 

2

 

 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

 

3971_C001.fm  Page 1  Thursday, June 28, 2007  11:40 AM



 

2

 

Foot Ankle Motion Analysis

 

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 P

 

ART

 

 1: C

 

LINICAL

 

 A

 

PPLICATIONS

 

 

 

AND

 

 O

 

PPORTUNITIES

 

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 (AAFOs). 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.

 

3971_C001.fm  Page 8  Thursday, June 28, 2007  11:40 AM



 

Foot and Ankle Motion Analysis: Evolutionary Perspectives and Introduction

 

9

 

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 P

 

ART

 

 2: T

 

ECHNICAL

 

 D

 

EVELOPMENTS

 

 

 

AND

 

 E

 

MERGING

 

 
O

 

PPORTUNITIES

 

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 DHV 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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Foot Ankle Motion Analysis

 

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.

 

1–5

 

 In whole-body gait analysis, the foot is modeled as a single
rigid segment articulating with the lower extremity.

 

6

 

 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.

 

7

 

 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.

 

8–10

 

 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.

 

5,6

 

 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.

 

11

 

 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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children will ultimately result in improved treatment.

 

9,10

 

 To date, little research has
been done characterizing foot and ankle motion in children. The current challenge
requires establishing and understanding normal pediatric foot patterns and using the
data as a comparison for the evaluation of foot pathology.

 

2.3 FOOT MOTION

 

The foot and ankle is a complex structure designed to absorb the forces of a step and
to support and propel the body forward, while adapting to uneven surfaces or other
perturbations. There are 28 bones and 26 joints in each foot and ankle, allowing
complex motion in the sagittal, coronal, and transverse planes. Major joints of the foot
and ankle are the talocrural (true ankle joint), talocalcaneal (subtalar), transverse tarsal
(midtarsal), and metatarsophalangeal. The ankle and subtalar joint together comprise
a mechanism of two joints, which are linked in motion.

 

12,13

 

 The subtalar and multiple
other joints participate in the clinically significant combined motions of supination,
inversion, and adduction and the corresponding opposite motion of pronation, eversion,
and abduction (Figure 2.1). The axes of rotation and range of motion of the ankle,
subtalar, and midfoot joints have been studied in cadavers, and elegant models of foot
function have been described.

 

14–20

 

 An understanding of joint motion is helpful in
understanding the presentation of foot and ankle motion data, which is presented in
three dimensions for each of the four segments: tibia, hindfoot, forefoot, and hallux.

 

2.4 BIOMECHANICAL MODELS

 

Several biomechanical models of the foot and ankle have been proposed using
cadaver specimens.

 

1,2,17,18,21 

 

More recently, 

 

in vivo

 

 biomechanical models of the adult
foot and ankle using multiple segments have been developed.

 

22–27

 

 Most models

 

FIGURE 2.1

 

Left — linked motions of supination, adduction and inversion. Right — prona-
tion, abduction, and eversion.
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represent motion of the tibia in relation to the laboratory and 3D motion of the foot
in three additional segments. The motion of each foot segment is referenced to its
own more proximal segment. For the pediatric population, there are limited biome-
chanical models to assess foot and ankle motion. Challenges reported in developing
the pediatric foot model include small foot sizes, close marker spacing, and skin
motion artifacts.

 

9,24,28

 

 Many studies do not elaborate on validation procedures, includ-
ing reliability and accuracy testing. Recently, Myers et al. validated a biomechanical
model (The Milwaukee Foot Model) with pediatric applications, which demonstrated
accuracy and reliability using a four-segment model.

 

8

 

 The model segments consist
of (1) tibia/fibula, (2) hindfoot (calcaneus, talus, navicular), (3) midfoot/forefoot
(cuneiforms, cuboid, metatarsals), and (4) hallux (Figure 2.2).

In the Milwaukee foot and ankle motion analysis system, in order to properly
align the marker-based coordinate systems with the underlying bony anatomy, a
rotation matrix is determined with the use of radiographic data. The radiographic
views are anterior–posterior (A–P), lateral (LAT), hindfoot (HA), and the “Milwaukee
view” to determine coronal alignment of the hindfoot (Figure 2.3).

 

29

 

 This system
can be used for both the adult and pediatric population.

 

FIGURE 2.2

 

Four segment foot model of the tibia, hindfoot, forefoot/midfoot, and hallux.

 

FIGURE 2.3

 

Radiographic Milwaukee view. The radiograph is taken with the subject stand-
ing in a defined alignment referenced to the static gait lab stance position. An ellipse is
superimposed on the calcaneal outline to determine the coronal alignment of the hindfoot.

Segment 1: Tibia and fibula
Segment 2: Talus and calcaneus
Segment 3: Distal tarsals and metatarsals
Segment 4: Hallux

1

2
3

4
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2.5 NORMAL FOOT AND ANKLE MOTION

 

Patterns of motion of the foot and ankle during normal gait in children appear
similar among patients, although a larger sample size and rigorous evaluation
of the variability of data has yet to be completed (Figure 2.4). However, the data
generated from our laboratory for ten children closely follow previously pub-
lished data from Johnson and Harris for adults.

 

7

 

 In addition, motion plots
obtained for the tibia, hindfoot, and forefoot are similar to those predicted from
biomechanical studies of cadavers and reproduced in textbooks about foot
biomechanics.

 

16,17,30–33

 

In foot and ankle motion analysis, the tibia motion is referenced to the laboratory.
The motion of the hindfoot, forefoot, and hallux are referenced to their respective
proximal segments. Therefore, ankle and subtalar motion is best represented as the
motion of the hindfoot relative to the tibia. The midfoot and forefoot segment
measures motion of the cuniforms, cuboid, and metatarsals relative to the hindfoot.
Most of this motion occurs through the midtarsal joints.

 

FIGURE 2.4

 

Three-dimensional foot and ankle motion analysis plots. Pediatric normals
(

 

n 

 

=

 

 10) vs. adult normals (

 

n 

 

=

 

 40).
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2.5.1 N

 

ORMAL

 

 T

 

IBIAL

 

 M

 

OTION

 

Tibial motion is measured by markers placed on the lateral and medial malleolus
and the medial flat surface of the tibia. There is little variability in sagittal plane
tibial motion during normal gait among adults and children, making the tibia a
useful reference point for foot motion. The range of motion in the sagittal plane
of the tibia is substantial, from approximately 18

 

°

 

 of posterior angulation in
relation to the laboratory at initial contact to 45

 

°

 

 of anterior angulation at foot off.
The fact that the range of motion is substantially larger than that measured at the
ankle in whole-body gait is because the foot is not always plantigrade during
contact. Adduction and abduction of the tibia are related to the foot progression
angle during push-off, when the tibia consistently abducts. There is measurable
internal rotation of the tibia with load acceptance, which is consistent with theories
about the mechanism of action of the ankle and subtalar joint function as a torque
converter to convert perpendicular loading to inward rotation.

 

1,2,21,34

 

2.5.2 N

 

ORMAL

 

 H

 

INDFOOT

 

 M

 

OTION

 

The hindfoot segment is referenced to the tibia and demonstrates three rockers in
the sagittal plane, which have been described in whole-body gait.

 

4,6

 

 With heel
contact, there is brief plantarflexion during the first 5% of the gait cycle, which
corresponds to the first ankle rocker. The second rocker is a period of gradual
dorsiflexion of the hindfoot relative to the tibia. The third ankle rocker comprises
the last 15% of stance phase. The hindfoot rapidly plantarflexes, which corresponds
to push-off from gastrocsoleus activity.

During swing phase, the hindfoot rapidly dorsiflexes to recover to the plantigrade
position. In the coronal plane, during the majority of stance, the hindfoot everts and
externally rotates. This is consistent with motion through the subtalar joint to accept
loading. The measured range of eversion is about 4

 

°

 

 on average. Inversion occurs
in late stance and proceeds through push-off. There is a single cycle of eversion and
inversion, which occurs during swing phase as the ankle recovers dorsiflexion and
prepares for heel strike.

 

2.5.3 N

 

ORMAL

 

 F

 

OREFOOT

 

 M

 

OTION

 

The forefoot remains remarkably stationary with respect to the hindfoot in the sagittal
plane throughout the gait cycle but supinates in the coronal plane during the last
part of stance, just preceding and during push-off. The forefoot pronates and abducts
during the early and midswing phases.

 

2.5.4 N

 

ORMAL

 

 H

 

ALLUX

 

 M

 

OTION

 

Hallux motion is consistent among normal subjects. In the sagittal plane, there is
35

 

°

 

 of dorsiflexion during the late stance. In the coronal plane, the hallux supinates
at initial contact, with 10

 

°

 

 of pronation during push-off. For the transverse plane,
the hallux exhibits 10 to 15

 

°

 

 of valgus throughout the gait cycle.
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While these patterns of motion are consistently measured in three dimen-
sions during normal gait, there is variability between subjects. A better under-
standing of variability will allow more accurate interpretation of pathologic
gait patterns.

 

2.6 CLINICAL CHALLENGES

 

There exists a wide spectrum of children’s foot deformities, which range from
congenital to neuromuscular. We have selected common pediatric orthropedic con-
ditions where motion analysis can be applied. Undoubtedly, new applications will
arise as the technology advances.

 

2.7 CEREBRAL PALSY

 

The most common neuromuscular disorder, cerebral palsy, is a nonprogressive
disorder of the brain, which causes abnormal gait or posture. Children with cerebral
palsy frequently develop foot and ankle deformities, which interfere with their gait.

 

2.8 EQUINUS FOOT DEFORMITIES

 

Ankle equinus is the most common deformity in children with cerebral palsy
(Figure 2.5). Ankle equinus is the result of muscle imbalance between overactive
plantar flexors (gastrocsoleus) and normal or weakened dorsiflexors. Plantarflexor
spasticity is often noted on physical exam. Equinus is often dynamic and associated
with an extended posture of the lower extremities, with no fixed muscle contractures.
As the child develops a mature gait, fixed equinus contractures can develop, pre-
dominately of the gastrocnemius.

 

35

 

 Contractures of the gastrocsoleus complex are
most common in hemiplegia.

 

FIGURE 2.5

 

Right foot equinus in a child with hemiplegic cerebral palsy.
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Ankle motion is displayed in whole-body gait analysis, though in this model,
the foot is assumed to move as a single unit. Therefore, some important information
is not provided. The most common sources of under- or overestimation of ankle
equinus are in situations where the foot is excessively abducted and pronated and
there is midfoot dorsiflexion, in which case the ankle’s dorsiflexion is overestimated.
Conversely, when the forefoot is in equinus and cavus, there is overestimation of
ankle equinus. Currently, the best way to interpret foot motion measured by whole-
body gait analysis is by close analysis of slow motion video. While video analysis
will always remain important, the description of accurate foot motion will provide
more insight into complex foot deformity dynamics and provide the ability to
attribute sagittal plane deformities to different segments of the foot.

 

2.8.1 V

 

ARUS

 

 

 

AND

 

 V

 

ALGUS

 

Children with cerebral palsy frequently have abnormal coronal plane foot motion
with varus and valgus (Figure 2.6).

 

6,36

 

 These rarely occur in isolation and are com-
monly associated with hindfoot equinus or, rarely, calcaneus. Significant contracture
of the ankle plantar flexors causes all the weight to be placed on the toes or the
forefoot, resulting in a decrease in power absorption and a large stress on the mid-
and hindfoot.

 

6,36

 

 As children approach adolescence and gain weight, the foot exhibits
permanent structural changes. Whole-body gait analysis, EMG studies, and physical
examination have helped the clinician diagnose and treat equinus, but the determi-
nation of varus and valgus deformities has relied on observation, EMG, and foot
pressure.

 

35

 

 Measuring significant contributions of midfoot motion in the sagittal and

 

FIGURE 2.6

 

Foot deformities in cerebral palsy. Left —illustration of planovalgus foot.
Right — illustration of equinovarus foot.
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coronal, and transverse planes, and separating this from ankle motion would help
clinicians direct treatment to the affected joints and understand the exact pathology
of abnormal foot positions in cerebral palsy, as well as the effects of intervention.

 

2.9 PLANOVALGUS FOOT DEFORMITIES

 

Planovalgus is the most common foot deformity in children with diplegia and
quadriplegia (Figure 2.7).

 

37

 

 Valgus deformity can develop from muscle imbalance,
abnormal forces, bony misalignment, and ligamentous laxity. Some children with
gastrocsoleus spasticity develop planovalgus due to the increase in force across the
hindfoot and midfoot with toe walking. Planovalgus is also associated with external
tibial torsion. Spastic and overactive peroneal muscles have been shown to contribute
to valgus position. Also contributing to the deformity can be underactivity of the
posterior tibialis muscles. The deformity can worsen over time and requires long-
term care.

 

(a)

(b)

 

FIGURE 2.7

 

(a) Foot pressure of a planovalgus foot in a child with cerebral palsy. (b) Lateral
radiograph of a planovalgus foot in a child with cerebral palsy.

R
PD

STAND
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There are a variety of accepted methods for treating planovalgus.

 

38,39

 

 Bracing is
effective in improving gait in young children. Subtalar arthrodesis, calcaneal osteoto-
mies, posterior tibialis advancement, and subtalar fusion have all been proposed as
definitive surgical treatments in severe cases in older children. Often, clinical exam and
radiographic assessment of planovalgus yields general information, with broad variabil-
ity and poor specificity. Foot pressure measurements are particularly helpful in docu-
menting the deformity and examining the improvements after surgery (Figure 2.7).
Several studies have documented changes in foot pressures after surgery for planoval-
gus. The usefulness of foot pressure measurements will increase with our understanding
of normal and pathological patterns.

 

40–45

 

 With more experience, preoperative assessment
may become routine. Application of foot and ankle motion analysis techniques to the
study of the planovalgus foot will improve understanding and treatment.

 

45

 

2.9.1 C

 

ASE

 

 1: P

 

LANOVALGUS

 

A.B. is a 6-yr-old male with a history of diplegic cerebral palsy. He has a moderate
planovalgus deformity of the left foot. The patient is a community ambulator and wears
an ankle–foot orthosis (AFO). His planovalgus is apparent in the photos (Figure 2.8).
On viewing the hindfoot and forefoot plots in the sagittal plane, both the patient’s
hindfoot and forefoot are deviated toward the neutral (0) point throughout gait. Com-
pared to the normal foot pattern, he has hindfoot plantarflexion and forefoot dorsiflex-
ion, indicating a fixed flat foot throughout the gait cycle. Hindfoot eversion is seen
from initial contact through stance with greater transverse plane internal rotation seen
through the entire gait cycle. His forefoot exhibits greater valgus during swing phase,
but fairly normal alignment with respect to the hindfoot during stance.

Using foot pressures, dynamic foot deformities are best measured by examining
the center of pressure (COP) line. At early stance, he lands on his forefoot and later
brings the heel down. In the normal foot, the COP line traces the path of the COP
from the heel, at initial contact, to toe off, passing through midpoint of the foot. In
this child, the COP during the later part of stance is shifted medially from a normal
pattern, which is indicative of valgus.

 

2.9.2 C

 

ASE

 

 2: P

 

LANOVALGUS

 

A.E. is an 8-yr-old male with diplegic cerebral palsy, who presents with severe bilateral
flat foot deformity. He was diagnosed with cerebral palsy at 1 yr of age and did not
begin to stand or walk until 4 yr of age. His gait has become increasingly worse and
he is now ambulating on the medial aspect of both feet at the midfoot region.

His COP line is shifted medially from a normal pattern, indicative of valgus
(Figure 2.9

 

).

 

 The foot pressure measurement shows an abnormal foot shape, with
increased midfoot loading. The foot and ankle plots demonstrate hindfoot plantar-
flexion shift and forefoot dorsiflexion in the sagittal plane, which correlates with a
flattened longitudinal arch. A.E. exhibits bilateral hindfoot valgus during stance. The
forefoot is in valgus during swing phase. His forefoot remains abducted throughout
stance and swing.
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FIGURE 2.8

 

Case No. 1: A.B. is a 6-yr-old boy with cerebral palsy and a moderate plano-
valgus foot deformity of the left foot. Foot pressures and foot and ankle data were acquired
for presurgical assessment.
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2.10 VARUS FOOT DEFORMITIES

 

Varus foot deformities are common in young children with cerebral palsy and are
associated with equinus (Figure 2.10).

 

6,36

 

 In toddlers, varus often resolves with
observation or bracing. Particularly in diplegia, it can even progress toward the
opposite deformity of valgus as children mature. However, in children with hemi-
plegic cerebral palsy, where one side of the body is more affected, equinovarus

 

FIGURE 2.9

 

Case No. 2: A.E. is an 8-yr-old boy with diplegic cerebral palsy and severe
bilateral planovalgus foot deformity.
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commonly persists or worsens. The major cause of the varus hindfoot is overactivity
of the posterior tibialis relative to the peroneal evertor muscles. Overactivity of the
anterior tibialis must also be evaluated and is commonly present in children with a drop
foot or significant varus during the swing phase of gait. The gastrocsoleus, toe flexors,
and flexor hallucis are secondary invertors of the foot and can contribute to deformity.

 

46

 

Treatment options for equinovarus vary with the deformity’s level of severity and
the patient’s functional ability and symptoms. Orthotics are commonly prescribed for
younger children to provide stability. Injections of BOTOX into the muscle groups
such as the posterior tibialis can be helpful for short-term treatment and diagnostic
purposes. Despite conservative treatment, with time, a varus deformity may become
more severe and symptomatic. Tendon transfer or lengthening surgery can be useful
in achieving a plantigrade, brace-free foot in children over 7 yr of age.

Fine wire EMGs can be beneficial for the evaluation and treatment of varus foot
deformities, when they are correlated to the phases of the gait cycle. Slow motion
video and fine wire EMGs using foot switches to time stance phases have been used
to make educated decisions about tendon transfer or lengthening surgery of the varus
foot.

 

47–49

 

 A further refinement can be obtained with foot and ankle motion analysis,
which quantifies the motion seen on the video. It is hoped that foot and ankle analysis
will improve surgical decision making and evaluation of results. For example, knowl-
edge of the phase and location of gait abnormalities would improve decision making
about when to do hindfoot or forefoot tendon transfers or lengthenings. If the varus
is most significant during swing phase and the tibialis anterior is active during this
period, a split transfer of the tibialis anterior is indicated. If both the tibialis posterior
and tibialis anterior are constantly active and the foot postures in equinovarus through

 

(a)

(b)

 

FIGURE 2.10

 

(a) Equinovarus deformity of the left foot in cerebral palsy — preoperative.
(b) Correction of equinovarus deformity of the left foot after a split posterior tibial tendon
transfer surgery.
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all phases of gait, the posterior tibialis can be lengthened and the lateral arm of the
anterior tibialis can be transferred to the cuboid. Isolated stance phase varus asso-
ciated with forefoot abduction or pronation is best treated with a split transfer of
the tibialis posterior to the peroneus brevis.

 

50

 

 If the patient exhibits fixed hindfoot
varus, surgical correction by a calcaneal osteotomy may be needed. With experience,
an analysis of a patient’s foot and ankle data should improve selection of the best
surgical options for equinovarus foot deformities.

 

2.10.1 C

 

ASE

 

 3: E

 

QUINOVARUS

 

L.B. is a 5-yr-old girl with mild left hemiplegic cerebral palsy. L.B. is ambulatory
with the aid of a left-sided articulated AFO. She was evaluated for tripping, toe-
walking, and intoeing on the left side. She was assessed in the motion analysis
laboratory where she exhibited 20

 

°

 

 of internal foot progression on the left side. On
analysis of slow motion video, the left foot was in varus during stance and in early
swing. She recovered foot position to neutral during swing, but she landed with the
left foot in slight equinus and varus, with increasing varus during stance phase.

It was felt that her posterior tibialis was the major cause of varus. Based on her
clinical examination, x-rays, foot videos, and pressures, L.B. underwent a split
posterior tibial tendon transfer. She is now brace free and exhibits a plantigrade foot
when she walks without any residual varus, as noted in her foot pressures
(Figure 2.11).

 

2.10.2 CASE 4: CAVOVARUS

K.M. is a 16-yr-old female with bilateral cavovarus feet, with developmental delay,
epilepsy, and a diagnosis of diplegic cerebral palsy. She has a progressive cavovarus
foot deformity worsening in adolescence. She has had foot pain for the last 3 to 4 yr
and has undergone serial casting 2 yr ago, without improvement. She bears weight
on the lateral aspect of both her feet. The patient has significant hindfoot varus,
which is fixed on her right side (Figure 2.12).

FIGURE 2.11 Case No. 3: L.B. is a 5-yr-old girl with left hemiplegic cerebral palsy and
equinovarus foot deformity. Left — preoperative foot pressure. Right — postoperative foot
pressure following a left split posterior tibial tendon transfer.
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(a)

FIGURE 2.12 Case No. 4: K.M. is a 16-yr-old female with quadriplegic cerebral palsy and
bilateral cavovarus feet. These studies were performed for presurgical assessment.
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At the significantly abnormal right foot, her foot and ankle motion analysis
shows increased plantar pressure on the lateral part of the foot. The COP line demon-
strates a toe-walking pattern, with progression lateral to the central axis of the foot.
The left foot shows a more normal loading pattern, and the COP is not abnormally
denoted.

Three-dimensional foot and ankle motion analysis shows slightly diminished
tibial excursion with increased internal tibial torsion. The hindfoot motion is signif-
icantly altered from normal. There is increased hindfoot dorsiflexion, corresponding
to an increased calcaneal pitch associated with cavus. In the coronal plane, the
hindfoot is in significant varus, which corrects only partially during stance phase.
The hindfoot returns to significant varus during swing phase. The forefoot shows
increased plantarflexion in relation to the hindfoot (cavus), as well as significant
pronation. The analysis demonstrates a significant fixed cavovarus deformity with
forefoot pronation. The dynamic motion demonstrates movement occurring through
the major joints of the foot, which might predict good long-term function after

(b)

FIGURE 2.12 (Continued).
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realignment surgery. Based on these findings, the patient underwent a right split
anterior tibial tendon transfer, plantar fascia release, right dorsiflexion first metatarsal
osteotomy, and a lateral sliding calcaneal osteotomy. The surgery was designed to
address both dynamic and fixed deformities.

2.11 CONGENITAL DEFORMITIES — CLUBFOOT

One of the most common congenital deformities is idiopathic clubfoot, a congenital
birth defect characterized by equinus, supination, and inversion of the foot
(Figure 2.13). Treatment starts soon after birth and includes serial casting and, rarely,
surgery. Although clubfoot is detected and often treated during the first few months
of life, there is residual weakness, loss of motion, and deformity, which may cause
impairment later in life. Children are followed through their growing years and
frequently require secondary procedures. Long-term follow-up is crucial for evalu-
ating different treatments such as surgery vs. casting.51 In clubfoot, an analysis of
both motion and pressure will be useful to evaluate treatment results and predict
potential problems in adulthood.52

2.11.1 CASE 5: RESIDUAL CLUBFOOT

D.R. is a 17-yr-old female with bilateral clubfoot; she had comprehensive soft tissue
release as an infant. She has had several reoperations for recurrent deformity and
presented for correction of residual deformity (Figure 2.14). The clinical photo-
graphs and videograph demonstrate a plantigrade foot with hindfoot valgus and a
dorsal bunion. The foot pressures indicate increased hindfoot pressure with little
loading of the metatarsal heads. The COP line passes through the central portion of
the foot. This patient shows limited stance phase foot motion in the coronal plane.
However, there is significant dynamic forefoot supination in the coronal plane during
push-off, and hindfoot plantarflexion is also significant during push-off. This shows
that the patient has excessive forefoot motion compensation for limited subtalar
motion. Observation of foot pressures shows abnormally high hindfoot loading
consistent with weak plantar flexors. Intervention was limited to correction of the
first metatarsophalangeal joint.

FIGURE 2.13 Congenital clubfoot, uncorrected, in an infant.
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FIGURE 2.14 Case No 5: D.R. is a 17-yr-old female with a history of bilateral clubfeet, who
had multiple surgeries as an infant. Foot and ankle data along with foot pressures were used
to evaluate her long-term follow-up, and prior to surgery, to correct residual deformities of
hindfoot valgus and dorsal bunion.
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2.12 OTHER NEUROMUSCULAR DISORDERS

Neuropathic and paralytic disorders such as polio, myelomeningocele, spinal cord
injury, Charcot–Marie–Tooth Syndrome, or other neuropathies frequently result in
complex foot deformities. All share a common muscle imbalance at the foot, which
causes dynamic and, later, static deformity. Children with myelomenigocele typically
exhibit increased stance phase knee flexion and increased ankle dorsiflexion asso-
ciated with gastrocnemius weakness.53 Orthotics are commonly prescribed. Charcot–
Marie–Tooth disease is an inherited condition involving peripheral motor neurons,
resulting in progressive muscular weakness of the feet and legs.16 Patients exhibit
foot drop, pes cavus, intrinsic muscle weakness, hammer toes, muscle atrophy of
the legs, and peroneal weakness. This condition requires careful evaluation and
improves with tendon transfers, stabilizing osteotomies, or fusions. Applications of
foot and ankle analysis will improve understanding for surgical decision making
and evaluation of results.

2.13 SEVERE FLATFOOT DEFORMITY

Pes valgus, or flatfoot, is a common deformity of the foot and ankle. Flatfeet can
be due to genetics, obesity, ligamentous laxity, trauma, or musculoskeletal disorders.
Flatfoot deformities maybe flexible or rigid. Flexible flatfeet is a heritable condition
in children and adults, occurring in 7 to 22% of the population. The condition is
rarely symptomatic but may cause pain with prolonged walking. Symptomatic flex-
ible flatfeet are often associated with tight heel cords. Conservative treatment is
usually warranted. Shoe modification, orthotics, and/or therapy are common inter-
ventions. Rarely, children present with a severe deformity that requires surgery.

2.13.1 CASE 6: SEVERE FLATFOOT DEFORMITY

A.K. is a 9-yr-old male. He is an independent ambulator with a heel-to-toe reciprocal
gait pattern and flatfoot deformity. When standing foot flat, the patient exhibits
hindfoot valgus, which partially corrects while doing a toe stand, and the arch also
notably reconstitutes. The patient can dorsiflex with knees extended to 20° and
plantarflex to 50°. He has a supple forefoot and subtalar joints while the forefoot is
easily deformed into a valgus position. This patient has generalized ligamentous
laxity. Parents noted that his gait appears to be getting worse as he gets larger. A.K.
underwent a gait analysis and foot pressure study showing increased medial forefoot
and midfoot weight bearing. The line of progression proceeds medially along the
foot during stance. This boy had a particularly severe deformity that was progressive
and was felt to benefit from surgery. He underwent a bilateral column lengthening
to correct the deformity. In the procedure, a bone graft from the pelvis was inserted
into the calcaneous neck to adduct the midfoot and improve calcaneal alignment.
During his 1-yr follow-up exam, his foot pressures improved to a more normalized
pattern. The heel remains in valgus, but motion of the hindfoot is retained
(Figure 2.15).
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FIGURE 2.15 Case No. 6: A.K. is a 9-yr-old male with severe flatfoot deformity, idiopathic
in nature. He underwent bilateral column lengthening to correct the deformity.

(a)

FIGURE 2.16 Case No.7: N.H. is a 15-yr-old male with painful flat feet as a result of bilateral
middle talocalcaneal tarsal coalition. The course of treatment for this patient is bilateral
talocalcaneal coalition resection.
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2.14 TARSAL COALITION

Tarsal coalition is the union of two or more tarsal bones, caused by fibrous, carti-
laginous, or osseous union. The etiology is unknown. Tarsal coalition restricts the
motion of the subtalar joint and when symptomatic, results in a painful flatfoot.

2.14.1 CASE 7: TARSAL COALITION

This is a 15-yr-old male who presented with foot pain interfering with his work,
which involves walking all day (Figure 2.16). He has flat feet, with marked restriction
of subtalar motion. He has pain with attempted passive inversion of his subtalar
joints bilaterally. He has dorsiflexion and plantarflexion of his ankles with no limi-
tation, but he does not reconstitute the medial longitudinal arch when he rises up
on his toes. X-ray findings demonstrate talar breaking as well as poorly defined

(b)

FIGURE 2.16 (Continued).

3971_C002.fm  Page 41  Thursday, June 28, 2007  12:00 PM



42 Foot Ankle Motion Analysis

middle facet, with blunting of the lateral process of the talus. Computed tomography
(CT) scan was performed at an outside institution, which demonstrated middle facet
talocalcaneal coalition bilaterally. Three-dimensional foot and ankle motion analysis
data show normal tibial motion patterns. In addition, the hindfoot sagittal plane
shows all three normal rockers. However, there is no normal ankle inversion motion
during stance phase push-off on the hindfoot coronal plane. Rather, the hindfoot
gradually everts throughout stance and does not recover until swing phase. The
course of treatment for this patient is a bilateral talocalcaneal coalition resection.

2.15 CONCLUSION

Recent technology in pediatric foot and ankle motion analysis and foot pressure
assessment will help refine our understanding of gait events at the foot. Pathology
of the foot can be better defined and treated using these systems. For example,
stance phase stability problems will be quantified with motion, forces, and pressure

(c)

FIGURE 2.16 (Continued).
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measurements. Swing phase problems will be characterized with motion analysis.
For children with foot disorders, gait analysis and foot pressures have become impor-
tant tools in pretreatment assessment, surgical decision making, and postoperative
follow-up. Clinicians look forward to improved care with advances in technology
to measure foot and ankle motion.
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3.1 INTRODUCTION

 

Idiopathic congenital talipes equinovarus (clubfoot) is a common, congenital defor-
mity treated by the pediatric orthopaedic surgeons. Clubfoot is a complex, congen-
ital, contractural malalignment of the bones and joints of the foot and ankle.

 

19

 

 The
goal in the correction of congenital clubfoot is to obtain a painless, straight,
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plantigrade, mobile foot with reestablishment of anatomic bony relationships, normal
radiographic appearance, and which allows the development of a normal gait pat-
tern.

 

1–6

 

 Following treatment, patients are often reevaluated for potential problems
such as overcorrection, residual, and/or recurrent foot deformity which may require
further treatment intervention. In attempts to quantify foot function, several authors
have used gait analysis

 

7–17

 

 for an objective assessment in addition to clinical, func-
tional, and radiographic evaluations.

This chapter reviews the pathology and treatment of congenital clubfoot defor-
mity. In addition, results from detailed gait analysis of patients evaluated at long-term
follow-ups of corrective clubfoot surgery will be described utilizing both standard
gait analysis modeling techniques as well as the most recent advances in motion
analysis 

 

of the foot and ankle 

 

(the multisegmental foot model). 

 

3.2 CONGENITAL CLUBFOOT PATHOANATOMY

 

Idiopathic congenital clubfoot (Figure 3.1) is characterized by four basic deformities:
(1) cavus (plantar flexion of the forefoot or the hindfoot), (2) adductus (forefoot or the
midfoot), (3) varus (subtalar joint complex), and (4) equinus (hindfoot). These deformi-
ties are not 

 

always 

 

passively correctable. The primary bony anatomy of the foot involved
in this deformity consists of the talus, calcaneus, cuboid, and navicular

 

 and

 

 their corre-
sponding articulations. The talar neck is medially rotated, shortened, and plantar flexed.
Over time, growth of the anterior aspect of the talus is stunted and medial neck deviation
continues to grow resulting in a progressive deformity. The calcaneus is shortened and
widened, with medial bowing. Malposition of the calcaneus in adduction and inversion
under the talus results in hindfoot deformity. The navicular is medially displaced, often
abutting the medial malleolus, resulting in forefoot deformity and adduction of the
midfoot. The cuboid is medially displaced and inverted on the calcaneus. Cavus (or high
arch) deformity develops as a result of forefoot pronation relative to the hindfoot with
the entire foot supinated. Varus and adduction deformity of the hindfoot and midfoot
result in supination of the forefoot. Additionally, many of the posteromedial structures

 

FIGURE 3.1

 

A congenital deformity of the foot seen in 1 per 1000 births. Cause is unknown.
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of the foot and ankle are shortened or contracted including the posterior ankle capsule,
gastrocnemius-soleus complex (Achilles tendon), posterior tibialis muscle, long toe
flexors, and posterior and medial ligaments of the ankle and tarsal joints.

 

2,5,18

 

3.3 ETIOLOGY

 

The incidence of clubfoot varies widely with respect to gender, race, and geography.
All populations demonstrate a 2.5:1 male-to-female ratio

 

2,4,19,20

 

 with bilateral disease
occurring in approximately 50% of cases.

 

2,19

 

 There is up to a 30-fold increased risk
of clubfoot deformity if the individual has an affected sibling.

 

4

 

 

 

In untreated clubfoot,
at skeletal maturity, the patient often walks on the dorsolateral aspect of the affected
foot with limited motion of the subtalar and midtarsal joints.

Although there have been several speculations,

 

2,4,19

 

 the cause of congenital club-
foot is unknown. Possible causes include intrauterine compression, environmental
factors, genetic factors, neurotrophic factors, denervation, abnormal muscle devel-
opment, vascular anomalies (hypoplasia or absent anterior tibial artery), early amnio-
centesis, chromosomal abnormalities, or viral infection.

 

3.4 CLINICAL ASSESSMENT

 

Physical examination and clinical criteria are the primary diagnostic tools used in
the assessment of clubfoot. Patients found to have evidence of congenital clubfoot
should have a complete physical examination since there is a higher incidence of
associated disorders. Examinations should include detailed neurologic and spine
examinations, degree of fixed deformity, joint range of motion, active muscle func-
tion, leg length evaluation, thigh and calf circumference, and skin creases. Absence
of heel skin crease often exists in severe deformity of the clubfoot.

 

3.5 RADIOGRAPHIC EXAMINATION

 

Anteroposterior and lateral views of the foot, which simulate weight bearing, are
the standard for preoperative evaluation of clubfoot (Figure 3.2). Measurement of
the talocalcaneal angle, tibiotalar angle, calcaneometatarsal V angle, talometatarsal
angle, angle of calcaneal dorsiflexion, and talocalcaneal index (summation of the
anterior-posterior (AP) and lateral talocalcaneal angles) are all commonly used, but
with little data as their prognostic value. Additionally, postoperative radiographic
measurements have been reported to have an inconsistent relationship to functional
outcome.

 

21

 

 Overall, radiographic examination of this population has several incon-
sistencies because of difficulty in correctly positioning the foot. Immature ossific
nuclei do not represent the true shape of the tarsal bones; the talus, calcaneus, and
metatarsals may be the only ossified bones in the first year of life. Failure to hold
the ankle and foot in proper position while taking an x-ray makes flat top talus
appear worse radiographically.

 

2,4,19
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3.6 TREATMENT OPTIONS

 

The treatment of congenital clubfoot consists of conservative (nonoperative) and
operative strategies with the goal being a functional, pain-free, straight, plantigrade
foot with good mobility and normal radiographic appearance. It is a common agree-
ment among the pediatric orthopedic community that initial management should be
nonsurgical starting during early infancy.

 

2,4,5,19,21

 

3.6.1 N

 

ONOPERATIVE

 

 T

 

REATMENT

 

Conservative treatment modalities include serial manipulation and casting, taping,
and strapping (Figure 3.3), and functional treatment (“French technique,” physical
therapy, continuous passive motion, and splinting).

 

2,4,5,19,21

 

 Manipulation and casting

 

FIGURE 3.2

 

X-rays of foot. Intersegmental angles measured to create offset matrix for
alignment of foot model to bony anatomy. Lateral view and modified coronal plane view to
measure tibiacalcaneus angle. Foot positioned perpendicular to plane of x-ray for near orthog-
onal measurement. (From Johnson JE, Lamdan R, Granberry WF, Harris GF, Carrera GF.

 

Foot Ankle Int,

 

 1999; 20(12):818–825. With permission.)
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as described by Ponseti et al.

 

1,2,4,19,21–23

 

 has been the most frequently used technique
in the U.S. as the gold standard.

The Ponseti approach of serial gentle manipulation starts with correction of
cavus deformity by elevating the first metatarsal or supinating the forefoot relative
to the hindfoot. Next, the forefoot is abducted and the hindfoot is everted with the
foot in equinus (to allow the calcaneus to freely abduct under the talus and evert
into a neutral position) through the subtalar complex. Finally, the equinus deformity
is corrected by progressively dorsiflexing the foot, often aided by percutaneous
Achilles tenotomy. A toe to groin cast is applied after each manipulation. Attempts
to correct equinus before hindfoot varus deformity is corrected result in inappropriate
dorsiflexion through the midfoot (rocker bottom deformity).

 

1,2,4,19,21–23

 

 After the foot
is corrected, a brace is applied to keep the foot in an abducted and externally rotated
position beyond the walking age.

 

3.6.2 S

 

URGICAL

 

 T

 

REATMENT

 

Surgical correction may be required for those feet which have failed to respond to
conservative manipulative correction, or where one cannot hold the corrected posi-
tion due to noncompliance of brace wearing. Surgical soft-tissue release must address
all of the pathoanatomic structures affected to optimize successful correction
(Figure 3.4). There are four regions that may require soft-tissue release: (1) posterior
release that includes Achilles

 

 

 

tendon lengthening, posterior tibiotalar joint 

 

capsulo-
tomy, 

 

posterior subtalar joint

 

 

 

capsulotomy, posterior talo-fibular and calcaneo-fibular
ligaments release, and posterior deltoid ligament release; (2) lateral calcaneocuboid
(realigns cuboid with long axis of calcaneus, straightening the lateral border of the
foot); (3) plantar fascia (corrects forefoot cavus and realigns the first metatarsal with
the talus; and (4) medial release may include posterior tibial tendon lengthening,
talonavicular, subtalar and calcaneocuboid capsulotomy, superficial deltoid, spring
ligaments, and the knot of Henry (realigns navicular on the talus, moves it away
from the medial malleolus, and provides midfoot mobility).

 

2

 

FIGURE 3.3

 

Casting and bracing are nonsurgical treatment options.
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Posteromedial release as described by Turco et al.

 

1,2,4,19,21,24

 

 is the first described
one-stage clubfoot release. The procedure was further revised and modified by subse-
quent authors including McKay, Simmons, and Carroll. Bensahel proposed an a la carte
procedure instead of universal complete release. Comprehensive clubfoot release often
results in a plantigrade foot, which will fit well in a regular shoe. However, a common
problem of the surgically released foot is stiffness of the foot at long-term follow-up.

 

3.7 GAIT ANALYSIS FOR ASSESSMENT OF OUTCOME 
FOLLOWING CLUBFOOT CORRECTION

3.7.1 P

 

REVIOUS

 

 I

 

NVESTIGATIONS

 

There have been several studies

 

7–17

 

 which have examined the gait of children fol-
lowing treatment for clubfoot deformity. Early studies

 

8–17

 

 examined gait using a
simple model of the ankle–joint complex

 

,

 

 which provides only a single axis of
kinematic information for the motion of the foot and ankle. The ankle–joint complex
method of gait analysis treats the foot and ankle as a rigid structure with the majority
of information obtained relative to sagittal plane motion (dorsiflexion/plantarflex-
ion). While this traditional method of lower body gait analysis provides useful
information related to the motion of the hips, knees, and ankles, it is unable to
provide kinematic insight as to what is occurring at the other joints of the foot during
ambulation. As a result, critical information about the hindfoot, forefoot, and hallux
are missed since clubfoot affects all of these foot and ankle segments.

More recently, with the development of advanced multisegmental foot mod-
eling, a more accurate assessment of foot and ankle motion during ambulation
has been explored. Theologis et al.

 

7

 

 examined the gait of 20 children following
treatment for correction of clubfoot deformity using a three-segment foot model
(tibia, hindfoot, and forefoot) in addition to traditional lower body gait analysis.

 

FIGURE 3.4

 

Surgical treatment: comprehensive clubfoot release performed through a
Cincinnati incision.
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The authors reported that even though this patient population had good clinical
results at follow-up, gait analysis showed residual in-toeing, foot drop, increased
midfoot dorsiflexion, and external hip rotation.

 

3.7.2 C

 

URRENT

 

 I

 

NVESTIGATION

 

We performed a retrospective study consisting of 17 patients who all had undergone
posteromedial surgical soft-tissue release to correct congenital clubfoot deformity.
There were 15 males and 2 females. All patients were evaluated and treated by one
surgeon between July 1985 and June 1987 and were available for clinical evaluation
and gait analysis at the time of this study. Standard lower extremity gait analysis
techniques using the Hayes et al. marker set were employed for collection of kinematic
and kinetic data. Additionally, multisegmental foot and ankle temporal–spatial and
kinematic data were collected using the Milwaukee Foot Model.

 

25–28

 

3.8 RESULTS OF LOWER BODY GAIT ANALYSIS

3.8.1 T

 

EMPORAL

 

 P

 

ARAMETERS

 

Comparison of temporal–spatial parameters between postoperative clubfoot subjects
and a database of normal adults demonstrated several significant differences
(Table 3.1). Stride length was shortened from 1.28 to 1.19 m (

 

p

 

 < .01), cadence
was reduced from 104.41 to 100.97 steps/min (

 

p

 

 < .0001), and walking speed was
reduced from 1.12 to 1.0 m/sec (

 

p

 

 < .0001). Walking speed was found to be 89.29%
of the normal walking speed. Stance duration of the clubfoot group was prolonged
from 61.78% to 63.63% (

 

p

 

 < .05).

 

3.8.1.1 Kinematic Results

 

Several kinematic variables at the ankle, knee, and hip were found to be significantly
different in the clubfoot population compared to normal.

 

3.8.1.1.1 Ankle (Figure 3.5)

 

Sagittal motion at the ankle of the clubfoot group was significantly decreased
(

 

p

 

 < .001) compared to normal. Specifically, the ankle demonstrated decreased

 

TABLE 3.1
Temporal–Spatial Parameters

 

Temporal–Spatial Data

Clubfoot Normal 

 

p-

 

Value

 

% Stance 63.63 

 

±

 

 2.39 61.78 

 

±

 

 2.86 0.04
% Swing 36.37 

 

±

 

 2.39 38.22 

 

±

 

 2.86 0.04
Stride length 1.19 

 

±

 

 0.1 1.28 

 

±

 

 0.11 0.005
Cadence 100.97 

 

±

 

 7.92 104.41 

 

±

 

 7.38

 

<

 

0.0001
Walking speed          1 

 

±

 

 0.14 1.12 

 

±

 

 0.1

 

<

 

0.0001
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overall range of motion and decreased plantar flexion throughout the gait cycle.
Although the first and second ankle rockers appeared to be unaffected by these changes
in sagittal ankle motion, the third rocker did appear to be delayed. Transverse ankle
motion of the clubfoot group also demonstrated significant kinematic alterations (

 

p

 

 <
.001) compared to normal. The ankle was more externally rotated and underwent less
internal rotation throughout the gait cycle. Although the average foot progression angle
of the clubfoot group trended toward more internal rotation, this was found not to be
significantly different than normal.

 

3.8.1.1.2 Knee (Figure 3.6)

 

Most of the kinematic data about the knee in the clubfoot group were within normal
limits. Noteworthy was that the knee of the clubfoot group demonstrated significantly
less valgus than normal (

 

p

 

 < .001).

 

3.8.1.1.3 Hip (Figure 3.7)

 

Hip sagittal motion in the clubfoot group demonstrated significant reductions in both
range of motion (

 

p

 

 

 

=

 

 .008) and flexion (

 

p

 

 

 

=

 

 .0015) throughout the gait cycle.

 

FIGURE 3.5

 

Ankle kinematics and foot progression angle.
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3.8.1.1.4 Kinetics (Figure3.8)

 

Ankle plantar flexion moment demand was not significantly different (

 

p

 

 > .05) than
normal. Both average range and maximum ankle internal rotation moment demand
were significantly larger (

 

p

 

 < .001) than normal. Average maximum ankle power
generated by the clubfoot group was significantly decreased (

 

p

 

 

 

=

 

 0.0011) as com-
pared to normal.

 

FIGURE 3.6

 

Knee kinematics.

 

FIGURE 3.7

 

Hip kinematics.
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3.8.1.2 Case Example

 

M.F. is a 17-yr-old male with a prior history of surgical correction of right clubfoot
deformity. This patient was diagnosed at birth as having a right clubfoot. Treatment
began at 2 wk of age with stretching and the application of a cast. This continued
serially for about 2 to 3 months, at which time casting treatment was discontinued
for financial reasons. Although the foot did show some response to conservative
treatment, the child developed recurrent clubfoot deformity within a few months.
The patient was seen again at 8 months of age and assessed for surgical clubfoot
correction. The patient’s father also had a history of right clubfoot deformity, which
required three surgical procedures for correction. Physical examination at this time
revealed normal range of motion and motor strength of the hips and knees bilaterally.
The patient was not yet ambulatory and stood on the lateral border of the right foot.
The right foot was held in the equinovarus position, and could only be dorsiflexed
up to 15

 

°

 

 shy of neutral. The ankle was very tight and in a fixed varus position with
the forefoot fixed in adduction. Additionally, no peroneal function could be elicited.
The left foot demonstrated normal motor strength and range of motion. The left foot
was in normal alignment. On radiograph, the left foot was normal. The right foot
exhibited typical clubfoot findings, with marked parallelism between the talus and
calcaneus, on both the AP and lateral views, which were not corrected in the forced
views. The patient was placed back in a stretching cast until the time of surgery.
This long leg cast was placed with the hindfoot in equinus. The cast was changed
roughly 1 wk following placement. At 9 months of age, the patient underwent right
posteromedial soft-tissue release for correction of the clubfoot deformity and was
placed in a long leg cast. At approximately 3 wk following surgery the cast was
changed. At this time it was noted that the foot was well corrected and was able to
externally rotate 15

 

°

 

 and dorsiflex up to 10

 

°

 

 past neutral. The patient was placed

 

FIGURE 3.8
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back in a long leg cast for an additional 4 wk. Six weeks following surgery the cast
was removed and the patient was placed in a Moore clubfoot brace for 6 months.
At this point, the foot was able obtain 30

 

°

 

 of dorsiflexion above neutral with knees
extended and had active peroneal function. Following 6 months of bracing the patient
was able to actively dorsiflex the foot 15

 

° and plantarflex 15°. The heel was in
neutral position, foot supple, and forefoot straight. At this time, the patient walked
with a normal heel toe gait and had no limping or tripping.

Approximately 16 yr following surgery, the patient underwent postoperative gait
analysis. At this time, the patient had no complaints related to his right foot. The
hindfoot demonstrated a small amount of valgus, and the midfoot and forefoot were
well aligned. The patient was able to actively dorsiflex past neutral with knees
extended. He demonstrated 5/5 motor strength plantar flexion and dorsiflexion, was
able to walk on his toes, and had 4/5 eversion strength.

3.8.2 TEMPORAL–SPATIAL RESULTS

The average walking speed for this patient was 1.18 m/sec, the average cadence was
109.28 steps/min, the average stride length was 1.29 m, and the average stance
duration of clubfoot was 65.55% of the gait cycle.

3.8.2.1 Kinematic Results (Figure 3.9)

3.8.2.1.1 Tibia
The tibia in this patient was in a position of increased dorsiflexion during load
response, which then decreased from midstance through the initial swing phase as
compared to normal. The tibia also demonstrated a decreased range of motion in
the coronal (abduction/adduction) and transverse (external/internal rotation) planes
throughout the gait cycle as compared to normal.

3.8.2.1.2 Hindfoot
The hindfoot of this patient demonstrated decreased dorsiflexion from load response
through preswing. Of note was the preservation of the first and third rockers, with
alterations observed in the second rocker. Range of motion of the hindfoot was
decreased throughout the gait cycle in the transverse plane (external/internal rotation)
and the hindfoot was also internally rotated throughout the gait cycle.

3.8.2.1.3 Forefoot
Range of motion of the forefoot was decreased throughout the gait cycle in the
sagittal (dorsiflexion/plantarflexion), coronal (valgus/varus), and transverse (abduc-
tion/adduction) planes. Additionally, the forefoot maintained a less plantarflexed and
abducted position for the majority of the gait cycle.

3.8.2.1.4 Hallux
Range of motion of the hallux was decreased in the sagittal (dorsiflexion/plantar-
flexion) plane throughout the gait cycle. The hallux also maintained a more plan-
tarflexed and supinated position than normal.
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3.9 DISCUSSION

Although there have been numerous studies examining whole-body gait of patients
following surgical correction of clubfoot deformity, this methodology does not allow
for assessment of motion beyond the ankle, thereby neglecting the primary area of
pathology. To date there has been relatively little published information7 that quan-
titatively assesses multisegment foot and ankle motion in the postoperative clubfoot
population.

In our examination of 17 subjects following posteromedial soft-tissue release
utilizing standard whole-body gait analysis methods we found several temporal–
spatial, kinematic, and kinetic alterations compared to normal. Temporal–spatial
changes included decreased walking speed, cadence, and stride length, as well as
increased stance duration. Kinematic alterations demonstrated by whole-body gait
analysis included decreased sagittal ankle range of motion, with preservation of the
first and second ankle rockers and a delayed third rocker. The ankle also appeared
to be more externally rotated as compared to normal. Kinematic changes at the
hip included decreased overall sagittal range of motion as well as decreased

FIGURE 3.9 Case example: foot kinematics.

0

0

20

20
40

−20
−40

A
ng

le
 (d

eg
)

A
ng

le
 (d

eg
)

40

60
Tibia: Sagittal

s00001
Normal

60 80 100 0

0

20

10

20

−10

−20
40

Tibia: Coronal

60 80 100 0

0

20

20

40

−20
40

Tibia: Transverse

60 80 100

0

0

20

20

40

40

Hindfoot: Sagittal

60 80 100 0

0

20

20

−20

−40

40

Hindfoot: Coronal

60 80 100 0

0

20

20

40

−20
40

Hindfoot: Transverse

60 80 100

A
ng

le
 (d

eg
)

0

−60

20

−20

−40

0

40

Forefoot: Sagittal

60 80 100 0

0

20

20

−20

−40
40

Forefoot: Coronal

60 80 100 0

0

20

20

−20

40

Forefoot: Transverse

60 80 100

A
ng

le
 (d

eg
)

0 20
0

20

40

60

40

Hallux: Sagittal

60 80 100 0

0

20

20

40

−20
40

Hallux: Coronal

60 80 100 0

0

20
% Cycle% Cycle% Cycle

20

40

40

Hallux: Transverse

60 80 100

3971_C003.fm  Page 58  Thursday, June 28, 2007  11:39 AM



Functional Gait Analysis in Children Following Clubfoot Releases 59

flexion/increased extension especially during terminal stance and initial swing as
compared to normal. Ankle power was significantly less than normal. These alter-
ations in gait parameters provide evidence that there exist significant changes in
ambulation of residual and/or recurrent clubfoot deformity compared with a normal
population of adolescents. We also believe that any alterations in kinematics found
proximal to the ankle are a result of compensation for changes occurring at the foot
and ankle. The details of foot motion abnormalities can only be examined utilizing
an advanced multisegment foot and ankle model.

To provide some insight into what is occurring at the foot and ankle (i.e., tibia,
hindfoot, forefoot, and hallux) we analyzed a patient following surgical correction of
unilateral clubfoot deformity using the Milwaukee Foot Model. This analysis demon-
strated several kinematic alterations including decreased tibial range of motion in both
the coronal and transverse planes; decreased dorsiflexion and transverse plane range
of motion of the hindfoot, with increased internal rotation of the hindfoot; and
decreased range of motion of the forefoot (sagittal, coronal, and transverse planes)
and hallux (sagittal). Unlike what was demonstrated by whole-body gait, there was
preservation of the first and third ankle rockers and an abnormal second rocker.
Additionally, the sagittal position of the hindfoot indicates flattening of the plantar arch.

In conclusion, this study indicates that over time there are several gait abnor-
malities that develop in patients following surgical clubfoot correction and may
indicate residual and or recurrent foot and ankle deformity. This pathology cannot
be fully examined using traditional whole-body gait analysis methods and requires
more advanced foot and ankle gait analysis, which is able to provide information
regarding motion of multiple segments of the foot. Although what we have presented
here is preliminary data, it does provide evidence that using the Milwaukee Foot
Model provides insight into some of this missing data. Further study of multiseg-
mental foot and ankle kinematics in this population may prove useful in assessing
treatment outcome as well as provide information as to the appropriate timing for
additional treatment interventions.
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4.1 INTRODUCTION

 

Nearly 20 yr ago, Simons

 

15

 

 established the standard radiographic measures used to
assess clubfoot. Six commonly measured radiographic parameters were reported. How-
ever, those angle measurements were specifically designed for children before walking
and also required complex techniques for foot positioning, which is particularly diffi-
cult between the ages of 2 months and 2 yr. Movement of the foot in those patients
often resulted in inaccuracy of the radiographic measurements.

 

8

 

 In spite of these
clinical controversies when using standard radiographic measurements, clinicians con-
tinue to apply these measurements to assess children who are able to walk.

Radiographs provide a method to evaluate the structure of the foot during weight
bearing. However, these static measurements more accurately represent the anatom-
ical alignment rather than the function of the foot during gait. In previous studies
by Cavanagh et al.,

 

6

 

 it was reported that the arch height expressed by the first
metatarsal inclination (lateral view) was one of the dominant factors in predicting
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peak pressures under the heel and the first metatarsal head during walking. Our data
on the residual clubfoot did not support this correlation between the lateral talus-
first metatarsal angle and peak pressures. This study was done by comparing radio-
graphs and EMED

 

 

 

plantar pressure results of 61 idiopathic clubfeet in 39 children
at an average of 8 yr-status post complete subtalar release.

 

17

 

 Radiographic measures
were obtained using the standard method outlined by Simons and pressure data were
collected for eight regions of the foot. Pearson correlation analysis was performed,
and the most significant correlation was found between the calcaneal-first metatarsal
angle in the lateral radiographic view (

 

r

 

 

 

=

 

 .72) and the midfoot contact area. In the
antero-posterior (AP) view, there was only mild correlation between the talus-first
metatarsal angle and both the peak pressure and plantar contact area. The results of
this study indicate that radiographs are insufficient to assess foot function in clubfoot.

The clubfoot is a complex deformity involving the ankle, subtalar and midtarsal
joints, and forefoot in which motion or deformity at one joint can have unknown
effects on the others. Residual deformities after conservative or surgical correction
of clubfoot are not uncommon and occur in a variety of forms.

 

18

 

 These residual
deformities may be seen as a dynamic supination deformity of the forefoot, which
would never be detected by standard x-rays. Although the Dimeglio classification
of clubfoot was established based upon clinical examination in the sagittal, coronal,
and transverse planes (including soft–soft feet, soft > stiff feet, stiff > soft feet, and
stiff–stiff feet),

 

10

 

 it was primarily used to assess feet in the early stage of pathology.
There have been few classifications of the residual clubfoot deformity based upon
functional assessment. With the advent of more advanced methods of assessing
plantar pressure such as the EMED pressure system,

 

1,5,9

 

 we can better determine
foot function that may correlate with dynamic plantar pressure distribution. Since
the 1990s, dynamic foot pressure analysis has been applied clinically with a variety
of foot deformities, and a series of studies using this technology was introduced for
the assessment of clubfeet. The greatest differences in peak pressure between club-
feet and normal feet occurred in the region of the midfoot.

 

9

 

 However, indications
of the correct surgical procedures as determined by the plantar pressure patterns
have not been developed.

The goal of this chapter is (1) to characterize the dynamic plantar pressure
patterns in the resistant or relapsed clubfoot; (2) to correlate treatment options with
pressure patterns, showing a case study of plantar pressure change following surgical
procedures; and (3) to investigate the influence of shoe wear on the distribution of
pressure under clubfoot.

 

4.2 MATERIAL AND METHODS

 

Twenty-six idiopathic clubfeet in 17 children, treated by complete subtalar release,
were examined by radiography, physical examination, and the EMED foot pressure
system (Novel Electronics, St. Paul, MN). The EMED plantar pressure system is a
platform to measure pressure under the bare foot. Mean length of follow-up for
clubfoot patients was 7 yr and 5 months, ranging from 4 yr and 3 months to 14 yr
and 1 month. A total of 68 normal children (6 to 16 yr) were tested as a control
group. Five of 26 clubfeet were assessed by both the EMED foot pressure system
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and Pedar insole pressure system (PEDAR mobile system, NOVEL, Germany).
Subjects were asked to step on the EMED pressure system (4 sensors/cm

 

2

 

, 50 Hz)
three times with each foot during normal walking. The in-shoe plantar pressure
system is designed to measure pressure distribution and contact area between the
foot and shoe. This system consists of a PEDAR data collective box, 12 V power
supply, software, video, PCMCIA

 

 

 

card, four pairs of different sizes of sensor matri-
ces, synchronization device, and the calibration device. The PEDAR mobile system
scans with a speed of 10,000 sensors per second and takes samples at 50 Hz.

The plantar pressure of each foot was divided into eight regions using a free-
mapping method.

 

13

 

 The first two masks are delineated by circumscribing the heel to
the point where the arch narrowing begins (Figure 4.1). Here a line along the anterior
area of the heel is drawn (line A). A line bisecting this heel region (line B) separates
the first two masks with the lateral mask being designated as mask 1 (M01) and the
medial as mask 2 (M02). The midfoot regions are created by first drawing a diagonal
line connecting the medial and lateral points where the arch flares and reaches its
greatest width (line C). Lines are drawn from the medial and lateral ends of this line
to connect to the outermost points of the anterior margin of masks 1 and 2 (lines D
and E). This sets the boundaries of the midfoot (M03). The remaining anterior,
medial, and lateral borders are the natural shape of the foot, excluding the toes. Two
additional lines are drawn at right angles to the diagonal line (line C), which separates
the forefoot from the midfoot (lines F and G). These two lines separate the fifth
metatarsal (M04) from the fourth, third, and second metatarsals (M05), thus isolating
the first metatarsal (M06). The seventh mask is made by circumscribing the phalanges

 

FIGURE 4.1
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from digits 2 to 5 (M07). The eighth mask is made by circumscribing the hallux
(M08). The free-mapping method is able to locate eight plantar anatomical land-
marks, including the lateral and medial heel; midfoot; first, third, and fifth metatarsal
heads; lateral toes (second to fourth toe together); and hallux.

According to Simon’s radiographic index,

 

15

 

 we measured seven parameters on
the AP and lateral radiographs. On the AP, the measurements included the talocal-
caneal angle (AP-TC), calcaneal-fifth metatarsal angle (AP-CM5), and talus-first
metatarsal angle (AP-TM1). On the lateral radiograph the measurements included
the talocalcaneal angle (lateral-TC), talus-first metatarsal angle (lateral-TM1),
calcaneal-first metatarsal angle (lateral-CM1), and first to fifth metatarsal angle
(lateral-M1-5). Using these masks the following variables were analyzed: (1) peak
pressure (N/cm

 

2

 

), (2) maximal mean pressure (N/cm

 

2

 

), (3) contact area (cm

 

2

 

), (4)
contact time as a function of stance phase, (5) pressure time integral, (6) force time
integral, (7) instant of peak pressure as a function of stance phase, and (8) instant
of maximum force as a function of stance phase. We then calculated the mean and
standard deviation for all variables and compared their means between the normals
and patients with clubfeet using the Student’s 

 

t

 

-test. Different pressure patterns will
be classified in terms of their plantar contact area, peak pressure, and trajectory of
center of pressure (COP); then the percentage of clubfeet with similar classified
pressure patterns will also be computed.

 

4.3 RESULTS

 

There were significant differences in specific regions of the foot (

 

p 

 

< .05). The mid-
MT

 

 

 

region of clubfoot patients had an increased plantar contact area as compared
to the normals (19.6 vs. 17.8), and the first metatarsal (MT) and hallux had a lesser
contact area (4.3 vs. 5.9, 6 vs. 7.4, respectively). The greatest difference in peak
pressure and loading between clubfeet and normal feet was in the regions of the
midfoot and hallux. The midfoot had an increased peak pressure and loading
(9.8 vs. 6.7, 2.9 vs. 1.8, respectively), and the hallux had a decreased peak pressure
and loading (15.5 vs. 26.9, 3.6 vs. 5.8, respectively). A delayed roller time of the
hallux was seen (86.8% vs. 82.1%).

Based upon the differences between clubfoot and normal foot, five different
pressure patterns were classified as following:

Pattern A: A lateral shift of the COP on the forefoot and increased peak
pressure on the lateral region of the forefoot (Figure 4.2A), which occur
in 27% of clubfeet.

Pattern B: An absence of COP on the heel (Figure 4.2B), which is found in
5% of clubfeet.

Pattern C: A decreased contact area on the first metatarsal head (Figure 4.2C),
which is seen in 27% of clubfeet.

Pattern D: An increased midfoot contact area (Figure 4.2D), which is dis-
played in 21% of clubfeet.

Pattern E: An increased peak pressure on the midfoot (Figure 4.2E), which
is shown in 16% of clubfeet.
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A persistent COP medial deviation on the heel at initial contact was seen in 121
of 134 normal feet (75.4%) (Figure 4.3). This was coupled with a short interruption
of the rise of the first peak pressure curve (a notch) and higher peak pressure on the
medial heel than the lateral heel following heel strike. These three graphic signs
indicate the mechanism of shock absorption caused by pronation movement at the
subtalar joint. In patients with clubfeet, there was the absence of shock absorption
by deceleration of the foot at initial contact or pronation movement of the subtalar
joint following the heel-strike in 92% of cases.

 

(a)

(b)

(c)

 

FIGURE 4.2

 

(a) A lateral shift of the COP and increased peak pressure on the forefoot. (b)
An absence of COP on the heel. (c) A decreased contact area on the first metatarsal head. (d)
An increased midfoot contact area. (e) An increased peak pressure on the midfoot.

Pattern A 

Pattern B 

Pattern C 
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Indications for surgical procedures were considered based upon pressure distri-
bution patterns in combination with radiographic measurements and physical exam-
ination of the foot. Most likely, tendon Achilles lengthening, usually Z-lengthening,
would be adopted if pattern B (an absence of COP or advancement of COP at the
heel) was identified. Pattern B indicates that there is contracture of the tendon
Achilles and results in the absence of heel-strike or midfoot cavus deformity. After
the complete subtalar release, we had 8% of clubfoot patients remaining in dynamic
hindfoot varus deformity, confirmed by absence of medial deviation of the COP on
the heel. In the case of pattern B and the absence of the medial deviation of COP,
a shortening of the lateral column of the foot — the Dwyer procedure, would be
suggested. The Dwyer procedure consists of a closing wedge osteotomy of the
calcaneus for persistent hindfoot varus.

Pattern A (a lateral shift of the COP and increased peak pressure on the lateral region
of the forefoot) or pattern C (a decreased contact area on the first metatarsal head)

 

(d)

(e)

 

FIGURE 4.2

 

(Continued).

Pattern D 

Pattern E
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may represent a supination deformity of the forefoot, sometimes coupled with
forefoot adduction. Indications for surgical procedures include closing wedge cuboid
osteotomy, opening wedge cuneiform osteotomy, and split anterior tibial tendon
transfer to the cuboid.

Pattern D, with increased midfoot contact area, usually demonstrates a breaking
down of the midfoot, which stems from the malalignment of the medial column of
the foot, consisting of the talus, navicular, medial cuneiform, and first ray. If this
deformity was seen alone, a medial arch support orthosis was usually prescribed.

Pattern E, with increased peak pressure on the lateral midfoot, was noted as
either midfoot breaking down or midfoot supination. Surgical options would include
the methods mentioned above (the combination of transcuneiform osteotomy with
closing cuboid and opening cuneiform osteotomy).

Considerable effects were noted with the use of shoe wear in patients with
clubfoot. Table 4.1 shows significant changes of peak pressure and force, as well as
plantar contact area. There were extensive increases of the plantar contact area of
the forefoot and remarkable reduction of the maximal forces and peak pressure on
the middle forefoot. Likewise, reduced pressure–time and force–time occurred in
the middle forefoot.

 

FIGURE 4.3

 

Pressure–time, force–time, and plantar pressure in a normal foot.
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4.4 CASE REPORT

 

AP is a white male and was born with severe bilateral idiopathic clubfoot. There
were no complications surrounding the pregnancy or delivery. No family history of
clubfoot was reported. Treatment was initiated at 2 wk of life in a series of manip-
ulations and long leg casting. He received bilateral complete subtalar releases at the
age of 6 months. Following the first surgery, both his feet were nicely plantigrade.
However, bilateral forefoot adductus has been observed since then. After a relapse
of his clubfoot deformity, he had a second surgery at 5 yr of age. He was evaluated
with a series of AP and lateral x-rays on the foot, followed by plantar pressure
analysis before and after foot surgery. Table 4.2 shows that all of his angles in the
AP and lateral view x-rays were improved after the first surgery, complete subtalar
release at 6 months of age, as compared to those at the age of 4 months. However,
4 yrs later, his lateral calcaneus-first metatarsal angle increased to an abnormal level.
Following second foot surgery, his talocalcaneal index remained more than 40

 

°

 

, but
the osseous alignment with the first metatarsal in both the lateral and AP views (AP-
talo-first metatarsal, lateral talo-first metatarsal, lateral calcaneus-first metatarsal)
were not improved (Figure 4.4a and Figure 4.4b).

Table 4.3A and Table 4.3B

 

 

 

indicate that pressure metrics of his left clubfoot
improved significantly following the second foot surgery. After the second surgery,
his plantar contact area on the first metatarsal head and hallux increased to
normal range. Reduced peak pressures on the heel and hallux and increased peak
pressure on the midfoot were corrected — so did loading on those anatomical
areas (Table 4.3A and Table 4.3B, Figure 4.5). Based upon pedometric data

 

TABLE 4.1
Significant Changes of Pressure Metrics with or without 
Shoe Wear in Clubfoot (

 

p

 

 < .05)

 

Metrics Pedar (Mean 

 

±

 

 sd) EMED (Mean 

 

±

 

 sd)

 

p

 

-Value

 

Contact area
m04 7.99 

 

±

 

 1.6 4.33 

 

±

 

 1.52 0.04
m06 7.45 

 

±

 

 1.6 3.02 

 

±

 

 1.51 0.04
Max. force

m05 19.01 

 

±

 

 13.52 53.31 

 

±

 

 9.95 0.04
Peak pressure

m05 10.47 

 

±

 

 4.22           25.2 

 

±

 

 14.75 0.04
Contact time%

m01           84.9 

 

±

 

 13.01 61.02 

 

±

 

 8.08 0.04
m08 34.41 

 

±

 

 11.43 66.17 

 

±

 

 17.46 0.04
Pressure–time

m05 2.01 

 

±

 

 1.18 5.04 

 

±

 

 2.88 0.04
Force-time

m03 4.85 

 

±

 

 3.95 10.07 

 

±

 

 2.53 0.04
m05 3.22 

 

±

 

 2.77 13.24 

 

±

 

 4.3 0.04
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(Figure 4.5), defined by 24 zones under the foot, his COP was remarkably shifted
medially in the zones of 22, 19, 15, 11, 7, and 2, especially in the forefoot region;
this showed that the COP moved from zone 3 (before surgery) to zone 2 (after
surgery) following bony osteotomy and tendon transfer. Additionally, medial devi-
ation of the COP in the zones of 22 to 18 at heel strike was noted, which is indicative
of normal heel valgus and subtalar motion following surgery as opposed to pre-
surgery. His hallux internal rotational angle was reduced from 27

 

°

 

 to 21

 

°

 

, and his

 

TABLE 4.2
Evaluation of the Left Clubfoot over 5 yrs (Degrees) 

 

Time

X-Rays Normal 4 Months
6 Months 

(First Surgery) 4 Yrs
5 Yrs (Second 

Surgery)

 

AP-talocalcaneal 20

 

°

 

–40

 

°

 

10

 

°

 

22

 

°

 

30

 

°

 

19

 

°

 

AP-talus-first met 0–15

 

° −

 

32

 

° −

 

18

 

° −

 

15

 

°

 

21

 

°

 

Lateral-talocalcaneal 25–50

 

°

 

12

 

°

 

45

 

°

 

30

 

°

 

24

 

°

 

Lateral-talus-first met

 

−

 

1

 

°

 

–10

 

°

 

15

 

°

 

11

 

°

 

14

 

°

 

28

 

°

 

Lateral-calcaneus-first 
met

   0–40

 

°

 

17

 

°

 

57

 

°

 

40

 

°

 

50

 

°

 

Lateral-first-fifth met 11

 

°

 

–21

 

°

 

8

 

°

 

12

 

°

 

26

 

°

 

24

 

°

 

T-C index >40

 

°

 

22

 

°

 

67

 

°

 

60

 

°

 

43

 

°

 

(a)

 

FIGURE 4.4

 

(a) Comparison of talocalcaneal angle in the lateral view before and after the
second surgery. (b) Comparison of talo-first metatarsal angle in the AP view before and after
the second surgery.

Before 2nd surgery

After 2nd surgery

30

24
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foot progression angle was also improved from 8.2

 

°

 

 to 1.3

 

°

 

 of internal rotation with
respect to walking direction.

His second surgery included closing wedge cuboid osteotomy, opening wedge
medial cuneiform osteotomy, and split anterior tibial tendon transfer. A medial

 

(b)

 

FIGURE 4.4

 

(Continued).

 

TABLE 4.3A
Comparison of Peak Pressure on the Left Clubfoot before and after Second 
Surgery

Area (cm2) Peak Pressure (N/cm2)

Mask Parameter Normal Pre-OP Post-OP Normal Pre-OP Post-OP

M01 (lateral-heel) 13.2 ± 3.5 11.3 18.3 25.1 ± 10.4 02.5 40.3

M02 (medial-heel) 12.9 ± 3.6 11.4 16.0 27.2 ± 11.9 06.0 35.5

M03 (midfoot) 17.2 ± 8.4 13.8 23.8 6.7 ± 3.5 13.0 10.2

M04 (fifth metatarsal
head)

6.3 ± 2.6 3.6 8.8 14.4 ± 11.2 17.8 20.7

M05 (third metatarsal
head)

17.8 ± 3.8 19.0 12.6 22.6 ± 11.3 29.8 22.3

M06 (first metatarsal
head)

5.9 ± 1.9 0.8 4.0 16.1 ± 9.5 08.0 16.3

M07 (two to fifth 
toes)

6.7 ± 2.2 2.8 8.6 14.2 ± 7.9 08.7 13.7

M08 (hallux) 7.4 ± 1.8 4.5 7.1 26.9 ± 15.1 9.5 25.0

Before 2nd surgery After 2nd surgery
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TABLE 4.3B 
Comparison of Peak Pressure on the Left Clubfoot before and after Second 
Surgery

Pressure–Time Integrals 
[(N/cm2)–s] Instant of Peak Pressure [%ROP]

Mask Parameter Normal Pre-OP Post-OP      Normal Pre-OP Post-OP

M01 (lateral-heel) 4.9 ± 2.5 0.2 6.6 13.3 ± 8.0 25.9 04.5

M02 (medial-heel) 5.3 ± 2.8 0.5 6.6 14.5 ± 7.9 25.9 04.5

M03 (midfoot) 1.8 ± 1.1 3.4 2.9 46.2 ± 15.9 70.4 71.9

M04 (fifth metatarsal 
head)

3.8 ± 2.8 3.7 4.3 64.9 ± 14.2 77.8 76.6

M05 (third metatarsal 
head)

6.5 ± 3.4 5.1 4.7   79 ± 8.3 85.2 84.3

M06 (first metatarsal 
head)

4.5 ± 2.6 0.4 3.0 69.3 ± 13.8 82.6 85.5

M07 (two to fifth toes) 2.8 ± 2.6 0.4 3.0 83.9 ± 8.4 82.6 82.0

M08 (hallux) 5.8 ± 4.3 0.7 4.2 82.1 ± 7.1 96.2 88.8

FIGURE 4.5 Changes of plantar contact area and peak pressures before and after second
surgery.

4
4

7 7
81.5%

80.6%

61.3%

41.9%

63.0%

5 5

9
9

6

10
1011

1112
12

16

16

15

15

14

14

13

13

20

20 19 18

17

17
19

40.7%

22.6%

0.0%

22.2%

0.0% 21
22 21

23
23

24
24

Before surgery After surgery

8
8

3 3
2 2

1 1
100.0%

100.0%

3971_C004.fm  Page 73  Thursday, June 28, 2007  11:51 AM



74 Foot Ankle Motion Analysis

incision was made over the proximal first metatarsal, medial cuneiform, and navic-
ular. The insertion of the anterior tibial tendon on the base of the first metatarsal
was identified and was freed up. The most medial portion of the tendon was dissected
off and split to the most proximal portion of the incision. The tendon was grabbed
with the tendon passer and then turned to the cuboid. A 3 cm incision was made
over the cuboid and a large osteotome was then used under fluoroscopic guidance
to perform a closing wedge osteotomy of the cuboid. The wedge of bone was
removed. A straight transverse osteotomy on the medial cuneiform was made and
a bone graft from the cuboid was inserted into the interval of the cuneiform.

4.5 DISCUSSION

Dynamic plantar pressure analysis has been applied clinically for clubfeet since the
1990s. The technique has already improved our understanding of the foot and its
function. The objective documentation of foot function before and after treatment
has been greatly enhanced. The study with a dynamic pedobargraph in the evaluation
of varus and valgus foot deformities found that a coronal index of the pedobargraph,
determined by comparing the pressure–time integral under the medial column with
that under the lateral column of the foot, is highly correlated with clinical assessment
and provides better information than radiographic measurement in differentiating
the clinical categories (r = .90).7 Chang et al. agreed that the clinical assessment is
still the primary tool to determine general features, but it is difficult to apply an
objective measurement and the pedobargraph should be a primary tool to measure
the severity of deformities of the foot. The 30-yr follow-up of the treatment of
idiopathic clubfoot9 performed pedobarographic and electrogoniometric analyses in
addition to the clinical outcomes and radiographic studies. They showed that the
clinical outcome could not be predicted from the radiographic result, and the clinical
result should be considered from the standpoint of pain and limitation of function.
Our experience has shown that the dynamic plantar pressure has become a routine
tool in the follow-up of the treated clubfoot and to effectively evaluate the residual
clubfoot deformity.

Gait analysis has been utilized in the assessment of the clubfoot deformity. It
has defined walking patterns in terms of their ankle joint movement and torque.2,4

Pressure patterns have not been completely characterized for residual clubfoot defor-
mities. Three-dimensional gait analysis showed reduced range of motion of the ankle
joint for patients with clubfeet. These gait patterns only indicate weaker plantar
flexor and talar flattening.4 Our study divided plantar pressures into five patterns that
represent different foot deformities. These five pressure patterns derived from the
residual clubfoot deformities during walking included forefoot adduction and supi-
nation, midfoot cavus or supination, and hindfoot varus. Cooper et al. also recognized
decreased peak pressure in the heel region coupled with the increased pressures in
the mid-part of the clubfoot.9 This pattern is similar to our type B, having an absence
of COP on the heel. In their patient population, they also discovered a mild lateral
transfer of weight-bearing as compared to normal feet, and this pattern is the same
as our type A.
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We attempted to find a relationship between treatment recommendation and
pressure patterns. Our experience taught us that the dynamic plantar pressure analysis
is able to assist in decision-making for treatment. A common residual deformity that
may be seen following the management of clubfoot is a dynamic supination defor-
mity of the forefoot, which can be easily detected by dynamic plantar pressure
analysis. Static clinical examination may present with normal alignment of the
forefoot, but the dynamic plantar pressure shows both pattern A and pattern C (lateral
shift COP and reduced contact area in the region of the first metatarsal head). The
presence of a strong anterior tibialis with weak peroneals is often the cause for this
deformity.18 The anterior tibial tendon transfer to the dorsum of the foot is a proce-
dure that has been devised to correct persistent dynamic supination deformity.18 In
a study of 27 clubfeet that underwent the anterior tibialis tendon transfer, this
procedure was found to improve muscle balance and correct the dynamic supination
deformity and progression of recurrence of clubfoot deformity.11

The fixed forefoot supination deformity, demonstrated by both clinical exami-
nation and abnormal pressure distribution (patterns A and C), was often a result of
an incomplete release of the calcaneocuboid joint16 or improper position of the
navicular with respect to the talus.3 A number of procedures have been previously
described for correction of angular and rotational deformities, but many do not
address the full deformity.14 Hoffman et al. used the opening wedge medial cunei-
form osteotomy to reliably correct forefoot adductus, however, it failed to correct
supination. Evans’ procedure involved distal calcaneocuboid joint wedge osteotomy
and fusion, but it did not resolve adduction deformity distal to the midfoot.14 A
combination of opening wedge medial cuneiform osteotomy, closing wedge cuboid
osteotomy, and truncated wedge middle and lateral cuneiform osteotomy is an
effective method to correct both the angular and rotational deformities.18

Based on the results, we found that a medial shift curve of the COP on the heel
at the heel strike occurred in 75.4% of 134 normal feet as compared to 8% of 26
clubfeet. Huber et al.12 agreed that an interruption in the rise of the pressure–time
curve and a short medial deviation of the COP path immediately after heel strike
are reliable and objective characteristics of pronation movement of the subtalar joint.
They found that 79% of 24 clubfeet had a demonstrable pronation movement with
87 points on the Orthopaedic Foot and Ankle Society Score (OFAS), and 21% did
not have pronation movement of the subtalar joint with 57 points on OFAS. They
concluded that an idiopathic clubfoot with preserved hindfoot pronation has a better
long-term prognosis.

Shoe wear reduced the peak pressure and ground reaction force over the forefoot
and did not fundamentally change the COP trajectory. This indicates that regular
shoe wear does not alter residual clubfoot alignment.

Our case report is an example of analyzing dynamic plantar pressure patterns
and using them to indicate the surgical procedures. Following the closing wedge
cuboid osteotomy, opening wedge medial cuneiform osteotomy, and split anterior
tibial tendon transfer, improved clinical results (normal foot progression angle,
reduced hallux internal rotation angle, and normal hindfoot valgus) were observed.
This work indicates that these combined surgical procedures are an effective method
for successful treatment of the residual clubfoot deformity.
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4.6 CONCLUSION

Five dynamic plantar pressure patterns were seen in patients with residual clubfeet.
They represent a variety of foot deformities that have followed surgical intervention.
These dynamic pressure features provide valuable functional analysis of the clubfoot
deformity and assist clinical decision-making in tandem with clinical examination
and radiography.
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5.1 INTRODUCTION

 

Clubfoot is a common congenital deformity that can be seen in children with obvious
neurologic injury as in myelomeningocele, or with other syndromic associations, such
as arthrogryposis. Most commonly, the deformity is an isolated one without a clear
etiology and is referred to as idiopathic. The condition is characterized by severe soft
tissue contractures and malformation of the osteocartilaginous structures of the immature
foot. The pathologic anatomy may also include aberrant muscles, nerves, and blood
vessels.

 

1–5

 

 Treatment for this disorder has included manipulation, casting, physical ther-
apy, continuous passive motion, taping, limited surgical release, extensive surgical
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release, tendon transfers, osteotomy, and arthrodesis, or some combination of these
modalities. The goal of all treatment methods is to obtain a painless plantigrade foot
while preserving as much strength and mobility as possible. Optimal therapy remains
controversial, and outcomes have been unpredictable. Gross range of motion of the joints
of the foot is commonly used as an outcome measure but lacks reproducibility and
precision. Documentation of clubfoot deformity continues to be by radiographic angular
measurements despite the fact that such measurements have several limitations in their
accuracy and precision.

 

6–9

 

 Data published demonstrate a large range of acceptable values
in the normal foot.

 

8-15

 

 The precision of radiographic measurements is least in the most
immature, primarily cartilaginous foot.

 

15

 

 Clinical outcomes do not correlate well to
radiographic measurements. These limitations diminish the utility of radiographic mea-
surements to accurately quantify the anatomic deformity. The most fundamental limita-
tion of two-dimensional (2D) radiographic imaging is the inability to accurately represent
the complex three-dimensional (3D) structure of the foot. Three-dimensional imaging
by computed tomography (CT) has been used extensively for assessment of clubfoot,
following treatment.

 

16–21

 

 This modality allows for excellent imaging of bony structures,
but requires significantly more radiation exposure than plane radiography. CT is a very
useful tool for 3D evaluation of morphology in adults, but is unable to accurately image
cartilage, making it less useful in the skeletally immature. Magnetic resonance imaging
(MRI) and computer-based image analysis have recently been used to create 3D virtual
models of bone, cartilage, soft tissues, and joints.

 

22–31

 

 The ability to image bony and
cartilaginous structures without ionizing radiation is particularly well suited to pediatric
orthopedic conditions, including clubfoot. Three-dimensional modeling of articular sur-
faces allows for quantitative evaluation of joint surfaces and joint congruity.

 

5.2 MATERIALS AND METHODS

5.2.1 R

 

ESEARCH

 

 S

 

UBJECTS

 

Seven subjects (mean age: 13.0 

 

±

 

 2.8 yr) with idiopathic unilateral clubfoot previ-
ously treated between ages 1 and 2 yr by serial casting followed by posterior–medial
surgical release were recruited into this Institutional Review Board–approved study.
Clinical examination by a pediatric orthopedist confirmed that the surgical treatment
of each clubfoot resulted in a plantigrade weight-bearing foot. None of the subjects
had any secondary bony procedures. Each contralateral foot was also determined to
be clinically normal.

 

5.2.2 I

 

MAGING

 

 T

 

ECHNIQUE

 

There were four distinct stages used to assess the 3D hindfoot tarsal morphology
(Figure 5.1): (1) quasistatic MRI of each subject’s hindfoot, (2) 3D computer recon-
struction of the resulting images, (3) geometric modeling of the computer-
reconstructed anatomy (this included an assessment of bone volume, bone area, and
the fitting of geometric models to each hindfoot bone and articular surface), and (4)
assessment of the quality of fit for each geometric model.

In the first stage, each subject’s lower limbs were separately secured at neutral
position in a commercially available, MRI-compatible ankle-positioning device

 

3971_C005.fm  Page 80  Thursday, June 28, 2007  12:12 PM



 

Three-Dimensional Magnetic Resonance Imaging Modeling 

 

81

FI
G

U
RE

 5
.1

 

Il
lu

st
ra

te
d 

su
m

m
ar

y 
of

 t
he

 m
et

ho
do

lo
gy

 u
se

d.

Q
ua

si-
st

at
ic

 
M

R 
im

ag
in

g 

Co
m

pu
te

r
re

co
ns

tr
uc

te
d

3D
 b

on
e m

od
el

s

G
eo

m
et

ric
 

an
al

ys
is:

 

M
or

ph
ol

og
ic

 p
ar

am
et

er
s 

Ti
bi

ot
al

ar
 jo

in
t m

al
al

ig
nm

en
t 

Ta
lu

s a
rt

ic
ul

ar
 su

rfa
ce

 le
ng

th
 

Ti
bi

al
 ar

tic
ul

ar
 su

rf
ac

e l
en

gt
h 

Ta
la

r d
om

e fl
at

te
ni

ng
 in

de
x 

N
av

ic
ul

ar
 fl

at
te

ni
ng

 in
de

x 

A
ss

es
sm

en
t o

f 
fit

: E
uc

lid
ea

n 
po

in
t-t

o-
po

in
t 

di
ffe

re
nc

e: 

1.
85

 
1.

5 
1.

0 
0.

5 
0.

00
 

−0
.0

0
−0

.4
−0

.8
−1

.2
−1

.6
−2

.0
−2

.4
−2

.7
2 m

m
 

 

3971_C005.fm  Page 81  Thursday, June 28, 2007  12:12 PM



 

82

 

Foot Ankle Motion Analysis

 

(CHAMCO

 

TM

 

, Miami, FL) as they reclined supine in the bore of a Siemens 1.5 T
MRI. The MRI used a 3D FISP (fast imaging in the steady state MRI protocol) to
produce 64 high-resolution T

 

1

 

/T

 

2

 

-weighted images of each subject’s lower limbs.

 

24

 

5.2.3 I

 

MAGE

 

 R

 

ECONSTRUCTION

 

 A

 

NALYSIS

 

In the second stage, the MR images of each subject were imported as raw data (data
type 

 

=

 

 short 1, header size 

 

=

 

 6144 bytes, endianess 

 

=

 

 big endian, and a voxel size

 

=

 

 0.9375 mm 

 

×

 

 0.9375 mm 

 

×

 

 1.5 mm or 1.0 mm, depending upon slice thickness)
into the image reconstruction software Amira

 

 

 

(TGS, Inc.). Once imported, the distal
tibia, talus, calcaneus, navicular, and cuboid bones were manually segmented, inter-
polated, and smoothed to assemble 3D models of each bone. After each bone model
was created, it was saved and imported into the surface-modeling software I-DEAS
Freeform (EDS, Inc.).

 

24,33

 

5.2.3.1 Geometric Modeling

 

In the third stage, the size of each bone (surface area and volume) was computed.
The articular surfaces of each joint were then geometrically modeled by using
cylinders, spheres, or planes of varying dimensions and creating a best-fit geometric
model. The articular surfaces of the tibiotalar, anterior and middle (continuous)
subtalar, posterior subtalar, and calcaneocuboid joints were modeled with cylinders
of varying radii and placed in male–female configurations, relative to models. The
articular surfaces of the talonavicular joint were modeled with either one
male–female sphere or two male–female spheres of varying radii, where the radius
of each sphere corresponded to the greater and lesser curvatures of the modeled
articular surfaces. Each of the geometric models closely approximated the ideal
articular surface shapes described by Sarrafian (Figure 5.2).

 

34

 

 In the fourth stage,
the quality of fit was quantified by the average Euclidean point-to-point perpendic-
ular difference between the articular surface and the geometric model (Figure 5.3).

 

5.2.3.2 Tarsal Morphological Parameters

 

The reliability of the morphological parameter used was determined by quantifying
the accuracy and precision of the geometric modeling technique. This was accom-
plished by modeling ping-pong balls and polyvinylchloride pipes of known radii,
as determined by a coordinate measuring machine and comparing these known radii
values to the experimentally determined radii values. The usefulness of each mor-
phological parameter was defined by its ability to quantitatively distinguish the
primary deformities associated with the clubfoot pathological anatomy. The primary
osseous deformities associated with the clubfoot included: a flattened talar dome

 

1,2,35

 

;
a deformed talar head

 

15,36

 

; a wedge-shaped navicular with a deformed articular
surface; a single, deformed subtalar joint; and a deformed calcaneocuboid articular
surface.

 

37

 

The specific morphological parameters measured were tarsal volume, tarsal
surface area, articular surface area, articular surface length, difference in articular
surface length, joint malalignment, the degree of talar flattening, and the degree of
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navicular flattening. The first four parameters are routine and self-explanatory. Dif-
ferences in articular surface lengths were measured for the tibiotalar joint by calcu-
lating the difference in arc length of the cylinders that represented these two joint
surfaces. This was accomplished by computing the distance between the articular
surface extremes — the chord. The articular surface length was approximated by
the arc length (Equation 5.1):

(5.1)

where 

 

D

 

 denotes the diameter of the cylinder used to model the articular surface
and 

 

C

 

 denotes the chord of the articular surface. The difference in articular surface
length was determined by subtracting the distal tibia articular surface length from
the talar dome articular surface length. Articular surface length and the difference
in articular surface length were both used to quantify joint size. Theoretically, the
functional relevance of this parameter is that an increase in the difference of articular
surface length should predict an increase in talus sagittal rotation.

Joint malalignment was measured in the tibiotalar and posterior subtalar joints
by calculating the angle of deviation between the cylinders describing the joint
surface. The angle of deviation (Equation 5.2) was quantified by the ratio of the
vector dot product of the cylinder position vectors and the product of the magnitudes
of the cylinder position vectors:

(5.2)

 

FIGURE 5.2

 

Summary of tarsal articular surfaces studied.

Tibiotalar joint: 
Male/female conic surfaces 

Talonavicular joint: 
Male/female ellipsoids 

Calcaneocuboid joint: 
Male/female hyperbolic paraboloids 

Anterior/middle subtalar joint: 
Female/male ovoid 

Posterior subtalar joint: 
Male/female ovoid 
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where and are the position vectors that describe the talus and tibia or calcaneus
cylinders, respectively; and |

 

A

 

| and |

 

B

 

| are the magnitudes of the position vectors
that describe the talus and tibia or calcaneus cylinders, respectively. Theoretically,
the functional relevance of this parameter is that an increase in the angle of deviation
should predict a decrease of in-plane motion and an increase of out-of-plane motion.

The degree of talar flattening was quantified by the talar flattening index
(Equation 5.3) — a parameter adopted from one similarly developed by Hjelmstedt
and Sahlstedt.

 

35

 

(5.3)

 

FIGURE 5.3

 

Representative Euclidian perpendicular difference between the geometric model
(top figure) and the articular surface (bottom figure)
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The talar flattening index has been shown to be functionally relevant because it
correlates with dynamic joint motion, however, not static motion. 

 

38

 

 Finally, the
degree of navicular flattening was quantified by the navicular flattening index:

(5.4)

 

5.2.4 D

 

ATA

 

 A

 

NALYSIS

 

Two-tailed paired 

 

t

 

-tests were used to compare the mean values of tarsal volume,
tarsal surface area, and articular surface area between the unilateral surgically treated
clubfoot and the contralateral normal foot. If the corresponding differences were
significant, it was concluded that surgical treatment did not restore “normal” tarsal
size or joint size in the unilateral clubfoot. Second, a two-tailed unpaired 

 

t

 

-test was
used to compare the mean values of the remaining morphological parameters between
the same groups. If the corresponding differences were significant, a similar con-
clusion was drawn. 

 

p

 

-Values less than .05 were considered indicative of significant
differences.

 

5.3 RESULTS

 

The geometric modeling technique quantified spherical surface curvature with an
accuracy of 96%, cylindrical surface curvature with an accuracy of 97%, and mea-
sured surface area and volume with accuracies of 92 and 89%, respectively. The
technique used was able to assemble the MR images into 3D volumes with a
coefficient of variation (COV), a measurement of precision of 0.19%, geometrically
model the 3D volumes with a COV of 0.14%, calculate the surface areas with a
COV of 0.30%, and compute bone volumes with a COV of 0.40%.

 

27

 

The talus, calcaneus, navicular, and cuboid in the surgically treated clubfeet
were smaller in volume (20–36% less, 

 

p

 

 < .001) and had less total surface area
(16–28%, 

 

p 

 

< .002) than the corresponding bones in the contralateral normal feet
(Table 5.1 and Table 5.2). The areas of the articulating surfaces of the distal tibia,
talus, and navicular in the surgically treated clubfeet were also smaller (25–40%
less, 

 

p 

 

< .05) than those in the contralateral normal feet (Table 5.3). Mean articulating
surface areas in the surgically treated feet of the calcanei at the posterior subtalar
joints and the cuboids at the calcaneocuboid joints trended slightly less (Table 5.3)
than the corresponding values in the controls. No difference was observed at the
calcaneocuboid joint (Table 5.3).

Radii of the cylinders and spheres, which were used to model the curvature of
each articular surface, were the basis from which other morphological parameters
were derived and subsequent comparisons made (Table 5.4). Mean values for the
articulating surface areas of the talus and tibia in the tibiotalar joints of the surgically
treated feet and contralateral normal feet are shown in Table 5.5. Treated clubfoot-
related differences in articulating surface length on an absolute and differential

Navicular Flattening Index
Greater Navicular Cu= rrvature

Navicular Length
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TABLE 5.1
Comparison of the Average Tarsal Volumes in the Contralateral Normal 
and the Unilateral Surgically Treated Adolescent Clubfoot

 

Volume (mm

 

3

 

)

Bone Clinically Normal Surgically Treated Percent Difference

 

p

 

-Value

 

Talus  37,822 

 

±

 

 8,057 24,299 

 

±

 

 6,228 35.8 .001
Calcaneus 60,364 

 

±

 

 18,240 46,301 

 

±

 

 13,102 23.3 .001
Navicular 9374 

 

±

 

 2829    7426 

 

±

 

 2683 20.8

 

  <

 

.001
Cuboid  12,591 

 

±

 

 3,060 10,017 

 

±

 

 2,257 20.4 .001

 

TABLE 5.2
Comparison of the Average Tarsal Surface Area in the Contralateral 
Normal and the Unilateral Surgically Treated Adolescent Clubfoot

 

Tarsal Surface 
Area (mm

 

2

 

) Clinically Normal Surgically Treated
Percent 

Difference

 

p

 

-value

 

Talus 6812 

 

±

 

 1170 4889 

 

±

 

 959 28.2 <.001
Calcaneus 9807 

 

±

 

 2383 7932 

 

±

 

 1743 19.1 .002
Navicular 2676 

 

±

 

 647 2231 

 

±

 

 641 16.7 .002
Cuboid 3018 

 

±

 

 609 2540 

 

±

 

 481 15.8 .001

 

TABLE 5.3
Comparison of the Average Tarsal Articular Surface Area in the 
Contralateral Normal and the Unilateral Surgically Treated Adolescent 
Clubfoot

 

Articular Surface Area (mm

 

2

 

)
Clinically 
Normal

Surgically 
Treated

Percent 
Difference

 

p

 

-Value

 

Talus, tibiotalar joint     1107 

 

±

 

 328 666 

 

±

 

 245 39.9 .043
Tibia, tibiotalar joint 661 

 

±

 

 173 484 

 

±

 

 127 26.9 .005
Talus, talonavicular joint 783 

 

±

 

 115 587 

 

±

 

 148 25.0 .009
Navicular, talonavicular joint 487 

 

±

 

 136 354 

 

±

 

 139 27.3 .004
Talus, posterior subtalar joint 487 

 

±

 

 114 335 

 

±

 

 116 31.2 .027
Calcaneus, posterior subtalar joint 512 

 

±

 

 120 459 

 

±

 

 149 10.4 NS
Calcaneus, calcaneocuboid joint 536 

 

±

 

 120 532 

 

±

 

 145 0.8 NS
Cuboid, calcaneocuboid joint 537 ± 141 502 ± 114 6.5 NS

Note: NS, not specified.
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(78.4%) basis are clearly attributable to shape alterations in the talus, but not in the
tibia (Table 5.5). The navicular in the clubfeet were also flatter than those in the
contralateral normal feet. The mean navicular flattening index in the surgically
treated clubfeet was 85.7% larger ( p = .029) than those of the contralateral normal
feet (Table 5.5). In the surgically treated foot, the talus was flatter, as quantified by
the talar flattening index, which trended (p = .062) 15.4% larger than the value for
the contralateral normal foot. One of the subjects in this study displayed a talus with
a true “flat top” (Figure 5.4).

TABLE 5.4
Comparison of Articular Surface Curvature in the Contralateral 
Normal and Unilateral Surgically Treated Adolescent Clubfoot

Curvature (mm)

Articular Surface 
Clinically 
Normal

Surgically 
Treated

Percent 
Difference p-Value

Talus, tibiotalar 22.3 ± 1.5 20.5 ± 1.7 8.1 .068
Tibia, tibiotalar 28.8 ± 3.8 27.8 ± 11.0 3.6 NS
Talus, talonavicular 17.2 ± 2.7 22.2 ± 7.4 29.2 NS
Navicular, talonavicular 21.0 ± 1.9 30.7 ± 12.8 46.3 .070
Talus, talonavicular 
greater curvature

18.2 ± 3.1 22.9 ± 8.9 26.0 NS

Navicular, talonavicular 
greater curvature

20.2 ± 2.3 36.7 ± 17.1 82.2 NS

Talus, talonavicular lesser 
curvature

15.2 ± 1.7 22.8 ± 12.1 49.6 NS

Navicular, talonavicular 
lesser curvature

19.4 ± 2.6 40.7 ± 37.6 109.8 NS

Talus, posterior subtalar 24.3 ± 8.3 36.1 ± 14.1 48.5 NS
Calcaneus, posterior 
subtalar

21.4 ± 6.2 23.9 ± 6.6 11.5 NS

Talus, anterior/middle 
subtalar

13.6 ± 3.1 14.0 ± 3.8 2.6 NS.

Calcaneus, 
anterior/middle subtalar

25.3 ± 4.0 21.7 ± 4.9 14.3 NS

Calcaneus, 
calcaneocuboid vertical

17.2 ± 5.2 25.5 ± 4.3 48.3 .059

Cuboid, calcaneocuboid 
vertical 

19.8 ± 5.3 20.3 ± 6.8 2.8 NS

Calcaneus, 
calcaneocuboid 
transverse

18.6 ± 7.1 18.9 ± 7.2 1.2 NS

Cuboid, calcaneocuboid. 
transverse

18.8 ± 3.2 26.0     NA NA

Note: NS, not specified; NA, not applicable
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TABLE 5.5
Comparison of the Morphologic Parameters in the Contralateral Normal 
and Unilateral Surgically Treated Adolescent Clubfoot

Morphological 
Parameter Clinically Normal Surgically Treated

Percent 
Difference p-Value

Tibiotalar joint 
misalignment

4.76º ± 3.47º        7.64º ± 4.01º 60.6 NS

Posterior subtalar joint 
misalignment

11.96º ± 8.63º 16.77º ± 13.99º 40.2 NS

Talus articular surface 
length, tibiotalar joint

38.70 ± 8.32 mm 28.72 ± 5.35 mm 25.8 .029

Tibia articular surface 
length, tibiotalar joint

29.34 ± 3.65 mm 26.70 ± 3.78 mm 9.0 NS

Difference in tibiotalar 
articular surface length

9.36 ± 5.14 mm 2.02 ± 2.94 mm 78.4 .011

Talar dome flattening 
index

0.377± 0.035        0.435 ± 0.064 15.4 .062

Navicular flattening index 0.748 ± 0.154        1.389 ± 0.665 85.7 .029

Note: NS, not specified.

FIGURE 5.4 Three-dimensional computer reconstruction of a “flattened talus” from a sub-
ject’s surgically treated clubfoot.
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5.4 DISCUSSION

Although it has been established that clubfeet are smaller than contralateral normal
feet, the results of this study provide new 3D quantitative information regarding the
shape and size of the hindfoot complex. The talus, calcaneus, navicular, and cuboid
in the unilateral surgically treated clubfoot were significantly smaller in surface area
(20–36%) and volume (16–24%) than the corresponding tarsals in the contralateral
normal foot. Also, the articular surfaces of the distal tibia, talus, and navicular in
the clubfoot were smaller (27–40%) and flatter (up to 86%). This documented
discrepancy in shape and size is part of the pathology of clubfeet. The long-term
effect of treatment on morphology is not well described. The present quantitative
morphological data, obtained from adolescents, complements the morphological and
architectural data Itohara et al. obtained from 5-month-old infants22 and the CT-
based 3D architectural and qualitative shape data presented by Ippolito et al.19

The morphological data presented are consistent with the findings of prior
anatomic studies. Stindel et al.39 used MR reconstruction to calculate tarsal volumes
in ten normal adult feet. They noted that the mean (± SD) volume of the talus,
calcaneus, navicular, and cuboid were 36,380 mm3 ± 7,773 mm3, 66,719 mm3 ±
15,653 mm3, 10,787 mm3 ± 2,675 mm3, and 12,208 mm3 ± 2,260 mm3, respectively.
Considering normal variability and the expected size difference between the adult
and adolescent tarsals, their results are in excellent agreement (4–15% difference)
with the values presented here.

Two different studies by Cahuzac et al.28,31 used MR reconstruction to compare
the size of the tarsal ossific nuclei in the contralateral normal and unilateral infant
clubfoot. They noted that the mean volume of the talar, calcaneal, and navicular
ossification centers in the infant clubfeet were 40, 20, and 15% smaller, respectively,
than those of the contralateral normal foot. The magnitude of these differences (35.8,
23.3, and 20.8%, respectively), although they measure only the ossific nuclei, is
consistent with the differences obtained from the present study. A similar study by
Itohara et al.22,40 also reported similar findings.

Sarrafian34 determined that the mean curvature of the trochlea in the adult talus
was 20 mm and this is consistent with the results (22.3 mm ± 1.5 mm) presently
reported from the normal foot. Laidlaw41 reported that the average curvature of the
posterior facet in the adult calcaneus was 30 mm (range: 12–40 mm); this is also
in line with the present results (21.4 ± 6.2 mm). Despite the large differences in
means, no statistically significant differences were detected in articular surface
curvatures between the tarsals from the contralateral normal and surgically treated
clubfeet. This was likely due to the small sample sizes and large variability of this
measurement as note by the size of the standard deviations.

Hjelmstedt and Sahlstedt35,42 reported a value for the talar flattening index in the
normal foot (0.365 ± 0.045) and this value is within 3.3% of the value (0.377 ±
0.035) presently determined for the contralateral normal foot. Bach et al.38 measured
the mean talar flattening index of nine treated clubfeet (0.597, range = 0.31–1.33)
and, given the small sample sizes of both studies and the intrinsic variability of club
foot morphology, this value is consistent with that presently reported (0.435 ± 0.064).
Two independent studies43,44 found talar flattening in only 1.5% of clubfeet, whereas
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other reports45,46 noted talar flattening in 68 and 74% of subjects, respectively. This
discrepancy may be due to differences in measurement technique, parallax errors of
radiographic visualization and interpretation, or small sample size fluctuations.
Although the present study made no attempt to estimate the incidence of talar flatten-
ing, it presents a methodology that will obviate the errors inherent in 2D radiographs.

A minor limitation to the accuracy of the present technique is its dependence
upon the resolution of the MR images and the technician’s ability to discern and
outline the images from which the software assembles and geometrically models
the bone volumes. A slightly more important limitation concerns the actual geometric
models used. Spheres, cylinders, and planes are merely first approximations to the
complex articular surface anatomy. More complex shapes (conic sections, parabolas,
etc.) may fit better, but also introduce complexities of description and comparison
that were considered unfavorable trade-offs, and thus were not considered further.
It is important to note that only the subchondral bone surface was modeled, rather
than the actual articulating cartilage surface. This is not a major concern as long as
subchondral bone shape reflects cartilage shape. Subsequent research efforts should
pursue a 3D reconstruction of articular cartilage morphology with comparable shape
modeling and quantification.

In conclusion, described here is a technique to use MR images to construct 3D
models of nonosseous structures. This allows for 3D modeling of the developing
foot of the infant, child, adolescent, and adult as the proportion of cartilage and bone
changes with growth. The 3D parameters developed allow for the accurate docu-
mentation of morphologic changes and alterations in articular surface shape. The
method provides a tool to quantify changes in the growing foot, as influenced by
pathology and/or treatment.
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6.1 INTRODUCTION

 

Children with spastic cerebral palsy (CP) are at risk for developing a mixture of
foot deformities as they mature. Although CP is caused by a static encephalopathy,
the associated musculoskeletal pathology is dynamic and influenced by a number
of factors. Factors that may contribute to the deformities of the feet and ankles
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include spasticity, muscle imbalance, contracture, bony torsion, joint instability, and
disordered biomechanics during weight-bearing and ambulation.

 

1

 

 Although there is a
general consensus regarding the principles of management of the foot and ankle in
children with CP, there is little agreement on the specifics of orthopaedic intervention.

The majority of flexible foot and ankle deformities can be conservatively treated
with appropriate shoe selection or bracing. However, orthopedic surgeons have many
different opinions with regards to the optimal brace choice for a given foot and ankle
deformity.

 

2–7

 

Many children with CP ultimately develop stiff, painful, and unbraceable foot and
ankle deformities. Foot and ankle surgeries account for approximately 25 to 30% of
all surgical procedures performed on ambulatory children with CP to improve their
gait function.

 

8

 

 As with the conservative management of these foot and ankle deformities,
little consensus exists regarding the optimal surgical procedures to correct the various
foot and ankle deformities observed in these patients. Numerous soft-tissue releases
and tendon transfers have been described in the literature to correct both flexible and
stiff foot and ankle deformities seen in children with CP.

 

9–11

 

 The correction of stiff
foot and ankle deformities frequently requires a combination of soft-tissue proce-
dure(s), an osteotomy, and a joint fusion. Furthermore, the optimal timing for the
surgical treatment of these severe foot and ankle deformities is unknown.

 

8,12–16

 

The lack of agreement in the literature regarding the nonsurgical and surgical
treatment of foot and ankle deformities in children with CP reflects the current lack
of knowledge of the natural history of these foot and ankle deformities in this
population. Presently, the impact of nonsurgical and surgical treatment on the natural
history of the dynamic foot and ankle deformities in these children is unknown. The
purpose of this prospective study is to document the natural history of dynamic foot
and ankle deformities seen in young children with CP, using the technology in the
gait analysis lab.

 

6.2 MATERIAL AND METHODS

6.2.1 S

 

UBJECTS

 

Subjects included 10 typically developing 2-yr-olds and 51 children with CP between
21 and 42 months (average age, 32 

 

±

 

 6 months). Thirty-five subjects with CP com-
pleted a 6-month follow-up (38 

 

±

 

 6 months old), and 19 completed a 1-yr follow-up
(44 

 

±

 

 6 months old). Subjects had a wide variety of baseline function. Children were
included with spastic hemiplegia (

 

n

 

 

 

=

 

 12), diplegia (

 

n

 

 

 

=

 

 34), and quadriplegia
(

 

n

 

 

 

=

 

 5), who were able to ambulate with or without an assistive device. Gross Motor
Function Classification System scores varied from I to IV (I, 

 

n 

 

=

 

 27; II, 

 

n 

 

=

 

 14;
III, 

 

n 

 

=

 

 8; IV, 

 

n 

 

=

 

2).

 

17

 

 Subjects’ involved feet were considered individually with

 

n 

 

=

 

 90 for initial visit, 

 

n 

 

=

 

 61 for the 6-month follow-up, 

 

n 

 

=

 

 33 for the 1-yr follow-up,
and 

 

n 

 

=

 

 20 for typically developing 2-yr-olds. Testing protocol involved videotaping
gait, dynamic foot pressure recordings, physical exam, parent questionnaire, and
Gross Motor Function Measure section D. This chapter focuses on the dynamic foot
pressure results.
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6.2.2 F

 

OOT

 

 P

 

RESSURE

 

Dynamic foot pressure during walking was collected for three right and three left
gait cycles on each subject using the Tekscan HR Mat measurement system (Boston,
MA) and was analyzed using laboratory-specific software. A coronal plane pressure
index (CPPI) was utilized to identify dynamic foot valgus or varus pressure patterns
during walking. This measurement technique and its validation have been previously
described in the 

 

Journal of Pediatric Orthopedics

 

.

 

13

 

To calculate the CPPI, the foot pressure data are rotated using the software to
align the long axis of the foot with the line of forward progression. The model next
separates the foot into three equal length segments (hindfoot, midfoot, and forefoot).
There is another split into medial and lateral halves (Figure 6.1).

The summated pressure over stance phase for each segment is monitored as well
as the time–pressure integral or impulse of each segment. From these data, the CPPI
is calculated from the impulses recorded from the lateral forefoot (LF), medial
forefoot (MF), lateral midfoot (LM), and medial midfoot (MM) as follows:

 

6.2.3 S

 

TATISTICS

 

Statistical analysis was completed by grouping subjects and by analyzing subjects
individually due to the subjects’ wide spectrum of initial walking status and high
degree of variability in foot pressure patterns. Subjects (both typically developing
2-yr-olds, and subjects with CP) were compared to a normal database established from
50 typically developing children (age range 4 to 18 yr). Z-tests were used to compare
groups as a whole to the normal population. Individual children were considered to
have made significant change, or a significant abnormality was considered to be

 

FIGURE 6.1

 

Foot pressure data divided into the five areas for analysis.
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present, if a 

 

z

 

-score change of greater than 0.8 was seen. Feet were considered valgus
if the CPPI 

 

z

 

-score was 0.8 or higher, and varus if the CPPI 

 

z

 

-score was -0.8 or lower.
Trend analyses were also completed using repeated-measures ANOVAs.

 

6.3 RESULTS

6.3.1 C

 

HILDREN

 

 

 

WITH

 

 N

 

ORMAL

 

 D

 

EVELOPMENT

 

Significant differences in dynamic pressure patterns during walking were observed
between typically developing 2-yr-olds and normal reference values for older
children (age 4 to 18 yr). The 2-yr-old children have a greater tendency for valgus
foot pressure patterns with a higher CPPI (

 

p

 

 

 

=

 

 .002, average 

 

z

 

-score 0.76), higher
pressure in the MM segment (

 

p

 

 

 

=

 

 .003), lower pressure in the LF segment (

 

p

 

 

 

=

 

 .001),
lower pressure in the LM (

 

p

 

 

 

=

 

 .006), and decreased pressure in the MF (

 

p

 

 

 

=

 

 .027).
Typically developing 2-yr-olds demonstrate limited progression of weight onto the
forefoot as a whole compared to normal children age 4 to 18 yr (Figure 6.2).

Additionally, the average pressure impulse in the heel segment is normal, but
the 2-yr-olds have a higher degree of variability in the timing to heel rise, ranging
from initiation of heel rise at 20 to 90% of stance phase.

 

6.3.2 C

 

HILDREN

 

 

 

WITH

 

 CP

 

6.3.2.1 Initial Visit for Subjects with CP

 

The dynamic foot pressure patterns of the subjects with CP at initial evaluation reveal a
strong tendency toward valgus distribution, similar to that found in the group of typically
developing 2-yr-olds, compared to a normal population of children age 4 to 18 yr.

 

FIGURE 6.2

 

Two-year-old typically developing children demonstrate valgus foot pressure
patterns compared to 4- to 18-yr-old children (Solid line indicates 2-yr-old norms; dashed
line indicates 4- to 18-yr-old norms). Pressure on the 

 

Y

 

-axis is normalized to the maximum
pressure recorded from the foot pressure data.
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The mean CPPI value for our subjects’ (with CP) feet was two standard deviations above
the normal mean (

 

p

 

 

 

=

 

 .001). Figure 6.3 demonstrates the average pressure distribution
for subjects with CP at their initial evaluation. Significantly high MM and MF pressure,
and low LM and forefoot pressure were present (

 

p

 

 

 

=

 

 .001 for all values).
Of the 51 subjects with CP that completed the initial visit, 80% had valgus foot

position during walking, 2% had varus position, and 18% had neither varus nor
valgus disposition. Similar effects were seen regardless of diagnosis (Figure 6.4). 

A significantly high prevalence of “toe-walking” was also noted with 86% of
feet analyzed demonstrating reduced heel contact (

 

p

 

 

 

=

 

 .001).

 

FIGURE 6.3

 

Children with CP age 2 to 3 yr show a strong tendency toward valgus foot
pressure (Solid line indicates subjects with CP at their initial evaluation; dashed line indicates
4- to 18-yr-old norms).

 

FIGURE 6.4

 

Valgus tendency is present regardless of initial diagnosis in subjects with CP.

% Stance phase

100.0 Heel Lateral midfoot Medial midfoot

100.0
80.0
60.0
40.0
20.0% 

Pr
es

su
re

0.0
0 20 40 60 80 100

100.0
80.0
60.0
40.0
20.0

0.0
0 20 40 60 80 100

Lateral forefoot Medial forefoot

80.0
60.0
40.0
20.0% 

Pr
es

su
re

0.0
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

100.0
80.0
60.0
40.0
20.0

0.0

100.0
80.0
60.0
40.0
20.0

0.0

Valgus

90
80
70
60

Pe
rc

en
t

50
40
30
20
10

0
Varus

All (n = 90)
Hemiplegic (n = 12)
Diplegic/quadriplegic

(n = 78)

Normal

 

3971_C006.fm  Page 97  Thursday, June 28, 2007  12:15 PM



 

98

 

Foot Ankle Motion Analysis

 

6.3.2.2 Dynamic Foot Development at 6-Month Follow-Up
for Subjects with CP

 

The valgus foot pressure distribution continues in the subjects at the 6-month
follow-up evaluation regardless of initial diagnosis (Figure 6.5). CPPI continues to
be significantly more valgus than in the normal population (

 

p

 

 

 

=

 

 .001). MM pressure
continues to be significantly increased, and LM and forefoot pressures continue to
be significantly decreased compared to normal (

 

p

 

 

 

=

 

 .001 for all values). MF pressure
continues to be elevated, but significance is questionable (

 

p

 

 

 

=

 

 .039).
Repeated-measures ANOVA testing shows that CPPI tends to move in the varus

direction (

 

p

 

 

 

=

 

 .033), with increasing pressure on the lateral side of the foot and
decreasing pressure on the medial side, regardless of initial foot position, similar to
the trend found in children with normal development. Trends were found when
analyzing changes in impulses in the specific sections of the foot, but none of these
were found to be significant. MM (

 

p

 

 

 

=

 

 0.41) and forefoot (

 

p 

 

=

 

 

 

0.11) pressures tended
to decrease from the initial evaluation to the 6-month follow-up. LM (

 

p

 

 

 

=

 

 .094) and
forefoot (

 

p

 

 

 

=

 

 .086) pressures tended to increase at the 6-month reevaluation compared
to pressures recorded at the initial evaluation. Significance was likely limited by the
wide variety of our patient population, small number of subjects, and small effect size.

Looking at patients individually, the CPPI at 6-month follow-up showed
increased lateral pressure in 31% of feet considered, increased medial pressure in
10%, and no change in 54%. Similar effects are seen if feet are divided up by initial
classification (hemiplegic or diplegic/quadraplegic; Table 6.1).

 

6.3.2.3 Dynamic Foot Development at 1-Yr Follow-Up
in Subjects with CP

 

The valgus foot pressure distribution continues in the subjects at the 1-yr follow-up
evaluation regardless of initial diagnosis (Figure 6.6). CPPI continues to be signif-
icantly more valgus than the normal population (

 

p

 

 

 

=

 

 .001). MM pressure continues
to be significantly increased (

 

p

 

 

 

=

 

 .12), and LM and forefoot pressures continue to

 

FIGURE 6.5

 

Valgus tendency continues regardless of initial diagnosis at 6-month follow-up
in subjects with CP.
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be significantly decreased compared to normal (

 

p

 

 

 

=

 

 .001). MF pressure continues
to be elevated, but no longer to a significant level (p = .091).

When looking at individual foot segments, repeated-measures ANOVA analysis
shows a significant trend with increasing pressure in the LF (p = .004) over the
course of the year. Other trends in the variables considered were found to be
insignificant, though there was a trend showing decreasing MM pressure over the
year (p = .16).

When looking at the foot as a whole, at the 6-month visit, the CPPI showed
some tendency toward more lateral pressure, but at the 1-yr follow-up there seemed
to be no pattern evident though the majority of the subjects with CP continue to
have valgus pressure distribution (Table 6.2).

6.3.2.4 Variability 

Variability was determined by averaging the standard deviations of the subjects CPPI
values for three recorded foot pressure measurements. These values were analyzed
using the data from the children who completed all three evaluations (initial,
6 months, and 1-yr follow-up). Mean variability in subjects’ CPPI, who have CP, at

TABLE 6.1
CPPI Tends to Demonstrate Increased Lateral Pressure at 6-Month Follow-Up, 
Compared to Initial Evaluation in Subjects with CP

All (n = 61) Hemipleic (n = 9) Di/Quadriplegic (n = 52)

Increased lateral pressure 19/61 = 31% 2/9 = 22% 17/52 = 33%
Increased medial pressure   7/61 = 11% 0/9 = 0%   7/52 = 13%
No change 35/61 = 57% 7/9 = 78% 28/52 = 54%

FIGURE 6.6 Valgus tendency is present regardless of initial diagnosis at 1-yr follow-up in
subjects with CP.
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initial visit is 17.1 ± 11.6. Mean variability in normal 2-yr-olds is 18.3 ± 11.9. Mean
variability in the normal 4- to 18-yr-old population is 14.8 ± 6.0. Variability tends
to decrease over the course of time from initial evaluation (17.1 ± 11.6) to 6 months
(16.3 ± 9.4) and 1-yr follow-up (14.1 ± 9.7; Figure 6.7). Upon the initial evaluation,
children with the most severely involved feet (n = 27; children with valgus feet
greater than three standard deviations from normal values) showed less variability
(13.5 ± 8.5; Figure 6.8).

Variability in foot pressure distribution seems to decrease with age and is decreased
in feet with greater deformity.

6.3.2.5 Botox and Surgical Intervention

A small number of subjects underwent Botox injections (n = 2, four involved feet),
or surgical intervention (n = 3, six involved feet) during the study. In the subjects
receiving Botox in their gastrocnemius muscles, 50% showed increases in valgus
foot positioning by greater than one standard deviation. 

In the children undergoing surgical intervention (one bilateral Achilles tendon
lengthenings, two bilateral hip adductor and hamstring lengthenings), 83% of feet

TABLE 6.2
Changes in CPPI at 1-Yr Follow-Up Compared to 6-Month Follow-Up
in Subjects with CP

All (n = 33) Hemipleic (n = 5) Di/Quadriplegic (n = 28)

Increased lateral pressure   6/33 = 18% 1/5 = 20%  5/28 = 18%
Increased medial pressure 11/33 = 33% 1/5 = 20% 10/28 = 36%
No change 16/33 = 8% 3/5 = 60% 13/28 = 46%

FIGURE 6.7 Variability seems to decrease with age in children with CP. Visit 1 = initial
evaluation, visit 2 = 6-month follow-up, visit 3 = 1-year follow-up.
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showed an increase in valgus pressure distribution. While the number of subjects
was very small, it suggests the need for further research to determine the effects of
Botox and surgical intervention on foot pressure distribution.

6.4 DISCUSSION

Findings from this longitudinal study demonstrate that dynamic foot pressure pat-
terns are still evolving in typically developing 2-yr-old children as demonstrated by
the differences in this group compared to a group with mature walking patterns.
This finding is consistent with the work of Sutherland and colleagues18, who iden-
tified the changes in temporal–spatial and kinematic patterns before age four and
described their relationship to maturational processes. It appears that these processes
also influence the normal development of dynamic foot pressure distribution during
walking. A similar phenomenon also appears to be present in young children with
CP during the early development of walking. Findings from this study also reveal
that a large percentage of children with CP demonstrate a trend towards improvement
in early pes valgus.

The natural history of foot position in both children with normal development
and children with CP changes rapidly in early childhood, which has implications in
the development of plan of care. The presence of valgus foot position is quite
prevalent in both typically developing new walkers and young children with CP. A
large percentage of children with CP demonstrate improvement in the degree of
weight-bearing foot valgus during the early maturation of walking. At the 1-yr
follow-up, the average subject with CP continued to have moderate planovalgus, so
perhaps this trend for planovalgus resolution is delayed or interrupted in children
with CP. One-year follow-up seems to show some children with CP continue to have
improvements in their dynamic foot position (i.e., decreasing valgus), but some
children show no improvement, and some also show progressive deformity. Further
research is required to determine what factors determine which progression, and
eventually what interventions, would be beneficial. Further analysis is indicated to
correlate motor function, spasticity, range of motion, and other factors with the
dynamic foot development.

FIGURE 6.8 Variability of dynamic foot pressure appears to be dependent on age and severity
of foot deformity.
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Further study is also required to determine at what point children with hemiplegia
develop more typical equinovarus presentation. Use of Botox in the ankle plantarflexors
and surgical intervention in the LE seem to be related to increasing valgus based on
preliminary data presented. Further research is necessary to quantify this effect.

6.5 CONCLUSION

The current treatment of foot deformities in children with CP is inconsistent and
informed decisions to develop plan of care are difficult to make without the knowl-
edge of the natural history of the population. Foot position changes in early childhood
in both children with normal development and children with CP. The trend in early
development in both children with normal development and children with CP is to
have some resolution of planovalgus foot position. Further research is indicated to
describe factors that influence change in dynamic foot pressure.
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7.1 INTRODUCTION

 

The human foot is a versatile biomechanical structure comprising 26 bones, 29 joints,
42 muscles, and a number of tendons and ligaments. In the lifetime of a normal
individual, the foot travels anywhere between 100,000 and 160,000 km and is
susceptible to varying forces/pressures with each footstep.

 

1

 

 During the stance phase
of walking, this extraordinary structure provides weight-bearing support, propulsive
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forces for locomotion, and shock absorption for distribution of impact forces during
foot-to-ground contact.

 

2

 

 Being the final segment in the lower extremity linkage system,
the foot must transmit the forces of locomotion to the adjacent environment. To be
effective, this transmission must be adapted to diversities in terrain while preserving
both stability and load distribution.

 

3

 

 Menkveld et al. described four functional tasks
that are accomplished by the foot during stance: (i) acceptance of impact load at heel
strike, (ii) terrain acclimation during weight acceptance, (iii) stability and load distri-
bution during foot flat, and (iv) propulsion for forward progression during push-off.

 

4

 

To endure the consequences resulting from these difficult tasks, the foot and ankle
complex must be structurally robust, yet reliable and stable.

A pathological foot is inevitably challenged in the performance of the above
functional tasks with a resultant change in plantar load distribution. Consequently,
there may develop focal areas of high pressure, which can affect stability and serve
as sources of discomfort and pain. Such anomalies could be manifested in the
following nonexclusive enumerative list of foot pathologies: pes planovalgus, pes
cavus, talipes equinovarus (club foot), talipes calcaneovalgus, plantar fasciitis, meta-
tarsus adductus, hallux valgus, hammer toe, claw toes, osteochondritis (Köhler’s
disease), and plantar interdigital neuroma (Morton’s neuroma).

To better understand the biomechanics of the foot and the effectiveness of thera-
peutic and surgical interventions in the correction and treatment of foot disorders, it is
essential to identify objective measures of foot dynamics. Ground reaction forces and
plantar pressure measurements, whose characteristics have long been of interest to many
investigators,

 

5–45

 

 are fundamental to the study of foot dynamics, in both health and
pathology. This chapter addresses the event-related alterations in plantar pressure dis-
tribution resulting from subtalar arthrodesis (fusion), which is a corrective and rehabil-
itative treatment of the planovalgus foot deformity secondary to cerebral palsy.

 

46–50

 

7.2 PLANTAR PRESSURES: A CLINICAL BACKGROUND

 

Foot pathologies usually affect foot function and gait adversely. Hutton and Stokes
reported that by studying the mechanical consequences of these pathologies, a better
understanding of the progress of the disorders and a more refined evaluation of the
effectiveness of therapeutic intervention was possible.

 

3

 

 To date, several measurement
techniques have been utilized in the study of the normal and pathological foot. The
focus of these studies includes the anesthetic foot resulting from diabetes mellitus and
Hansen’s disease,

 

51–53

 

 evaluation of therapeutic footwear for the insensitive foot,

 

54,55

 

distance running,

 

56

 

 and orthopaedic walkers.

 

57

 

 Plantar foot ulcers have been reported
to be the primary cause of impairment in individuals with diabetes mellitus and leprosy.

 

52

 

In 1982, Brand stated that leprosy was the primary cause of loss of sensation in the
foot in at least parts of the world such as Asia and Africa.

 

58

 

 In 1993, Reiber reported
that as many as 14 million individuals in the U.S. with diabetes will undergo patho-
logical alterations in their lower extremities.

 

59

 

 Also in 1993, Levin et al. reported an
estimated 60,000 major amputations associated with diabetes in the U.S. each year.

 

60

 

In 1959, Kosiak carried out a series of experiments on 16 mongrel dogs in which he
applied high pressures for short time intervals and low pressures repeated over longer
periods.

 

61

 

 Kosiak demonstrated that for ischemic ulceration, there is an inverse
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relationship between pressure and time, and that this relationship is hyperbolic. Brand
reported that necrosis could result from small pressure if that pressure is maintained
all day.

 

53

 

 Brand also stated that the vast majority of all wounds and ulcers on insensitive
feet are not generated by coincidental injury or by ischemia from continuous pressure,
but from repetitive moderate stresses on the same part of the foot.

 

53,62

 

 These occurrences
are observed in patients with diabetes mellitus, leprosy, syringomyelia, spina bifida,
and other sensory neuropathies.

 

62,63

 

 Hence, by repeated measurements of plantar
pressure distributed while ambulating in a natural setting for extended periods of time,
one should be able to gain objective insight regarding plantar weight-bearing patterns
indicative of the biomechanical transfer of load through the structure of the foot. Such
measurements would allow one to identify areas of repetitive stress on the plantar
surface of the normal and abnormal foot in an objective manner.

 

7.3 CEREBRAL PALSY AND THE PLANOVALGUS FOOT

 

In 1862, physician William John Little described the condition recognized at present
as cerebral palsy.

 

64

 

 Cerebral palsy is defined as a static encephalopathy representing
a group of nonprogressive neuromuscular conditions caused by injury to the immature
central nervous system during its early stages of development: fetal, perinatal, and
infantile.

 

65

 

 It is physically manifested by altered motor and sensory functions affecting
posture and movement. Ever since Little’s description, the intricate rehabilitative chal-
lenges that fall under this universal diagnosis have been addressed by patients as well
as their families, medical practitioners, and healthcare professionals. These comprise,
but are unquestionably not limited to, neurologists, orthopedists, developmental pedi-
atricians, physical therapists, psychologists and psychiatrists, occupational and speech
therapists, kinesiologists, and biomedical engineers.

The prevalence of cerebral palsy has not changed appreciably over the past two
decades. This has been to the surprise of numerous investigators who have felt that
the incidence should be decreasing. Although the incidence of cerebral palsy varies
among different published reports, the most often quoted is 1.5 to 2.5 per 1000 live
births.

 

66–68

 

 The occurrence is higher in regions where there is insufficient prenatal
care and accompanying prematurity. Several factors have been reported to contribute
to the etiology of cerebral palsy. These include infections during pregnancy, head
trauma at birth, head injury in childhood, anoxic brain damage, vascular accidents
following treatment of brain tumor, involvement of the central nervous system from
encephalitis, and other viral diseases.

 

69

 

The anatomic location and severity of central nervous system injury determines
the type and degree of involvement.

 

70

 

 Hemiplegic involvement characterizes a child
with one side affected, the arm more so than the leg. A diplegic child has equal
involvement of the right and left sides with relative sparing of the upper extremities
in comparison to the lower limbs. Quadriplegia or total body involvement refers to
a child with all four limbs involved to a significant degree. Patients with diplegic
and quadriplegic distribution frequently go on to develop planovalgus foot deformity,
which is progressive and can be debilitating.

 

71–74

 

Planovalgus foot deformity is characterized by valgus of the hindfoot and a
pronated posture of the midfoot with a flattened longitudinal arch (Figure 7.1).
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Hindfoot valgus reflects a divergence of the longitudinal axis of the talus and the
calcaneus in both the sagittal and transverse planes. The distal talus lies medial to
the substance of the calcaneus. In the midfoot, the navicular slides laterally with
respect to the talar head, with a corresponding shift of the calcaneal–cuboid joint.
The talar head becomes prominent, both medially and plantarly, because the talus
plantarflexes after losing the support of the plantar ligaments. The prominence
normally causes discomfort during shoe wearing and calluses might develop.

 

(a)

(b)

 

FIGURE 7.1

 

(a) Planovalgus foot deformity in a child with spastic cerebral palsy. The medial
longitudinal arch is absent and the forefoot is pronated and deviates laterally. The medial
midfoot is prominent. (b) A cast model (3B Scientific GmbH, Hamburg, Germany) revealing
the medial section of the planovalgus foot.
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Difficulties occurring comprise poor stance phase stability, shoe-wear problems, and
impaired push-off power during ambulation.

 

71

 

 The deformity is also commonly
accompanied with hallux valgus at the metatarsophalangeal joint.

 

75

 

Planovalgus foot deformity is thought to result from an imbalance in the evertors
and invertors of the foot as a consequence of poor selective motor control. Surgical
treatment focuses on subtalar joint stabilization to prevent excessive hindfoot
valgus.

 

73,74,76

 

 This could be achieved by limiting joint motion with a staple,

 

77

 

 use of
a polyethylene insert,

 

78

 

 or fusion of the subtalar joint.

 

79–83

 

 Osteotomies of the
planovalgus foot are also performed, such as medial osteotomy of the calcaneus

 

84

 

or lateral column lengthening osteotomy of the calcaneus.

 

85,86

 

 Rehabilitation after
surgery is intended to provide better stance phase stability, swing phase foot clear-
ance, and a more efficient walking pattern.

In most available studies, outcomes of subtalar arthrodesis are based upon subjec-
tive criteria with results ranging from 60 to 90% signifying 

 

good

 

 to 

 

excellent

 

.

 

79–83,85,87

 

These studies depend only on reports of physical examination supplemented by radio-
graphic analyses. The accuracy of these studies is limited by clinical assessment and
relies on such vague criteria as 

 

regular shoe wear 

 

and 

 

plantigrade foot

 

. There is no
definition of what constitutes a 

 

satisfactory 

 

foot, and indisputably, there are no quan-
titative indices that can be used to describe results in a clinical series.

This study was designed to investigate the multistep dynamic plantar pressure
distribution in hemiplegic and diplegic children and adolescents with cerebral
palsy.

 

46–50

 

 A group of children with planovalgus foot deformity secondary to spastic
cerebral palsy was evaluated preoperatively and following subtalar arthrodesis for
rehabilitation of the foot deformity. The key hypothesis behind this study was that
an objective description of plantar foot dynamics would yield a better understanding
of the biomechanics of the planovalgus foot, as well as providing a quantitative
measure of the effectiveness of surgical intervention in the correction and rehabili-
tative treatment of this disorder.

 

7.4 MATERIALS AND METHODS

7.4.1 P

 

LANTAR

 

 P

 

RESSURE

 

 S

 

YSTEM

 

A Holter-type, portable, microprocessor-based, in-shoe, plantar pressure data acqui-
sition system was utilized to record the dynamic plantar pressure history in the
pediatric population that participated in this study. The system has extended the
recording and processing capacity necessary to monitor the long-term biomechanical
characteristics addressed earlier. Moreover, these measurements provide the means
for determining the effectiveness of corrections for the planovalgus deformity, both
surgical and rehabilitative. System instrumentation has been described in previous
works.

 

46–50,88–93

 

The Holter-type system consists of 12 discrete conductive polymer pressure sensors.
The unit is mounted in a 21 

 

×

 

 12 

 

×

 

 3 cm

 

3

 

 case, weighs less than 350 g, and is fully
portable; children carry it in a belt-pack during free unrestricted ambulation. The system
allows real-time recording of both pressure and temporal distance gait parameters for
up to 2 hr during normal daily activities. The microprocessor employs custom software,
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written in C, which controls data acquisition and sensor calibration. Recorded plantar
pressure and calibration data are uploaded into a personal computer (PC) for further
processing, analysis, and display. This computer is used to initialize the portable unit
and upload the recorded plantar pressure data and sensor calibration data. Additional
PC software converts raw voltage data into pressure metrics, determines various gait
parameters, conducts statistical analyses, and displays results.

 

90,92

 

Plantar pressure data are sampled at a rate of 40 Hz (samples per second). The
sampling rate was based on published and experimental studies.

 

94–96

 

 Antonsson and
Mann reported that 99% of the spectral power from barefoot walking across a Kistler
force platform (Kistler Instrument Corp., Amherst, NY) was below 15 Hz, 98% below
10 Hz, and over 90% below 5 Hz. The authors stated that in order to preserve 99% of
the signal power in gait, positional fidelity must be maintained up to 15 Hz, which for
a sampled system requires a 

 

minimum

 

 sampling rate of 30 Hz.

 

94

 

 In 1989, Acharya
et al. reported similar findings for in-shoe plantar pressures.

 

95

 

 In 1991, Zhu et al.
conducted time–domain analyses to establish an adequate sampling rate for in-shoe
plantar pressure measurements. The authors investigated a series of sampling frequen-
cies ranging from 5 to 200 Hz. The authors reported that signals sampled at 20 Hz were
not significantly different from signals sampled at 200 Hz.

 

96

 

 Thus, the selected sampling
rate of 40 Hz was considered adequate for the current study.

Force Sensing Resistors

 

TM

 

 (FSR, Interlink Electronics, Camarillo, CA), generally
termed as conductive polymer force (pressure) sensors, were chosen to measure the
discrete in-shoe plantar pressures. Our group has investigated several of the existing
transducers utilized both commercially and for research.

 

97–100

 

 These comprise capacitive
sensors, piezoelectric sensors, strain gage transducers, and FSRs. The FSR was found
to offer numerous advantages, such as flexibility, durability, reliability, overload toler-
ance, electronic simplicity, and low cost. In the absence of pressure, the FSR maintains
an open circuit. Pressure results in increased shunting of the conductive layer causing
the FSR resistance to drop. At no load, the sensor provides a stand-off resistance greater
than 10 M

 

Ω

 

. With increasing pressure, the sensor resistance drops following a power
law. The sensor used in this study was the Interlink rectangular FSR with the
following dimensions: 29 mm length 

 

×

 

 15 mm width, and 11 mm active sensing
diameter. The sensor overall thickness is 0.5 mm. A photograph of this sensor is
presented in Figure 7.2. Pressure computations were determined by dividing the mea-
sured vertical forces over the active sensing area (380 mm

 

2

 

). In 1988, Maalej et al.
explored the static and dynamic characteristics of the conductive polymer force (pres-
sure) sensors.

 

98

 

 The authors reported that the hysteresis was between 5 and 10% of full
pressure scale of 0 to 1.2 MPa. The maximal pressure nonrepeatability for increasing
pressure at any data point was between 5 and 8% of full scale. Additionally, the authors
reported that the rise-time of the sensor was determined by measuring the time between
10 and 90% of maximal output response to an impulse created by a hammer strike,
and was about 0.26 ms during the rising and falling edges of the impulse response.

 

98

 

The sensor exhibits greater sensitivity at low pressures. The nonlinearity of the sensor
was compensated for by using the calibration lookup tables. The maximum temperature-
related drift was -0.8%/

 

°

 

C. Since the sensor is sealed, it is insensitive to humidity.

 

30

 

These cumulative empirical outcomes supported the selection of the FSR for the mea-
surement of plantar pressures.
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Sensors were positioned within predetermined anatomic areas beneath the calcaneus
(CAL), medial midfoot (MMF), lateral midfoot (LMF), medial metatarsal head (MMH),
lateral metatarsal head (LMH), and hallux (HAL). These six discrete anatomic areas
were recognized as fundamental in analyzing the pediatric foot during ambulation.

 

46–50

 

These sites have also been shown to present pressure gradients closely associated with
biomechanical variations and foot pathology in other studies.

 

28,30,96

 

 Individual pathol-
ogy and surgical intervention were also considered in this study. The six discrete
sensor locations are illustrated in Figure 7.3. To support a symmetrical gait pattern

 

FIGURE 7.2

 

The 11 mm diameter rectangular FSR used in this study.

 

FIGURE 7.3

 

The six discrete sensor locations: CAL, MMF, LMF, MMH, LMH, and HAL.
The illustration represents the operated foot, whether it is the right foot, the left foot, or both.
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during subject testing, the insoles were instrumented bilaterally for all study patients,
although the analysis focused only on measurements obtained from the operated feet.

Sensor sites within the defined plantar anatomic areas were determined through a
combination of clinical examination and a qualitative

 

 

 

footprint impression recording
technique using an APEX foot imprinter (APEX, S. Hackensack, NJ).

 

30

 

 The aim behind
this procedure was to determine the precise coordinates of the highest load center within
each anatomic area. Accordingly, each subject walked barefoot on the APEX mat, which
had been evenly inked and covered with an APEX orthotic paper. The operator then
aligned the APEX paper on the insole to lay out the primary sensor locations. Due
to pathological asymmetries, the same protocol was followed to determine sensor
locations on the contralateral foot. The test was repeated three times; subsequently,
for each test, the location of the highest load area center within each of the six plantar
anatomic areas was determined. Areas of high pressures were correlated with the darkest
areas on the APEX orthotic paper. The three obtained centers for every anatomic area
were then averaged to determine the sensor location within that area. Sample foot
impressions, obtained with the APEX foot imprinter, for a child with planovalgus foot
deformity and a normal child with no impairment are depicted in Figure 7.4.

To decrease excessive hysteresis due to bending, a small (15 mm diameter, 0.55
mm thick) stainless steel disc was mounted to the back of each sensor to keep it flat
throughout the gait cycle. Sensors were embedded within the insole material. The upper
insole layer was carefully carved to accept the sensors and thin metal backings, which
were flush mounted with the insole surface. Subjects could not perceive the presence
of the sensors and metal backings in the insole while ambulating. The instrumented
insoles were fitted into a pair of standard canvas tennis shoes (Converse Chuck Taylor
All Star

 

®

 

, Converse Inc., North Andover, MA). These shoes were selected in order to
minimize support provided by the shoe structure, while offering a suitable platform for
the instrumented insole. The existing structure of the shoes was not altered. Each test
individual received a customized pair of instrumented insoles and a separate pair of
shoes.

To better characterize sensor output during the stance phase of walking, a dynamic
force application unit, consisting of a compression lever, a precalibrated 440 N strain
gage load cell, and preamplifier, was used to calibrate the FSRs. Dynamic loads with
durations similar to those of stance-phase foot contact (

 

≤

 

620 ms) were applied to each
sensor during calibration. Resulting calibration data from each sensor and the load cell
were then automatically transferred to the PC unit, where a piecewise linear calibration
table was located for converting voltage data into pressure values. To compensate for
temperature sensitivity, a Plexiglas

 

TM

 

 oven (Rohm and Haas Corp., Philadelphia, PA),
surrounding the calibration apparatus and the instrumented insole, was used to calibrate
the sensors at 36

 

°

 

C.

 

30

 

 This temperature simulated the in-shoe temperature environment.
The overall system error, during actual usage and interface mechanics, has been
reported in previous works.

 

33,93

 

7.4.2 P

 

ATIENT

 

 T

 

ESTING

 

This study comprised 12 children and adolescents (eight males and four females)
with planovalgus foot deformity secondary to spastic cerebral palsy. The study was
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conducted at the Chicago Unit of Shriners Hospitals for Children. Preoperatively,
patients ranged in age from 9.0 to 17.2 yr (mean 

 

±

 

 SD 

 

=

 

 13.1 

 

±

 

 2.6 yr), and had a
mean height of 146.0 

 

±

 

 18.4 cm, and mean body mass of 47.8 

 

±

 

 19.6 kg. These
patients were examined just before surgery, and at 6 and 12 months following

 

(a)

(b)

 

FIGURE 7.4

 

(a) Preoperative left and right footprint impressions obtained with the APEX
foot imprinter from a child with planovalgus foot deformity secondary to spastic cerebral
palsy. The medial foot areas exhibit higher pressure loading, as indicated by the darkness of
the ink, resulting from the planovalgus deformity. (b) Left and right APEX foot impressions
obtained from a nonimpaired child. This picture is provided for comparison purposes.
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subtalar arthrodesis for correction of the foot deformity. A single patient was inca-
pable of participating in the 12 months plantar pressure analysis follow-up evaluation
due to personal reasons, but was capable of completing a gait analysis follow-up.
Subtalar arthrodesis was performed on 17 feet following the methods of Dennyson
and Fulford.

 

79

 

 Five patients received bilateral subtalar arthrodesis, while seven
patients underwent unilateral subtalar fusion, four on the right foot and three on the
left foot. Preoperative demographic data for the study population are presented in
Table 7.1.

During the acquisition of plantar pressures, the instrumented subjects walked
continuously at their respective freely selected natural cadences on a smooth 21 m
concrete walkway in the mall area of the hospital. Acclimation to the examination
shoes and establishment of a constant-temperature shoe environment was provided
during a 30 min pretest stabilization period.

 

24,27,30

 

 Several data-gathering sessions
were conducted for each subject with a 10 min rest period in between. Steps around
the ends of the walkway were excluded to eliminate any altered gait patterns during
the turn maneuver. During all trials, a log was maintained to document the timing
of any unusual gait activities. To avoid the possibility of discomfort and fatigue,
tests were limited to less than 400 steps (200 strides) per trial. None of the subjects
experienced blisters or pain during the test trials. Following data acquisition, and to
verify the integrity of the acquired raw pressure data, the different trials for each
subject were then analyzed graphically for evident errors. Accordingly, the best
multistep trial was selected for the data analysis. Nevertheless, the first trial for
each subject was excluded from the data analysis because of possible variations
in initial gait.

 

TABLE 7.1
Preoperative Demographic Data for the Pediatric Population
That Participated in This Study

 

Patient Initials Operated Limb Gender Age (yr) Height (cm) Body Mass (kg)

 

CB R M 11.6 111.8 20.0
EP L M 9.0 124.0 26.2
JK B F 11.6 135.9 25.0
JL B M 11.2 144.8 42.2
JM R M 17.2 175.3 80.8
KB L F 11.1 146.1 31.8
KC R M 14.9 167.6 51.1
MA B M 16.0 154.9 61.3
NO B F 14.2 153.7 74.9
RD L M 12.9 134.1 52.4
RR B M 11.0 140.2 47.9
SR R F 16.3 163.8 60.4

 

Note:

 

 R, right; L, left; B, bilateral; M, male; F, female.
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7.4.3 D

 

ATA

 

 A

 

NALYSIS

 

From the collected raw pressure–time data of each trial, the following metrics were
processed at each of the six discrete sensor locations: peak pressures (kPa), sensor
contact durations (ms), and pressure–time integrals (kPa.s). These metrics have
demonstrated their usefulness in previous clinical studies.

 

5,24,31,33,101–107

 

 Peak pressure
was defined as the maximum vertical pressure experienced throughout a single step
cycle. Contact duration was defined as the elapsed time between initial foot–
sensor–ground contact (signal excursion above no-load base line of 5% or more)
and return to no-load base line (within 5%). The no-load threshold was identified
for each sensor during calibration. The pressure–time integral was defined as the
area under the pressure–time curve during a single step cycle. Subsequently, the
mean (M), standard deviation (SD), and coefficient of variation (CV) values were
calculated for each of the pressure metrics, per subject, by sensor location, and over
the entire selected trial. These resulting values were then used in the evaluation of
the study outcome. The CV (equal to SD 

 

×

 

 M

 

-1

 

 

 

×

 

 100%) offers a measure of
consistency.

 

108,109

Temporal-distance gait parameters were also derived from each of the recorded
pressure–time multistep trials. These included: number of strides (1 stride = 2 steps),
stride time (s), stride length (cm), cadence (steps/min), walking speed (cm/s), and
foot-off (% gait cycle). Values obtained from the selected trial for each patient were
then used in the evaluation of the study outcome.

Even though follow-up measurements were acquired at 6 months postsurgery,
these measurements were not considered in this study. At 6 months postsurgery,
patients may still be recovering from the surgical procedure. These patients could
experience pain and endure discomfort and fatigue during gait. Adequate time for
a surgical recovery results in a better stance phase stability, swing phase foot
clearance, and a more normal walking pattern. Accordingly, in this study the overall
assessment of surgery addresses the pre- and 12-month postoperative outcomes.

Pre- and postoperative alterations in the study results were evaluated by imple-
menting a Wilcoxon Signed Rank Test using Sigma Stat® statistical software (Jandel
Scientific Software, San Rafael, CA) with 95% confidence interval. The Signed Rank
Test method was chosen for this study because it is a nonparametric procedure,
which does not necessitate the assumption of normality or equal variance. This
method is best suitable when it is required to determine whether the effect of a single
treatment on the same individuals is significant and when the treatment effects are
not normally distributed with the same variances. These requirements correlate well
with the settings presented in this study, namely that subtalar arthrodesis is performed
on a heterogeneous group of patients with planovalgus foot deformity secondary to
cerebral palsy. Subsequently, the Wilcoxon Signed Rank Test was conducted in this
study with the null hypothesis that subtalar fusion treatment had no effect on the
subject. Comparisons of pre- vs. 12-month postoperative results were performed by
executing a series of paired-difference tests on all investigated study parameters with
n = 17, the number of operated limbs. Accordingly, for any investigated metric, if
the computed p-value for the data from two test comparisons was less than or equal
to 0.05, the variations in measurements were considered statistically significant.
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7.5 RESULTS

7.5.1 PLANTAR PRESSURE OUTCOMES

Plantar pressure distribution outcomes for the preoperative and 1-yr postoperative
metrics are presented in Table 7.2 and Table 7.3, respectively. The overall means,
intersubject standard deviations, and coefficients of variation are presented in each
table by sensor location and for every investigated plantar pressure parameter.

Preoperatively, the smallest metric values were consistently observed at the LMF,
LMH, and CAL sensors. The peak values for all three metrics were prominent at
the remaining plantar locations, specifically at the MMF, MMH, and HAL sensors.
Postoperatively, the smallest values were seen at the CAL region for peak pressures
and contact durations, and at the LMH for pressure–time integrals. Metric values
were uniformly distributed amongst the remaining sensor locations. Generally, mean
peak pressures prevailed on the medial aspect of the foot preoperatively, while
postoperatively the mean peak pressures were more uniformly redistributed laterally.

TABLE 7.2
Preoperative Plantar Pressure Distribution by Sensor Location for the Study 
Population

Sensor 
Location

Peak Pressure (kPa) Contact Duration (ms)
Pressure–Time Integral 

(kPa⋅s)

Mean SD CV (%) Mean SD CV (%) Mean SD CV (%)

CAL 127.5 149.4 117.2 371.1 372.2 100.3 27.6 30.2 109.4
MMF 197.1 112.4 57.0 647.6 193.2 29.8 75.5 48.6 64.4
LMF 53.4 65.7 123.0 345.1 323.1 93.6 16.9 25.2 149.1
MMH 248.5 192.0 77.3 747.6 178.1 23.8 86.3 67.0 77.6
LMH 53.2 63.8 119.9 424.9 341.4 80.3 17.5 16.2 92.6
HAL 303.0 412.8 136.2 627.6 233.4 37.2 77.4 66.9 86.4

TABLE 7.3
1-Yr Postoperative Plantar Pressure Distribution by Sensor Location 
for the Study Population

Sensor 
Location

Peak Pressure (kPa) Contact Duration (ms)
Pressure–Time Integral 

(kPa⋅s)

Mean SD CV (%) Mean SD CV (%) Mean SD CV (%)

CAL 82.3 66.8 81.2 445.6 478.6 107.4 65.7 152.5 232.1
MMF 168.4 91.4 54.3 826.0 543.5 65.8 77.4 76.7 99.1
LMF 136.3 78.3 57.4 882.3 529.4 60.0 66.2 54.1 81.7
MMH 154.2 144.6 93.8 850.6 315.8 37.1 69.9 65.1 93.1
LMH 114.1 143.4 125.7 601.8 416.1 69.1 44.6 39.9 89.5
HAL 225.2 303.0 134.5 650.2 489.8 75.3 77.6 67.4 86.9
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The same tendency was demonstrated for contact durations and pressure–time
integrals. Pattern distributions of the overall mean plantar pressure metric values
from the pre- and postoperative assessments are depicted in Figure 7.5 by sensor
location.

FIGURE 7.5 Bar graphs of the mean metric values by sensor location for the study population
during the pre- and postoperative tests: peak pressures (top); contact durations (middle); and
pressure–time integrals (bottom).
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Recalling that the CV is a measure of consistency, it could provide an indicator
about the intersubject variability in the collected data. Preoperatively, the CV
exceeded the 100% range for the peak pressures at the CAL, LMF, LMH, and HAL
sensors, while at the medial, MMF, and MMH locations, the CV remained moder-
ately below the 100% values. For the contact durations, the CV exceeded the 100%
range at the CAL sensor; it was somewhat high at the lateral, LMF, and LMH
sensors; and it was relatively low medially at the HAL, MMH, and MMF sensors.
For the pressure–time integral, the CV exceeded the 100% range at the CAL and
LMF locations; it was slightly below the 100% range for the remaining sensor
locations, namely under the MMF, MMH, LMH, and HAL sensors.

Postoperatively, the CV remained in excess of the 100% range for the peak
pressures at the LMH and HAL sensors with negligible changes; it was notably
reduced at the CAL and LMF sensors; and it remained almost unchanged at the
MMF and MMH sensor locations. For the contact durations, the CV remained
invariably above the 100% range at the CAL location, whereas slight reductions
were seen at the LMF and LMH sensor locations, and moderate increases occurred
at the MMF, MMH, and HAL sites. Finally, for the pressure–time integrals, the CV
remained in excess of the 100% range at the CAL sensor with a substantial increase,
whereas negligible changes occurred at the LMF and HAL sensor locations, slight
increases occurred at the MMF and MMH sites, and considerable reduction occurred
at the LMF sensor location.

The pre- vs. 12-month postoperative alterations in mean plantar pressure metrics
for the study population are presented in Table 7.4 by sensor location. Alterations
in plantar pressures following foot surgery showed statistically significant (p ≤ .05)
increases in all three pressure metrics at the LMF and LMH sensor locations.
Statistically significant alterations in metric values were not observed at the remain-
ing plantar locations, although subtalar fusion resulted in noticeable decreases in
mean peak pressures at the CAL, MMF, MMH, and HAL sensors. Mean contact

TABLE 7.4
Postoperative Alterations in Mean Plantar Pressure Metrics by Sensor 
Location for the Study Population

Sensor 
Location

Peak Pressure Contact Duration Pressure–Time Integral

Change (%) p-Value Change (%) p-Value Change (%) p-Value

CAL −35.5 0.358 +20.1 0.119 +138.0 0.855
MMF −14.6 0.561 +27.5 0.489 +2.4 0.847
LMF +155.2a 0.002a +155.6a <0.001a +291.0a <0.001a

MMH −37.9 0.074 +13.8 0.274 −19.0 0.464
LMH +114.4a 0.007a +41.6a 0.025a +154.8a 0.002a

HAL −25.7 0.151 +3.6 0.847 −8.9 0.421

aSignificant changes, within a 95% confidence-limit interval.
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durations also increased at the remaining plantar locations; noticeable increases in
contact durations occurred at the CAL, MMF, and MMH, while only a mild increase
in this metric was observed at the HAL. Mean pressure–time integrals increased
markedly at the CAL and mildly at the MMF, while slight decreases in this metric
were noticeable at the MMH and HAL. Figure 7.6 demonstrates a qualitative redis-
tribution in the postoperative mean plantar pressure metrics for the study group by
sensor location.

7.5.2 TEMPORAL-DISTANCE OUTCOMES

The pre- and postoperative temporal-distance parameter values for the study group
are shown in Table 7.5. This table presents the overall means and intersubject
standard deviations for every examined temporal-distance parameter. The table also

(a)

FIGURE 7.6 Postoperative redistribution in mean plantar pressure metrics by sensor location
for the pediatric population evaluated in this study: (a) peak pressure, (b) contact duration,
and (c) pressure–time integral. Statistically significant changes, within a 95% confidence-
limit interval, are shown in boldface. (Alterations in metric values are represented by a + for
increase and a - for decrease.)
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provides the pre- vs. 12-month postoperative variations in these metrics for the study
population. Alterations in temporal-distance parameters exhibited the following out-
comes: the mean stride time increased slightly from 1.40 to 1.49 s (p = .644), the
mean stride length decreased significantly from 61.79 to 53.28 cm (p =.040), the
mean cadence decreased from 93.62 to 86.81 steps/min (p = .459), the mean walking
speed decreased from 49.54 to 40.05 cm/s (p = .064), and the mean foot-off value
increased from 74.14 to 77.42% of gait cycle (p = .132).

The temporal and stride characteristics revealed that preoperatively the study
group was significantly below normal gait values with a mean walking speed of only
0.49 m/s. In normal gait, the mean walking speed is approximately 1.0 m/s. Besides
the stride length, there were no statistically significant alterations in walking speed
or other stride characteristics following foot surgery in the pediatric population
involved in this study.

(b)

FIGURE 7.6 (Continued).
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(c)

FIGURE 7.6 (Continued).

TABLE 7.5
Pre- and Postoperative Temporal-Distance Parameter Values 
for the Study Population

Temporal Distance 
Parameter

Preoperative Postoperative
Pre- vs. Postsurgical 

Comparisons

Mean SD Mean SD Change (%) p-Value

Strides 136.4 28.4 119.8 31.5          — —
Stride time (s) 1.4 0.4 1.5 0.4 +6.4 0.644
Stride length (cm) 61.8 21.6 53.3 19.9 −13.8 0.040
Cadence (steps/min) 93.6 25.6 86.8 20.4 −7.3 0.459
Walking speed (cm/s) 49.5 24.1 40.0 20.5 −19.2 0.064
Foot-off (% gait cycle) 74.1 8.7 77.4 7.4 +4.4 0.132

HAL 

MMH 
LMH 

MMF 
LMF 

CAL 

Pressure-time Integral 

+

+
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7.6 DISCUSSION

In this study, the dynamic plantar pressure distribution in hemiplegic and diplegic
children with planovalgus foot deformity has been determined. The participating cere-
bral palsied children were evaluated just prior to surgery and at 12 months subsequent
to subtalar arthrodesis for the correction of the foot deformity. The assessment of this
study group revealed a heterogeneous population with unilateral and bilateral pathol-
ogy. This heterogeneity was evidenced by the excessively high values in the CV.

The clinical outcomes of this study were graded as good and excellent in all the
17 feet operated on for planovalgus foot deformity. This appraisal was based on
standard clinical measurements, which include standing anteroposterior (AP) and
lateral radiographs of the foot, clinical examination of the foot, and analysis of shoe
wear. It is vital to point out here that there is a likelihood to overcorrect a subtalar
arthrodesis and produce an abnormal varus or valgus deformity, opposite of the
original. In such a possibility, the result of the procedure would be graded as poor.
In fact, none of the patients in the current study were overcorrected into a varus
position. This assertion is based on the clinical examinations and radiographs.
Standing AP and lateral radiographs were obtained on all patients, and in all patients
they showed a solid subtalar fusion in an anatomic position. There were no nonunions
or screw failures. Figure 7.7 shows a lateral radiograph of subtalar arthrodesis.

Although clinical methods for grading the foot are frequently used, they remain
subjective and vulnerable to interobserver variability. This study intended first to
show the feasibility of quantitative techniques in the clinical assessment of the foot,
and second that they are capable of showing quantifiable differences before and after
surgery, which might be expected from the type of surgical procedure performed in
the study. Subsequently, the study objective was to demonstrate that these techniques
may well be utilized to enhance the standard clinical measures.

The Holter-type, portable, in-shoe, plantar pressure data acquisition system
utilized in this study was able to demonstrate concrete alterations in dynamic
foot pressures following surgery. The redistribution in peak pressures obtained

FIGURE 7.7 Lateral radiograph of subtalar arthrodesis. A screw transfixes the talus to the
calcaneus in a neutral position, and a bone graft is positioned to fuse the subtalar joint.
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postoperatively, mostly at the midfoot and metatarsal head regions, correlates well
with the effect of subtalar arthrodesis, which stabilizes the midfoot and provides
alignment between the talus and navicular, preventing excessive pronation of the
forefoot. The lateral increase in contact durations suggests that it is the result of the
formation of new plantar weight-bearing areas reflective of the biomechanical trans-
fer of load through the structure of the foot following subtalar fusion. Moreover, the
lowest values in the CV occurring preoperatively at the medial foot, mainly at the
MMF and MMH sensors, suggest a common pattern of foot loading in all test
subjects. This highly correlates with the biomechanical characteristics of the planov-
algus foot.

It should be mentioned that contemporary portable plantar pressure data acquisi-
tion systems, whether those developed for research or commercially available ones,
are capable of measuring only the vertical or normal component of the forces (pres-
sures) exerted on the plantar aspect of the foot. It has been reported that shear stress
is much more critical to the foot and is not easy to measure.62 Even though shear stress
has been implicated in the etiology of ulcers on the plantar surface of the diabetic foot,
little research has been conducted to isolate or describe these effects.110 Currently,
there is no commercial sensor designed to determine the discrete AP and mediolateral
(ML) shear forces beneath the sole of the foot. In addition, only a few investigators
have reported on the development of shear sensors, however, with varying results.110–114

The development of a multiaxis force (pressure) sensor, capable of measuring
vertical pressures as well as AP and ML shear pressures, would be a considerable
progress in this field, and would aid in the identification of patients with a high risk
of tissue breakdown.

The clinical benefits of subtalar arthrodesis have been better stance phase sta-
bility, reduced callus formation, and improved shoe wear. This study was designed
to better understand, in a quantitative manner, the event-related changes in the
planovalgus foot resulting from subtalar joint stabilization as a corrective and reha-
bilitative treatment of this deformity. On the basis of the outcomes obtained in this
study, it is hoped that prospectively procedures with different approaches could be
compared. Furthermore, the technology is at hand to objectively describe the bio-
mechanics of the normal and pathologic foot and ankle, and the effectiveness of
surgical and rehabilitative interventions.
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8.1 BOTULINUM TOXIN TYPE A

 

Botulinum toxin is one of the most potent bacterial toxins known to man, and has
been used both as a chemical weapon and as a therapeutic tool. To date, seven
serologically distinct serotypes of botulinum toxin have been recognized and are
designated as types A to G, with A being the most potent.

 

1

 

 These serotypes possess
similar molecular weights and a common subunit structure. Human intoxication
occurs with labeled types A, B, C, E, and sometimes F.

 

1

 

 Botulinum toxin A was
first utilized in the treatment of strabismus in nonhuman primates in 1973, and Scott
reported on its use in humans as an alternative to strabismus surgery in 1981.

 

2

 

 Since
1989, the U.S. Food and Drug Administration (FDA) has approved botulinum toxin A
for the treatment of strabismus, blepharospasm, hemifacial spasm, cervical dystonia,
and, more recently, wrinkles. Utilization of botulinum toxin A for the management
of spasticity in children with cerebral palsy began in the late 1980s and continues
today, though it remains off-label for this use in the U.S.

 

3

 

Botulinum toxin type A, produced by 

 

Clostridium botulinum

 

, is a single-chain
polypeptide that binds with a high affinity and specificity to the receptor on the
cell surface of presynaptic membranes of cholinergic motor neurons (Figure 8.1).

 

4

 

The inhibitory action of botulinum toxin A occurs by rapid binding of the toxin
to the presynaptic nerve ending. The toxin then becomes intracellular and prevents
acetylcholine release from presynaptic vesicles by enzymatic cleavage of essential
polypeptides. This chemodenervation by chemical blockade produces a reversible,
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dose- and distribution-dependent flaccid paralysis usually lasting 12 to 16 weeks.

 

5,6

 

Recovery occurs by sprouting of new nerve terminals, accompanied by regeneration
of the old terminals. Intramuscular injection of botulinum toxin type A reduces
spasticity within 12 to 72 hrs, with a clinical effect lasting 3 to 6 months. Injections
can be repeated every 16 weeks, but no more frequently than every 8 weeks. Because
of its high-binding affinity, little if any type A toxin reaches the systemic circulation,
and no cases of the clinical syndrome of botulism have been reported following
administration of commercially available and regulated preparations.

 

7

 

8.2 MOUSE MODELS OF SPASTICITY

 

Beginning in the 1980s, spastic mouse models were introduced to aid in the under-
standing of the pathophysiology of spasticity seen in children with cerebral palsy and
to determine the subsequent impact of therapeutic interventions offered to these
children.

 

8–10

 

 Ziv et al. found that in comparison to normal, muscle growth in the spastic
mouse was slower and markedly reduced in relation to bone growth, thus leading to
the development of muscle contractures. In 1994, Cosgrove and Graham evaluated the
use of botulinum toxin A in the hereditary spastic mouse to determine whether the
paralysis imposed by the use of botulinum toxin A facilitated the growth of muscle,
thus reducing the development of muscle contracture.

 

10

 

 They found that an injection
of botulinum toxin A to the spastic muscles of mice permitted longitudinal growth of
the musculotendinous unit, specifically in the muscular portion of the unit.

 

10

 

8.3 CHILDREN WITH CEREBRAL PALSY

 

In children with cerebral palsy, contractures are purported to arise from muscle fibers
that are shorter (i.e., have fewer sarcomeres in series) than normal.

 

11

 

 Most children
with cerebral palsy have hypertonicity, which is manifested by spasticity, a velocity-
dependent increase in the tonic stretch reflexes with exaggerated tendon jerks, resulting

 

FIGURE 8.1

 

Representation of a normal motor neuron.
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from hyperexcitability of the stretch reflex.

 

12

 

 Lieber and Friden found that the flexor
carpi ulnaris muscle in children with cerebral palsy had normal fiber lengths yet
extremely long sarcomere lengths, even though the spastic muscle was shorter than
normal.

 

13

 

 In this group of children, the longer sarcomere lengths enabled the shorter
muscles (less fibers in a series) to span from origin to insertion,

 

14,15

 

 leading to excessive
passive tension in the muscle to achieve normal muscle length.

 

11

 

 In addition, spastic
muscle has also been shown to have a decreased resting sarcomere length with nearly
double the elastic modulus compared with normal muscle cells.

 

14

 

 
Equinus (toe walking), one of the most common deformities in children with

cerebral palsy, may be dynamic, resulting from overactivity of the gastrocnemius–soleus
complex or static, secondary to a fixed contracture.

 

16

 

 It was postulated that botulinum
toxin type A injections into select spastic muscles of children with cerebral palsy would
weaken the muscles and allow them to be stretched, thus creating an environment
conducive to longitudinal muscle growth, or at least prevent or delay progressive muscle
shortening. However, there is no evidence to date that utilization of botulinum toxin A
facilitates longitudinal muscle growth in children with or without cerebral palsy. 

 

8.4 ASSESSMENT OF THE EFFICACY OF BOTULINUM 
TOXIN TYPE A

 

A combination of static and dynamic measures has been employed in both the clinical
and the research settings to assess the efficacy of botulinum toxin A at reducing
equinus. Static components of equinus are routinely measured with passive range
of motion of the ankle with the knee either flexed or extended in order to give an
indication of muscle length of both the gastrocnemius and the soleus. Dynamic
components are measured with the modified Tardieu scale, which consists of two
measures: the first is the point of resistance to a rapid velocity stretch (R1),

 

17

 

 and
the second is the greatest magnitude of dorsiflexion achieved with slow stretch (R2).
“R1” or the “catch” is the result of an overactive stretch reflex, whereas “R2”
represents the fixed component or contracture. The difference between “R1” and
“R2” represents the dynamic component, with a larger difference representing the
reflexive component of the gastrocnemius muscle (spasticity), while a smaller dif-
ference indicates limitation from muscle contracture rather than spasticity.

 

18

 

Although the reliability of clinical measures is often questioned, standardization of
testing procedures, consideration of the positioning of proximal and distal segments,
and the utilization of the same experienced examiner improve the accuracy and
reliability of these measures.

 

19

 

Due to the difficulty in differentiating between static and dynamic deformity, it
may be beneficial to assess the contractures functionally during gait.

 

20

 

 This can be
accomplished through a three-dimensional computerized assessment of gait. Kine-
matics (description of the joint motion without regard to the forces that cause the
motion) and kinetics (the forces and torques that cause the motion of the body)

 

21

 

provide a dynamic assessment of motion and forces about all of the joints during
the dynamic activity of walking. Although ankle motion during the entire gait cycle
is important, specific kinematic variables such as peak dorsiflexion at initial stance,
mid-stance, and mid-swing are often utilized as key indicators of successful outcome

 

3971_C008.fm  Page 133  Thursday, June 28, 2007  12:22 PM



 

134

 

Foot Ankle Motion Analysis

 

following various treatment interventions aimed at improving ankle motion. While
sagittal plane ankle kinematics determine whether the motion of the ankle normalizes
following treatment intervention, kinetic parameters such as ankle moment quotient
[(AMQ), description of the double bump ankle moment often attributed to ankle
clonus], peak power generation, and ankle power quotient [(APQ), description of
the triphasic power curve], provide insight into the dynamic strength and spasticity
changes following therapeutic interventions.

 

4,22

 

Initial randomized studies evaluating the efficacy of botulinum toxin A in the
gastrocnemius reported a lack of significant improvement in passive range of motion
at the ankle (fixed muscle length); however, dynamic ankle motion, as measured by
the confusion test, physician rating scale (PRS), and computerized gait analysis,
demonstrated significant improvements following the injection of botulinum toxin
A.

 

23,25

 

 These initial findings support the premise that the inhibition of acetylcholine
release facilitates muscle relaxation and subsequently impacts the dynamic compo-
nent of gastrocnemius function more than the static. While the use of botulinum
toxin A has gained widespread acceptance in the clinical management of focal
muscle spasticity in children with cerebral palsy, the impact of botulinum toxin A
on muscle length and function remains unclear. Some authors have reported a lack
of improvement in passive ankle motion following botulinum toxin A,

 

23,26,27

 

 while
others have demonstrated significant gains in range of motion.

 

28–31

 

 These conflicting
reports on the passive range of motion may be explained by the findings of Cosgrove
et al., who reported an inverse relationship between the therapeutic response and
the patient’s age, with younger children demonstrating a greater increase in passive
ankle motion than older children.

 

32

 

 In addition, it has been reported that the effec-
tiveness of botulinum toxin A decreases with age, consistent with the increasing
development of fixed contractures.

Kinematic and kinetic evaluations of children with cerebral palsy following bot-
ulinum toxin A injection have also demonstrated contradictory findings. While some
authors report significant improvements in ankle dorsiflexion at initial contact, mid-
stance and mid-swing,

 

23,27,29,31

 

 others have found only slight improvements in dynamic
ankle motion, which are not significant.

 

26,33

 

 Kinetic variables such as peak power
generation show no change following an injection of botulinum toxin A,

 

26,29,34

 

 and
AMQ and APQ demonstrate inconsistent findings with reports of either
improvements

 

34

 

 or no change.

 

29

 

 Although gait analysis provides a quantitative method
of assessing dynamic motion and forces, the findings are inconclusive with respect to
the efficacy of botulinum toxin A at improving walking patterns in all children.

Boyd et al. stratified the response level to botulinum toxin A in children with
cerebral palsy utilizing a combination of clinical measures and gait analysis and
found that not all children have a universally favorable response. Only 5% of children
were considered to be “golden responders,” as they achieved and maintained func-
tional goals for more than 12 months, 75% were clinical responders in whom some
of their goals were met and a functional gain was maintained between 6 and 23
months, and 20% were minimal or nonresponders.

 

35

 

 The question is how do we
separate out preinjection those that would respond and those that would not? More
specifically, how do we gain greater insight into the dynamic vs. the fixed component
of muscle shortening? Musculoskeletal models have been developed and utilized to
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enhance our understanding of movement abnormalities and to provide a theoretical
basis for assessing and planning treatment.

 

36

 

 These models provide information about
biomechanical parameters that are not easily measured, such as muscle lengths,
moment arms of muscles, and force and moment-generating capacities.

 

36

 

 Muscu-
loskeletal models are combined with the computerized gait analysis data to determine
dynamic muscle length during gait. Although the musculoskeletal geometry and
locations of various origins and insertions vary between the models, some of the
musculoskeletal models utilize the musculoskeletal geometry of normal adult
males,

 

37

 

 while others have utilized magnetic resonance imaging (MRI) data from
both able-bodied children and children with cerebral palsy.

 

39,40

 

 Musculoskeletal
models have been found to provide a basis for identifying patients who will likely
benefit from surgical intervention and those who may not,

 

36

 

 in addition to bestowing
insight into our understanding of the changes in functional outcome following
alterations to biomechanical alignment. 

 

8.5 MUSCULOSKELETAL MODELING

 

Musculoskeletal length models are beginning to be utilized to assess the muscle
length in children with either dynamic or fixed equines and subsequently determine
the impact of muscle length on the efficacy of surgical and pharmacological inter-
ventions at the ankle. Wren et al. evaluated two groups of children with either
dynamic or fixed equinus during gait. While abnormally short muscle lengths were
found in the dynamic group and the fixed group preoperatively, the fixed group also
demonstrated shorter static muscle lengths and higher dynamic-to-static ratios of
muscle length, which did not change significantly after surgical intervention to the
gastrocnemius muscle. The differentiation between these two groups of children as
a function of their muscle length may facilitate treatment planning and subsequently
determine the outcome of different treatment options. 

Utilizing data from three-dimensional gait analysis, anthropometric measure-
ments of the children taken from MRI scans, and a simple model of muscle length,
Eames et al. were able to determine the dynamic and fixed components of muscle
shortening to overall muscle length in 39 children treated with botulinum toxin A.

 

41

 

They found that there was a mean increase in muscle length during gait of 1.5%
and that there was a strong correlation between the dynamic component measured
before the injection and the maximum response measured as a change in gastroc-
nemius length during gait. Therefore, children with a greater dynamic component
to their gait had a greater response to an injection of botulinum toxin A as demon-
strated by the increase in muscle length postinjection. These authors felt that gait
analysis had a role in determining which patients are likely to benefit from botulinum
toxin A injection in the gastrocnemius muscle.

Bang et al. evaluated the muscle lengths of children with cerebral palsy before
and after botulinum toxin A injection and found that although the gastrocnemius
length improved by 0.44 cm on average for the entire group, nine of the limbs in
eight patients demonstrated a paradoxical decrease in the gastrocnemius muscle
lengths following an injection of botulinum toxin A.

 

39

 

 Closer evaluation of this group
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of patients revealed the presence of genu recurvatum prior to treatment. They found
that although the tibia and ankle portion of the gastrocnemius length increased
postinjection, the decrease in the knee portion of the muscle length minimized the
absolute gains postinjection, and thus they suggested that utilization of the dynamic
length of the soleus is of greater use than the gastrocnemius in children with dynamic
equinus and genu recurvatum. 

Evaluating the effect of botulinum toxin A on the hamstrings of patients with
crouch gait, Thompson et al.

 

42

 

 found that several of the hamstring muscles that were
to be injected had adequate muscle length prior to injection. Following injection,
only the muscles that were short preinjection showed a significant improvement in
excursion, whereas muscles with adequate muscle length did not. They attributed
their findings to the fact that botulinum toxin A acts on the dynamic component of
the spasticity in the short muscle, which is not present to the same extent in a muscle
that has adequate length. Despite the lack of increase in muscle length as measured
with musculoskeletal modeling, Thompson et al. also found that for the group as a
whole, the knee kinematics improved significantly. Thus botulinum toxin A can
impact the dynamic element of the contracture as measured with kinematic data;
however, it may produce relatively small changes in absolute muscle length.

 

42

 

In our multicenter study comparing the efficacy of botulinum toxin A alone,
casting alone, or the combination of botulinum toxin A and casting at reducing the
dynamic equinus during gait in children with spastic cerebral palsy, it was found
that botulinum toxin A alone provided no improvement in ankle kinematics, velocity,
and stride length, while casting alone and botulinum toxin A casting were effective
in the short- and long-term management of dynamic equinus.

 

26

 

 Ankle kinematics
and kinetics, passive ankle range of motion, and Tardieu were utilized to determine
the efficacy of each treatment. These findings are in conflict with many of the
clinical reports and randomized studies reported.

 

35,24,43

 

 

 

Perhaps the utilization of
musculoskeletal modeling may provide additional insight into the discrepancy
between our findings and those of other authors. Below are two examples of children
treated with botulinum toxin A only. Initial clinical and ankle kinematic measure-
ments were similar between the two children; however, muscle length modeling
demonstrates different findings before and after treatment.

 

8.6 CASE STUDIES

 

Case 1 is an 8-yr-old male with a diagnosis of spastic left hemiplegia who walked
with dynamic equinus on the left. He was evaluated preinjection and 3 months
postinjection with both passive range of motion, Ashworth and Taridieu scales and
quantitative gait analysis. His preinjection range of motion at the ankle was 15

 

°

 

dorsiflexion, with the knee flexed and 5

 

°

 

 with the knee extended. Gastrocnemius
spasticity, as measured with the Ashworth scale, demonstrated a score of 2, while
the Tardieu scale was –10

 

°

 

. Postinjection, the range of motion at the ankle was 15

 

°

 

dorsiflexion with the knee flexed and 10

 

°

 

 with the knee extended. The Ashworth
scale demonstrated a score of 2, while the Tardieu scale was 5

 

°

 

. Ankle kinematic
graphs demonstrate a double bump ankle pattern usually indicative of ankle spasticity
preinjection, which was eliminated postinjection (Figure 8.2). An improvement in
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dorsiflexion during mid- to late-stance and throughout swing was found, in addition
to the elimination of his double bump ankle pattern. Assessment of the gastrocnemius
(Figure 8.3) and soleus (Figure 8.4) muscle lengths demonstrates shorter than normal
muscle lengths preinjection, which improve in muscle length 3 months after botu-
linum toxin A, especially during mid- to late-stance. 

Case 2 is an 8-yr-old female with a diagnosis of spastic hemiplegia, who
presented with dynamic equinus of the left. She was evaluated preinjection and
3 months postinjection, with both passive range of motion, Ashworth and Tardieu
scales and quantitative gait analysis. Her preinjection range of motion at the ankle was
25

 

°

 

 dorsiflexion with the knee flexed and 15

 

°

 

 with the knee extended. The Ashworth
scale demonstrated a score of 2, while the Tardieu scale was –10

 

°

 

. Postinjection, the

 

FIGURE 8.2

 

Case 1: Representation of ankle kinematics pre– and post–botulinum toxin A
injection. Solid black line with standard deviation bar — normal database; dotted line —
pre-botulinom toxin A; dashed line — post-botulinum toxin A.

 

FIGURE 8.3

 

Case 1: Representation of gastrocnemius muscle length pre– and post–botulinum
toxin A injection. Solid black line with standard deviation bar — normal database; dotted
line — pre-botulinom toxin A; dashed line — post-botulinum toxin A.
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range of motion at the ankle was 25

 

°

 

 dorsiflexion with the knee flexed and 25

 

°

 

 with
the knee extended. The Ashworth scale demonstrated a score of 2, while the Tardieu
scale was 0

 

°

 

 or neutral. Ankle kinematic graphs demonstrate a double bump ankle
pattern usually indicative of dynamic ankle spasticity preinjection, which remained
postinjection, although a slight increase in maximum dorsiflexion was noted
(Figure 8.5). Prior to the injection, gastrocnemius length (Figure 8.6) during stance
was only slightly reduced from normal, while swing phase length was short during
mid- to late-swing. The soleus muscle (Figure 8.7) was shorter than normal through-
out most of the cycle. Following the injection of botulinum toxin A, there were only
slight improvements in muscle length of either the gastrocnemius or the soleus. 

 

FIGURE 8.4

 

Case 1: Representation of soleus muscle length pre– and post–botulinum toxin
A injection. Solid black line with standard deviation bar — normal database; dotted line —
pre-botulinom toxin A; dashed line — post-botulinum toxin A.

 

FIGURE 8.5

 

Case 2: Representation of ankle kinematics pre– and post–botulinum toxin A
injection. Solid black line with standard deviation bar — normal database, dotted line —
pre-botulinum toxin A; dashed line — post-botulinum toxin A.
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8.7 SUMMARY AND CONCLUSIONS

 

Muscle length models provide further insight into the changes following botulinum
toxin A injections; however, limitations to the musculoskeletal models must be
reduced and the accuracy with which the models represent the individuals with
musculoskeletal impairments needs to be enhanced before models, and subsequently
simulations, can be used clinically to guide treatment decisions.

 

36

 

 In order to gain
further insight into the potential difference in the architecture of the medial gastroc-
nemius, Shortland et al. evaluated normal adults and children in addition to children
with spastic diplegia using ultrasound images.

 

44

 

 They found that the architectural

 

FIGURE 8.6

 

Case 2: Representation of gastrocnemius muscle length pre– and post–
botulinum toxin A injection. Solid black line with standard deviation bar — normal database;
dotted line — pre-botulinum toxin A; dashed line —post-botulinum toxin A.

 

FIGURE 8.7

 

Case 2: Representation of soleus muscle length pre– and post–botulinum toxin
A injection. Solid black line with standard deviation bar — normal database; dotted line —
pre-botulinum toxin A; dashed line — post-botulinum toxin A.
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variables of the muscle were similar for normally developing adults and children.
In addition, they also found that the architecture of the medial gastrocnemius did
not differ greatly between normally developing children and children with cerebral
palsy; however, deep fascicle angles were consistently smaller at any ankle joint
angle in children with spastic diplegia.

 

44

 

 Further to this study, Fry et al. utilized
three-dimensional ultrasound to determine the differences in the muscle architecture
and morphology of normally developing children and children with cerebral palsy
and found that children with cerebral palsy have a shorter medial gastrocnemius
muscle belly than their peers.

 

45

 

 These findings suggest that the muscle bellies of
children with spastic diplegia do not grow as rapidly as the long bone, and thus their
tendons adapt to a greater length under conditions of increased tension.

 

45

 

 The com-
bination of the morphological measurements that are made possible by the ultrasound
technique can produce patient-specific mechanical characteristics of the actuators.
These may then be incorporated into the current models providing a mechanism
with which one can relate individual muscle impairment to function and determine
the impact of treatment interventions on the individual.

Clinical measures of dynamic and static lengths of the gastrocnemius (passive
range of motion), dynamic ankle range of motion during gait (kinematics), and muscle
length (modeling) measurements have demonstrated that children with cerebral palsy
have varying degrees of dynamic and fixed equinus; however, further investigation is
required to determine the continuum on which treatments such as casting, bracing,
physical therapy, botulinum toxin A, and orthopedic surgery should be offered. 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 the dynamic components of equinus gait, leading to
greater improvement in both clinical and dynamic outcome measures. 

Fifty-two percent of children have been reported to undergo tendoachilles length-
enings following a minimum of three injections of botulinum toxin A,

 

46

 

 therefore
improvements in ankle dorsiflexion and increases in muscle length are transient for
a percentage of children and a problem that requires surgical intervention. While
the utilization of botulinum toxin A may delay the need for orthopedic surgery to a
time where the outcomes are more predictable in some children, the data available
to date would appear to dispute the premise that relaxing the muscle via botulinum
toxin A allows or promotes longitudinal muscle growth. The question that remains
is whether the use of botulinum toxin A altered the course of the other 48% of
children and what distinguishing features can be recognized between the two groups,
which will facilitate the identification of which children would benefit from botuli-
num toxin A injection. 
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9.1 INTRODUCTION

 

Neuromuscular deficits in patients with cerebral palsy cause a variety of bone and
joint deformities. One common deformity is the equinovarus foot. This multiplane
deformity consists of equinus at the ankle and inversion at the subtalar joint. An
imbalance of forces across these two joints is responsible for this deformity.

 

9.2 NORMAL ANATOMY/KINESIOLOGY 
OF FOOT AND ANKLE

 

Foot position during gait is controlled by muscle-generated forces and by body
weight (the ground reaction force). In the equinovarus foot, the muscles of interest
are those affecting subtalar joint movements. The axis of rotation of this complex
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joint is oriented in the sagittal plane approximately 45

 

°

 

 from posterior plantar to
dorsal anterior. In the transverse plane, it is directed 23

 

°

 

 medially.

 

1

 

The muscular invertors of the foot consist of the posterior tibialis, soleus, and
the anterior tibialis. Though the peroneal muscles are evertors of the foot, body
weight provides the greatest eversion force during stance phase. The anterior tibialis
functions to dorsiflex the foot in swing phase, assisting in foot clearance as well as
controlling ankle plantar flexion at initial foot contact. The posterior tibialis, active
in stance phase, controls foot position around the subtalar joint as the ground reaction
force moves laterally across the foot.

 

9.3 EQUINOVARUS FOOT PATHOMECHANICS

 

In patients with cerebral palsy, the resultant abnormal mechanical alignment along
with weak, spastic muscles can produce an abnormal gait pattern. Obtaining a
plantigrade foot is an essential part of the treatment of these complex multilevel gait
deformities. The goal of correction of any significant foot deformity should be
improved pressure distribution along the sole of the foot, allowing brace tolerance
and shoe fitting. As such, the plantigrade foot is an essential part of the treatment
goals in these complex multilevel gait deformities. The foot functions biomechani-
cally much like a lever at the ankle joint, modulating the influence of the ground
reaction force on proximal joints during gait. As the point of application of this force
vector moves along the plantar surface of the foot during stance phase, structural
foot deformities may alter its normal direction of progression during weight bearing.

Various combinations of overactivity and weakness of the anterior tibialis and
posterior tibialis muscles produce varus in the foot. While each muscle performs
different functions during gait, each has been implicated as causing foot deformity.

Though equinovarus is predominantly a stance phase issue, swing phase abnor-
malities can cause this deformity. The anterior tibialis inserts on the medial cuneiform
and the first metatarsal close to the subtalar axis of rotation. With slight inversion of
the foot, it becomes a stronger invertor of the foot by being in a more mechanically
advantageous position, tipping the balance of power across the subtalar joint toward
inversion. Recent studies have supported the significant influence of foot position on
the moment arms of the anterior tibialis and posterior tibialis about the subtalar joint
axis.

 

2

 

 Out-of-phase posterior tibialis activity in swing phase may cause the foot to land
in an inverted position at initial foot contact, causing the direction of the ground
reaction force to remain medial to the axis of rotation of the subtalar joint and
diminishing the everting effect of body weight. Stance phase activity of the anterior
tibialis may add to the deformity if the foot is already prepositioned in inversion.

 

9.4 CLINICAL IMPLICATIONS OF THE EQUINOVARUS 
FOOT

 

The clinical impact of the equinovarus foot is the abnormal plantar pressure distri-
bution with resultant pain and callus formation. Specifically, pressure on the base
of the fifth metatarsal is a sign of the persistent varus position of the foot with the
head of the metatarsal involved with significant equinus (Figure 9.1a, b). Significant
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(a)

(b)

 

FIGURE 9.1

 

(a) Plantar Pressure on the sole of the foot demonstrating excessive lateral
weighing typical of an inverted varus foot; (b) view of the inverted heel position in the weight-
bearing position.
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deformity may make it difficult to tolerate brace wear. Patients are more prone to
ankle sprains, and some have metatarsal stress fractures from the persistent abnormal
loading. The indications for surgery would include an unbraceable foot, pain, pro-
gressive deformity, and, on occasion, the hope of making the foot brace free.

As two potential muscles are implicated as the etiology of the deformity, the
surgical procedure performed would require defining the major deforming force.
Described procedures include the isolated posterior tibialis lengthening, split anterior
tibialis transfer, split posterior tibialis transfer, or a combination of the above.

 

3–15

 

The clinician presently evaluates the strength of the anterior tibialis, the position of
the foot during observational gait, the tightness and spasticity of each muscle, and
the passive correctability of the foot to determine the choice of the procedure. Though
results have been generally good, failures have been noted. Some authors have
proposed that more in-depth evaluation of muscle activity would enhance the per-
centage of good results, as nonphasic muscle activity could be identified.

 

16–18

 

9.5 EMG ASSESSMENT OF EQUINOVARUS FOOT STUDY 

 

We reviewed our treatment experience to determine if electromyogram (EMG) firing
patterns influence the outcome of the surgically managed equinovarus foot in patients
with cerebral palsy. This study design was approved by the Institutional Review
Board (IRB).

 

9.6 STUDY POPULATION 

 

Inclusion criteria included surgical management of an equinovarus foot, pre- and
post-op 3D gait analysis with preoperative fine wire assessment of posterior tibialis
activity. Twenty-six ambulatory patients (28 limbs, mean age 11.2 

 

±

 

 3.3) with cerebral
palsy (16 with hemiplegia, 7 with spastic diplegia, 1 with spastic quadriplegia, and
2 unknown neuromuscular disorders) met these criteria and constitute the study
population.

 

9.7 METHODS

 

Gait analysis was performed with a VICON 6-camera motion analysis system col-
lected at 50 Hz. The markers were placed in accordance with the VICON Clinical
Manager (VCM) model to generate the kinematic data. Surface and fine wire elec-
trodes were placed to simultaneously record muscle activity with a Motion Lab
Systems MA-300.

The activity of the rectus femoris, vastus medialis, vastus lateralis, medial ham-
string, tibialis anterior, and gastrocnemius muscles was collected with surface EMG.
Posterior tibialis muscle activity for the affected limb was collected using fine wire
EMG. Placement of the fine wire electrode in the posterior tibialis muscle was
confirmed by electrical stimulation. Data collection rate for fine wire and surface
EMG was 800 Hz with 20 Hz high pass and 300 Hz low pass. For this study, EMG
data for gastrocnemius, anterior tibialis, and posterior tibialis were analyzed.
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Kinematics and kinetics were processed with VCM. EMG data were linear
enveloped also using VCM. Three representative trials were chosen for analysis (for
a few subjects, only two representative trials were available). Anterior tibialis and
gastrocnemius surface EMG data were collected simultaneously during walking
trials. Posterior tibialis fine wire EMG data were collected during subsequent walk-
ing trials. An Excel

 

®

 

 spreadsheet was used to extract the EMG data into 2% incre-
ments of the gait cycle. EMG data were normalized to maximum signal activity
during the entire gait cycle for each trial. An ensemble average of the three trials
was created. To categorize on/off activity, a 20% threshold was applied to account
for potential baseline signal noise. Less than 20% of normalized maximum signal
activity was “off,” with greater than 20% classified as “on.”

The mean percent gait cycle for foot off, opposite foot off, and opposite foot
contact was calculated for the three representative trials for each subject. The gait
cycle was divided into phases:

• Loading: 0 to 8%
• Stance: 16 to 50%
• Preswing: 8% of gait cycle preceding foot off
• Initial swing: 8% of gait cycle following foot off
• Terminal swing: 92 to 100%

Muscle activity was considered to be “on” for a phase if the majority (>80%)
of the phase points were “on.” EMG activity profiles for each of the three muscles
were created.

Clinical outcomes were categorized using a modification of the Kling criteria.

 

9

 

Excellent (E) was a plantigrade foot in valgus. Satisfactory (S) was a foot with
improved lateral pressure, though with some residual increase. A poor (P) result was
an uncorrected foot. The use of a brace was not a discriminating criterion as the
ability of patients to voluntarily dorsiflex the foot was variable, and the goal of the
surgery is to achieve a plantigrade, braceable foot.

 

9.8 RESULTS

 

Fifty percent (14/28) of feet had an excellent result though one patient required one
further operation to achieve the final result. Eighteen percent (5/28) had a satisfactory
result with some mild residual deformity not requiring further intervention. Two of
these patients had an initial excellent correction but had a recurrent though mild
deformity. Therefore, almost 70% of patients had significant improvement at final
follow-up. Despite having more than one surgical attempt at correction, 9 feet were
still classified as a poor result with unimproved persistent significant lateral weight-
bearing pressure. Interestingly, these residual deformities did not appear to prevent
successful ambulation (Table 9.1).

The literature appears to distinguish two main categories of abnormal muscle
activity that would suggest specific recommended interventions, stance phase ante-
rior tibialis activity, and swing phase posterior tibialis activity. These specific patients
were separately analyzed.
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TABLE 9.1
Overall Results of Surgical Treatment

 

Procedure

 

Result

E S P

 

Split anterior tibialis transfer 

 

+

 

 posterior tibialis lengthening 3 3 6
Isolated posterior tibialis lengthening 9 0 1
Split posterior tibialis transfer 2 2 2

 

FIGURE 9.2

 

Stance phase anterior tibialis activity (non-phasic). Black bar represents normal
expected timing.

 

TABLE 9.2
Results in Feet with Stance Phase Anterior Tibialis Activity

 

Procedure

 

Result

E S P

 

Anterior tibialis procedure 2 2 5
No anterior tibialis procedure 6 1 0

 

FIGURE 9.3

 

Swing phase posterior tibialis activity (non-phasic). Black bar represents normal
expected timing.
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Significant anterior tibialis activity in stance would indicate the need for anterior
tibialis transfer (Figure 9.2). Sixteen feet had anterior tibialis activity in stance phase.
Nine had a split anterior tibialis transfer with only four feet achieving satisfactory or
excellent results and five having poor results. Of the five poor results, two had technical
surgical problems requiring retensioning of the transferred arm. Interestingly, 86% of
the feet that did not have any anterior tibialis intervention despite stance phase activity
did well with acceptable clinical outcomes. This would suggest that the mere presence
of anterior tibialis activity in stance phase does not mean a procedure addressing that
specific muscle is necessary to obtain a good result (Table 9.2).

The second category of nonphasic muscle activity involves the posterior tibialis
muscle (Figure 9.3). If swing phase activity was present, then some posterior tibialis
procedure was recommended. All patients underwent some sort of intervention on the
posterior tibialis muscle. An intramuscular lengthening was performed in the majority
of the cases, with six cases undergoing split posterior tibialis transfer (Table 9.3).

A majority of feet with isolated lengthening appear to have had an excellent
result and never went on to have further surgical intervention. Three feet had initially
excellent results, but had recurrence with time and required further procedures
including repeat lengthening. Of the four poor results, further surgery was performed
including tendon transfer to achieve a better foot position. This would imply that
swing phase posterior tibialis activity might be prognostic for a good result with
stance phase anterior tibialis activity potentially more difficult to treat.

Though all patients met the prerequisite of a passively correctable deformity, it
is clear that age at surgery influenced outcome. Though clinically it was felt that
the deformity was correctable, the older patient may have a more “rigid” deformity
not as amenable to tendon transfer alone. In fact, of all of the poor results, only one
patient was under the age of ten at the time of surgery. Interestingly, the majority
of older patients underwent anterior tibialis surgery, perhaps skewing the analysis
of this particular surgery toward poorer results (Table 9.4).

In analyzing the poor results, it is difficult to evaluate the adequacy of the surgical
technique. Though some patients underwent further surgery to retension the trans-
ferred tendon, it is difficult to know if some of the less than satisfactory results were
due to the difficulty in setting the correct tension on the transferred or lengthened
muscle.

 

19–21

 

 It is assumed that any obvious technical failures would have been
addressed with further surgery, though acceptance of a less than optimal result may
have been the choice of some patients and families as the amount of improvement

 

TABLE 9.3
Results in Feet with Swing Phase Posterior 
Tibialis Activity

 

Procedure

 

Result

E S P

 

Intramuscular (IM) lengthening 10 1 4
Split posterior tibialis transfer (SPPT)   2 2 2
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was sufficient. Indeed, the majority of patients were clinically and functionally
improved despite residual deformity.

 

9.9 COMPARISONS WITH CURRENT LITERATURE 
AND INDICATIONS FOR SURGERY

 

As this study included three different surgical procedures, comparison to the liter-
ature can be done only if the procedures are analyzed separately. Barnes and Herring
reported the outcomes of a split anterior tibialis transfer with posterior tibialis
lengthening in the management of an equinovarus foot in patients with cerebral
palsy.

 

5

 

 The criteria for the procedure was a flexible foot with adequate anterior
tibialis strength. Assessment of the patient did not include gait analysis or EMG
data. Twenty-four of the twenty-eight feet had good results with only four failures.
Two failures were because the anterior tibialis was not of adequate strength and two
had more rigid deformities, which were unlikely to respond to tendon transfer alone.
The findings of our study would support those two conclusions. Patients with good
functional anterior tibialis strength defined as adequate dorsiflexion in swing phase
measured by computerized gait analysis had excellent results with anterior tibialis
transfer. Age played a role in our poor results, implying a greater degree of rigidity
in patients over 10 yr, accounting for the higher failure rate.

Green et al. reported good results in 16/16 patients with split posterior tibialis
transfer, though two required calcaneal osteotomies to correct fixed varus.

 

10

 

 If equinus
was present, then a split posterior tibialis procedure was performed. In their expe-
rience, the anterior tibialis is weak in many of these patients. They noted significant
posterior tibialis EMG activity with all showing swing phase activity with continuous
activity in some patients. O’Byrne et al. had similar good results while incorporating
the use of gait analysis in the assessment and management of this deformity.

 

11

 

 They
also felt the presence of equinus in swing phase would indicate the anterior tibialis
is weak and a split posterior tibialis procedure should be recommended. However,
in both studies, the majority of the patients underwent concomitant heelcord length-
ening, implying a fixed ankle deformity. Thus the anterior tibialis would not be
expected to dorsiflex the foot in the face of a fixed deformity. In addition, there are
no data to support whether transfer is better than lengthening alone. Their implication
is that if the foot is in equinus in swing phase, a split transfer would be recommended.
All patients in our study had the posterior tibialis addressed in some manner, agreeing

 

TABLE 9.4
Results Based on Age at Initial Surgical 
Treatment

 

Age at Surgery

 

Result

E S P

 

Less than 10-yr-old 9 3 1
Greater than 10-yr-old 5 2 8
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with Kling that this appears to be the main deforming force.

 

9

 

 Over two thirds of the
feet had good results with a simple intramuscular posterior tibialis lengthening, a
much easier procedure than a transfer. However, a selection bias may be present, as
the treating physician may have chosen an isolated lengthening for those individuals
with a milder deformity. We were unable to define which additional factors would
predict which procedure to perform.

 

9.10 DISCUSSION

 

Joint deformity in patients with cerebral palsy is the result of an imbalance of the
forces that control position. Many soft-tissue procedures on muscles and tendons
are meant to balance those forces to correct deformity. The use of EMG activity as
promoted in the literature to determine the surgical choice and influence outcome
did not routinely achieve excellent results in our study. Stance phase anterior tibialis
activity and swing phase posterior tibialis activity are examples of muscles firing
out of phase. This would seem to imply the need to address these muscles in the
management of the deformity. However, with these criteria, analysis of our data and
outcomes did not yield predictable results.

The causes of equinovarus foot deformity can be multiple. It may be a prepo-
sitioning issue with the foot held in “enough” inversion to cause the ground reaction
force to stay medial to the subtalar joint axis. The ground reaction force would
maintain the foot in inversion, causing increased lateral pressure on the foot. Per-
sistent stance phase force imbalance, maintaining the foot in inversion, may also be
a causative factor. The challenge is determining how much is too much or too little.
The complexity of the subtalar axis and its relationship to the ground reaction force
add to this challenging problem.

What areas of further development may improve this predictability? The authors
and others

 

22

 

 believe better definition of the muscle force, a more detailed kinematic
model of the foot, and improved analysis and assessment capabilities of dynamic
foot pressure would be the key future developments needed to further understanding
and treatment of this foot deformity.

 

9.10.1 C

 

OMPONENTS

 

 

 

OF

 

 F

 

ORCE

 

What are the components of force and what are the barriers to accurate measurement?
Factors involved in determining the effects of muscles on the joints of the foot
include: the timing of contraction, the muscle force generated, the muscle length
and excursion, and the moment arm. Some or all of these elements may be abnormal
in the patient with cerebral palsy. Current movement analysis and foot assessment
tools are being developed in hopes of improving the accurate measurement of the
subtalar joint during gait.

 

9.10.2 C

 

URRENT

 

 A

 

SSESSMENT

 

 T

 

OOLS

 

 

 

AND

 

 L

 

IMITATIONS

 

Force generation requires the timely, selective electrical activation (i.e., phasic activ-
ity) of the muscle by the nervous system. The electrical activity of the muscle can
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be measured through the use of the electromyogram. Electrodes are placed on the
surface in anatomically correct locations to measure the activity of the muscle.
Advantages of surface EMG include the noninvasive nature of the technique and
the sampling of a broader area of muscle. However, surface EMG signal may be
affected by skin resistance, amount of subcutaneous tissue, and the potential for
cross talk with adjacent muscles, and is limited to muscles directly under the skin
surface. To measure the activity of muscles not accessible through surface tech-
niques, a fine wire electrode may be placed through the insertion of a needle into
those muscles. Sampling of fine wire data is specific to the area at the tip of the
electrode, unlike the broad area of the surface electrode. Verification of fine wire
placement requires stimulation, which may be painful to the subject. Though its use
is needed for specific deep muscles, its application for many muscles is of limited
or no use in the pediatric population.

Though EMGs demonstrate when a muscle is active and when it is silent, it is
uncertain whether there is a correlation between the amplitude of the signal and the
strength of the contraction.

 

23

 

 In this study, a majority of feet with stance phase
anterior tibialis activity and no surgery on this muscle did well. It may be that the
strength of the muscle could not influence foot position, as it may be too weak to
control body weight during stance phase. This is a prime example where strength,
not activity, is the more relevant issue. Though the activity can be measured, sepa-
rating muscle activity that is a primary cause of problems from reactive muscle
activity required to maintain upright posture through compensatory mechanisms has
been difficult to tease out from the data.

Biologic force is generated by muscle contraction. At the cellular level in patients
with cerebral palsy, the biologic elements may be affected. Increased sarcomere
length, less muscle excursion, and greater stiffness have all been reported. At the
organ level, muscle dysfunction can be caused by inappropriate firing (phasic or
nonphasic activity), weakness, diminished length, and excursion.

 

19,24

 

 
At the clinical assessment level, manual muscle tests can be used to determine

the strength of muscles influencing foot position. Isolating the contribution of each
muscle is difficult. The resistance applied by the clinician can vary from day to day
and from observer to observer. Mechanical devices to measure strength have been
used. A hand-held dynamometer is easy to use, is portable, and can provide some
quantitative data. Though some report good reliability with this measure, technical
aspects including its use and application may make it inaccurate in some hands.

 

25,26

 

Specialized mechanical devices have been employed to measure strength. The joint
is moved through a range of motions both passively to measure resistance and
actively to measure torque generation. These are accurate and reproducible measures
of muscle force–generating capacity. However, this 

 

in vitro 

 

measure does not nec-
essarily reflect the power generation during a functional activity such as walking.
Only the sagittal plane of the ankle has been evaluated extensively using specialized
mechanical devices with none specifically for the complex motions of the foot.

Another area of need is the development of a more sophisticated kinematic
model of the foot. Though gait analysis is well established as an accurate measure
of kinematics of the lower extremity, the foot presents greater challenges. The foot
is a complex entity with small bones, multiple joints, and 3D motions. Markers have
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to be small and placed on bony landmarks that may be distorted secondary to
deformities of the foot. An improved foot model must separate the foot movements
into anatomically based, relevant directions that can be clinically applied for defining
causes and determining treatments. Motions may need to reflect summations of
multiple joints, as the number and size of the bones present great challenges for
measurement of each joint. Motions within the foot are small in magnitude, making
precision even more critical. Many researchers and clinicians are developing working
models describing foot motion,

 

27–31

 

 some of which are covered in other chapters in
this text.

Incorporating kinematic data, ground reaction force measurement, and anatomic
measurements can yield kinetic data. One component of kinetic data is moment arm
distance, which is not a static value as movement of a joint alters this measurement.
Using anthropomorphic data, known anatomical structure, and 3D joint kinematics,
the distance can be calculated with the generation of instantaneous moment data.

 

20,21

 

 
An example of joint motion implying a degree of adequate strength is clearly

demonstrated in the three patients with excellent results with the split anterior tibialis
transfer, who had adequate “active” dorsiflexion seen in swing phase in the preop-
erative gait analysis. Unfortunately, a number of patients have an equinus component
to their deformity, which prevents normal dorsiflexion motion in swing phase. This
lack of motion does not necessarily imply anterior tibialis weakness, as the passive
motion is not present to make this assessment accurate. More techniques will have
to be developed to quantify muscle force production in hopes of answering questions
of causation in the equinovarus foot.

The necessary forces needed to modulate the movement may require eccentric or
concentric muscle contractions. Combining EMG activity and muscle length measures
can assist in determining whether true power generation or absorption is occurring.
One could propose that if a deformity were occurring with progressive muscle
shortening, this would be pathologic. If the muscle is not shortening, it may be a
modulating factor attempting to maintain or avoid positioning of a pathologic nature.
With a more detailed kinematic model of the foot, EMG activity, kinetic, and muscle
length data, more accurate, objective assessment would become possible in the foot.

An additional area of further development is foot pressure measurement analysis.
Present technology can depict the static cumulative pressure on the sole of the foot.
Dynamic foot pressure evaluations depict the pressure in designated areas of the
foot over time, graphically representing the pressure pattern from foot contact to
foot-off (Figure 9.4). This allows the generation of a central line of pressure to
determine if the foot is loaded laterally or medially. In the equinovarus foot, persistent
pressure on the lateral border of the foot occurs throughout stance.

 

32

 

 Defining
relevant variables from the data can be a clinical challenge. Photographic overlays,
pressure area integration, and the use of nonvertical force measurement are examples
of different ways to interpret the data.

Though each of the clinically available measurement devices has a slightly
different approach, they should be integrated with the kinematics of the entire lower
extremity. For example, proximal joints can influence the initial contact and posi-
tioning of the foot during gait. Though the foot pressure measure may show heel
contact pressure, exaggerated knee extension and hip flexion can compensate for an
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equinus positioning of the foot. It is well known that apparent equinus at the ankle
may be secondary to knee flexion deformity, thus the pressure tracing would not be
reflective of the actual anatomy of the foot. Though this measure is reliable and
accurate in measuring actual foot pressure, it must be incorporated with other
measures in order to assist in determining causation of the deformity.

In summary, patients with an equinovarus foot have difficulty with uneven
pressure distribution of the foot and can have resulting functional limitations. Though
a few surgical approaches are well accepted in treating the equinovarus foot, choos-
ing which one to perform is still a dilemma for some clinicians. We propose that
continued refinement of an accurate kinematic foot model, along with improved
definition of muscle force, length, and strength will advance the understanding of
the equinovarus foot in patients with cerebral palsy and thus lead to improved
treatment outcomes.
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10.1 INTRODUCTION

 

Cerebral palsy (CP) is a nonprogressive clinical syndrome, which is a symptom of
injury to an immature brain.

 

1

 

 Studies have concluded that the prevalence of CP is 2.0
to 2.5 per 1000 live births worldwide.

 

2,3

 

 CP is linked to a variety of events including
low birth weight and perinatal ischemia/asphyxia. The prognosis includes delayed
developmental head control, sitting, standing, walking, and/or independent ambulation.
It is also associated with impaired sensations, cognitive defects, speech problems, and
bowel/bladder control problems. Other general symptoms can include postural insta-
bility, spasticity, abnormal muscle tone, uncoordinated and restricted voluntary move-
ment, and cocontractions of agonist and antagonist muscle groups. These symptoms
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can cause ambulation difficulties including decreased walking speed, decreased stride
length, abnormal joint static, dynamic joint angles, and increased energy expenditure. 

There are three main types of CP: spastic, athetoid, and ataxic. The most prev-
alent is the spastic type, which includes 60 to 80% of CP patients. This condition
causes stiff, irregular, or uncoordinated movement in one or more muscles. In most
cases, the lower extremity (LE) muscles are most affected.

 

4

 

 The spastic group is
further classified into hemiplegic (one-side affected) or diplegic (both-sides
affected). Spastic diplegic is the most common form of CP. Spastic diplegic CP
predominantly affects the lower extremities, but in more severe cases it can affect
the upper extremities (UEs) as well.

 

1

 

 
Many children with CP are prescribed walkers to help maintain stability in ambu-

lation. Little quantitative information is available about how walkers affect a patient’s
UE and LE motion. Most existing analysis is subjective and mainly qualitative. Because
walker effects on the body are vague, there are no quantitative guidelines for walker
prescription, which specifically consider individual patient conditions. 

With several different types of walkers on the market, it can be difficult to prescribe
a particular type of walker to patients. The two most-commonly prescribed walkers are
the anterior walker and the posterior walker. These two types of walkers are used differ-
ently. As patients ambulate with an anterior walker, which is positioned in front of them,
they push the walker forward and then step into it from behind. As the patients ambulate
with a posterior walker, which is positioned behind them, they pull the walker behind
them after stepping out of it. The two walking patterns create different body positioning
and affect the overall gait pattern. There has been some evidence that the different
placement positions of the walkers create dissimilar postures, which affect the motion of
the body,

 

5–10

 

 and one of the most well-known theories supporting posterior walker pre-
scription is that posterior walkers force a more upright trunk position.

 

9

 

 However, the
quantitative data to support this theory are based on pelvic tilt or visual assessment. 

There is some controversy as to which of the two major types of walkers is more
effective and best matched to the user. Many feel that the posterior walker decreases
double support time, trunk/hip/knee flexion, and energy expenditure, and increases
swing phase, stride length, and overall gait stability.

 

7,9

 

 However, others have found
that there is no significant difference in step length.

 

8

 

 In general, LE motion analysis
of children with CP is part of clinical routine. Studies that have examined walker-
assisted gait with this population of children have mainly reported on the gait
temporal and spatial data

 

5,6

 

 or the energy expenditure.

 

9

 

 
Many LE motion data studies have not involved the use of walkers, and those that

have involved walkers have not fully quantified the motion.

 

7–9

 

 In fact, the authors that
involved walkers in their studies only reported on pelvic tilt, hip flexion, and knee
flexion at initial contact, mid-stance, preswing, and mid-swing. No graphical display
has been given of the overall motion, and the ankle joint has not been considered. 

Ounpuu presented patterns of gait pathology in children with CP and explored
the general LE characteristics.

 

11

 

 While detailed, the study did not delineate specific
subset characteristics including type, distribution, assistive device usage, or bracing.
Stout and Gage also described LE motion of children with CP with a focus on
children with hemiplegia.

 

12

 

 Novacheck also described LE motion of two children
with spastic diplegic CP, but his patients did not use assistive devices when tested.

 

13
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In summary, few studies have analyzed LE motion in children with CP using
walkers, and those that have are not complete characterizations. This work presents
LE kinematic results from a comparative study of anterior and posterior walkers.
Results from 11 children with spastic diplegic CP using anterior and posterior
walkers are presented. Gait temporal and stride parameters (GTPs) are also analyzed
and differences between the two walker types are highlighted. The analysis and data
presented in this study may aid as future research evolves in pediatric walker-assisted
motion and walker prescription.

 

10.2 METHODS

 

Our study took place at Shriners Hospital for Children (SHC), in Chicago, IL, and
at the Medical College of Wisconsin (MCW) Department of Orthopaedic Surgery
in Milwaukee, WI. Institutional Review Board (IRB) approvals were obtained from
all institutions involved, and thorough training sessions were completed to coordinate
the gait lab systems. To ensure consistency, the same personnel traveled between
institutions to conduct the visit procedures. 

We randomly selected 11 patients with CP (age 12.3 

 

± 

 

3.8 yr) to participate in
the study. The inclusion criteria for participation required patients to have spastic
diplegic CP; to be between 5 and 18 yr of age; to be community ambulators who
used either an anterior or a posterior walker for a minimum of one month; to have
no surgery within one year of starting the study; to have no botulinum toxin type A
within six months of starting the study; to have an Ashworth score less than or equal
to 2 (meaning slight increase in tone) at the elbow joint; and to be fully willing to
comply with the study’s requirements. The chosen Ashworth score was to make sure
patients were able to use both types of walkers. 

A total of three visits were required for this study. During the first visit, our
group completed a pre-evaluation screening of each participant to assure eligibility
and IRB compliance. It was during this visit that we explained the risks involved in
the study (e.g., mechanical malfunction of any measurement system or a potential
walkway hazard) to patients and parents/guardians, and informed the patients and
parents/guardians that all procedures followed institutional IRB regulations. 

During the second visit, patients completed a motion analysis testing period
while using the posterior walker. Coincidentally, at the start of the study, all 11
children used posterior walkers. This was not a requirement for participation. Fol-
lowing the second visit, patients were taught how to use the anterior walker and
then used this new walker in their everyday environments for a minimum of a one-
month period. During this acclimation period, phone calls were placed to parents to
monitor patient progress. At the end of this one-month period, patients returned to
the lab and were retested under identical conditions using the anterior walker. 

For the posterior and anterior walker visits, our protocol consisted of two parts:
(1) motion analysis and (2) statistical analysis. 

 

10.2.1 P

 

ART

 

 1: M

 

OTION

 

 A

 

NALYSIS

 

A 15-camera Vicon Motion Analysis System (MAS) (Oxford Metrics, Oxford, UK)
was used at MCW and a 12-camera Vicon MAS was used at SHC (Figure 10.1).
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Our group obtained pediatric anterior walkers (Sunrise Medical, Model 7783, 7781,
7780, Longmont, CO) and posterior walkers (Kaye Products, Inc, Model W2B-W4B,
Hillsborough, NC). We used the Helen Hayes marker set to help analyze LE motion
and GTPs (Figure 10.2). LE landmarks included the sacrum at the level of the
posterior superior iliac spine (PSIS); the anterior superior iliac spines (ASIS); wands,
laterally on the thighs; the lateral epicondyle of the knees; lateral wands, mid-shaft
of the fibula; the lateral maleolus of the ankles; the calcaneous; and the dorsum of
the foot just proximal to the head of the second metatarsals. 

 

FIGURE 10.1

 

Motion analysis laboratory schematic.

 

FIGURE 10.2

 

Patient using a posterior walker and an anterior walker.
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The walkers were adjusted so that the top of the walker was aligned with the
ulnar styloid when the subject stood beside the frame with arms held loosely in a
relaxed position. Walkers were fit to the needs of each subject. A static trial with
the subject standing still in the center of the capture volume was performed. Subjects
then walked through a capture volume for a minimum of five trials. This was to
ensure that we obtained at least three valid bilateral gait cycles. An acceptable gait
cycle was defined as foot strike to ipsilateral foot strike with no marker dropout.

 

14

 

After collection, data were processed through a Woltring filter and a LE Plug-
in-Gait model, which was developed by Vicon MASs. This LE model is the most
accepted model in use in the clinical community. The model uses the filtered data
to calculate pelvis, hip, knee, and ankle angles, by use of the standard Euler rotation
method. All joint angles are determined by comparing the distal segment relative to
the proximal. All resulting data were graphed using Polygon, a software tool pro-
duced by Vicon Motion Systems. Once each gait cycle was plotted, it was exported
to an ASCII file and saved for statistical analysis.

 

10.2.2 P

 

ART

 

 2: S

 

TATISTICAL

 

 A

 

NALYSIS

 

The LE kinematic data, including joint angles and corresponding gait cycle intervals,
were input into a database. The gait cycle interval data, for each joint of each patient,
were analyzed using the Fourier method.

 

15–18

 

 This technique allowed us to analyze
the continuous gait data accurately and it provided a method to describe the entire
population. A Fourier regression model was fit to each LE joint (pelvis, hips, knees,
and ankles) of each patient. The Fourier regression models were of the form:

where 

 

Y

 

ij

 

 was a specific joint value, 

 

i

 

 was a percentage of the gait cycle (which
ranged from 

 

i

 

 

 

=

 

 0, 2…100, in the raw data, because the Vicon system outputs every
2% for the LE), and 

 

j

 

 represented each trial (which ranged from 

 

j

 

 

 

=

 

 1, 2…

 

t

 

, where

 

t

 

 was the total number of trials for the patient). 

 

f

 

 was the maximum number of sine
and cosine terms used by the model; 

 

a

 

0

 

, 

 

a

 

1

 

, 

 

b

 

1

 

 were regression coefficients; and the
error term was random and normally distributed with a mean of zero.

Model selection for each patient involved two steps. First, we determined
the maximum number of terms used in each model, 

 

f

 

. Due to the amount of
data, we needed to simplify our output while maintaining a “good prediction”
of joint angles. 

 

f 

 

was chosen based on curve prediction using a subset of our
data. A “good prediction” was determined by evaluating an adjusted 
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 value ( )
for each selected 
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. , where 
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 calculation,  was the predicted joint
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Y
ij i l

i

j

i l
= + + +

=
∑α α π β π

0
1

2 100 22 100sin( / ) cos( / ) eerror

R
A
2

R n n p R
A
2 21 1 1 1= − − − − −( / ) ( )

R2 =
∑ − ∑ ∑ −= = =i i i j

t
ij

t Y Y Y Y
0

100 2
0

100
1

2( ˆ ) / ( ) Ŷi
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In determining 

 

f

 

, we started analyzing the  from 

 

f

 

 equals zero. We gradually increased

 

f

 

 until the largest value was found. By definition, the 

 

f

 

 with the largest value was
the best estimator. According to our analysis, the best value for 

 

f

 

 was determined to be
six for all joints and we fixed it at six for the second step of the model selection. 

The second part of the model selection process was to make the model more
patient specific by determining which sine and cosine terms were significant
to the patient’s motion. To ascertain this, a stepwise model selection method
was used. This procedure involved analyzing the 

 

p

 

-values from a partial 

 

F

 

-test
obtained from the addition of each term. The partial 

 

F

 

-statistic (

 

F

 

P

 

) was
, where  was the coefficient of multiple

determination from the reduced model, 

 

t

 

 was the number of trials, 

 

p

 

 was the number
of terms in the reduced model, and 

 

q

 

 was the difference between the number of
terms in the new model and the reduced model. Once 

 

F

 

P

 

 was calculated, a 

 

p

 

-value
was found by looking at the 

 

F

 

-distribution, with 

 

q

 

 being the first degree of freedom
and ((51 * 

 

t

 

) 

 

–

 

 

 

p 

 

– 1) being the second degree of freedom. If a 

 

p

 

-value was less
than 0.15, then the corresponding term was included in the model, otherwise it was
excluded. This stepwise process started with no sine or cosine terms in the model
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After the coefficient values were determined, a unique predicted expression
could be stated for all patients’ joints. The predicted expressions took the form

, where were the predicted
joint values at each one percentage point for each patient. We still used f for the
simplicity of the expression; however, some of the terms equal zero because of the
second step in the model selection process. 

R
A
2

R
A
2 R

A
2

F R R R t p q
P R

= − − − −( )/( )(( * ) ) /2 2 21 51 1 R
R
2

β̂
ˆ ( )β = ′ ′−X X X Y1 ˆ ( ˆ , ˆ , , ˆ , ˆ , ˆ , , ˆ )β α α α β β β=

0 1 1 2
� �

f f

X =

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

1
2 0 1

100

2 0 2

100
sin

* *
sin

* *
sin

π π
�

22 0

100

2 0

100

1
2 0

π π

π

* *
cos

* *

sin
*

f f⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

�

**
sin

* *
sin

* *1

100

2 0 2

100

2 0

100

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

π π
�

f⎛⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

�

� � � � � � �

cos
* *

sin
* *

2 0

100

1
2 0 1

π

π

f

1100

2 0 2

100

2 0

100

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝

sin
* *

sin
* *π π

�
f

⎜⎜
⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

� cos
* *

sin
* *

2 0

100

1
2 2 1

100

π

π

f

ssin
* *

sin
* *

cos
2 2 2

100

2 2

100

2π π⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

� �
f ππ

π

* *

sin
* *

2

100

1
2 100 1

100

f⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

� � � � � � �

ssin
* *

sin
* *2 100 2

100

2 100

100

π π⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

� �
f

ccos
* *2 100

100

π f⎛
⎝⎜

⎞
⎠⎟

⎛

⎝

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜

⎞

⎠⎠

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟

ˆ ˆ ˆ sin( / ) ˆ cos( /Y il il
i l

f
l l

= + ∑ +=α α π β π
0 1

2 100 2 1000) Ŷ
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To develop the average characteristic joint curves of the patients (n = 11), the
predicted characteristic patient curves were averaged for all patients.

was the expression used to determine the joint values at the ith percentage
points ( ) and  was the predicted value for the kth patient at the ith percentage
point of the gait cycle. The 99% confidence interval (CI) for each percent of the gait
cycle was , where  was the stan-
dard error determined by the expression 

.

The CI was plotted with the characteristic curve. 
Furthermore, statistical analysis of the individual segments and joints of the LE

model was compared to find significant differences between the anterior and poste-
rior data (the significant level was set to 0.01). A pointwise comparison (Wilcoxon
Signed Rank Test) was used to test data at each tenth percentage point. 

10.3 RESULTS

LE sagittal plane characteristic curves are shown in Figure 10.3. These curves are
representative of 11 patients with spastic diplegic CP using anterior and posterior
walkers. Minimum and maximum values for each joint are listed in Table 10.1. The
pelvis motion mimicked a double bump pattern. There was a 20° anterior tilt offset
in comparison to normal unassisted gait with both walkers. Patients had a slightly
greater amount of anterior tilt using the posterior walker. The minimum and maxi-
mum pelvic tilts for the patient when using the anterior walker were 21.9 and 26.3°,
respectively. The minimum and maximum pelvic tilts for the patient when using the
posterior walker were 23.1 and 26.6°, respectively. 

The hip motion on both left and right sides demonstrated a large flexion bias
and a right-ward phase shift. On the left side, patients using posterior walkers had
a slightly greater amount of hip flexion than when using anterior walkers. On the
right side, patients using anterior walkers had a slightly greater amount of hip flexion
for the first half of the gait cycle, but had a lesser amount of hip flexion than when
using posterior walkers during the second half of the gait cycle. The minimum and
maximum angles for the anterior walker user on the right side were 17.3 and 49.6°,
respectively, and on the left side were 16.0 and 46.3°, respectively. The minimum
and maximum angles for the posterior walker user were 19.0 and 52.3°, respectively,
on the right side, and 20.6 and 50.8°, respectively, on the left side.

The knee motion exhibited a large flexion offset on the left and right sides using
anterior and posterior walkers. Neither knee demonstrated a large flexion curve
during the loading response. In fact, instead, the knees attempted to extend instead
of flex. There was persistent knee flexion at mid-stance and a slightly diminished
amount of knee flexion during swing. During swing, the amount of knee flexion that
occured as the leg moved was rightward shifted (delayed). Patients using the pos-
terior walker tended to be slightly more flexed at the knee joint than when they used
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FIGURE 10.3 Average sagittal plane characteristic curves of the pelvis, hips, knees, and
ankles (n = 11).
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the anterior walker. The minimum and maximum knee joint angles that occurred
when using the anterior walker were 30.1 and 52.1°, respectively, on the right side,
28.2 and 49.6°, respectively, on the left side. The minimum and maximum knee
joint angles found when using the posterior walker were 29.9 and 53.9°, respectively,
on the right side, and 30.7 and 52.6°, respectively, on the left side.

At the ankle joint, there was a dorsiflexion offset on both right and left sides,
using either type of walker. The dorsiflexion was greater on the right side when
using the posterior walker, but tended to be larger on the left side when using the
anterior walker. The patients showed a loss of the first rocker regardless of which
walker was used. There was diminished dorsiflexion range from the first to second
rocker, and diminished plantarflexion range from the second to third rocker with
respect to normal. The minimum and maximum joint angles that occurred during
ankle motion were 1.3 and 18.5°, respectively, on the right side, and 5.4 and 19.9°,
respectively, on the left side, during anterior walker usage. During posterior walker
usage, the minimum and maximum joint angles were 9.0 and 21.6° on the right side,
and 4.9 and 18.2° on the left side.

When comparing the asymmetry of the joints (e.g., right hip to left hip) at each
tenth percentage point, we found that there were no significant differences in hip,
knee, or ankle joint motion during either anterior or posterior walker use (Table 10.2).
When comparing patients’ anterior and posterior walker data at each tenth percentage
point, there were no significant differences in joint motion found between the two
types of walkers (Table 10.3).

TABLE 10.1
Average Minimum and Maximum Values for 
Pelvis, Hips, Knees, and Ankles

Segment Walker Side

Peak Values

Min Angle Max Angle

Pelvis
Anterior Right 22.0° 26.5°

Left 21.6° 26.5°
Posterior Right 22.8° 26.5°

Left 22.6° 26.8°

Hip
Anterior Right 17.3° 49.6°

Left 16.0° 46.3°
Posterior Right 19.0° 52.3°

Left 20.6° 50.8°

Knee
Anterior Right 30.1° 52.1°

Left 28.2° 49.6°
Posterior Right 29.9° 53.9°

Left 30.7° 52.6°

Ankle
Anterior Right 1.3° 18.5°

Left 5.4° 19.9°
Posterior Right 9.0° 21.6°

Left 4.9° 18.2°
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Table 10.4 presents the GTP results. The average walking speed for an anterior
walker user (0.38 m/sec) was slightly faster than it was for a posterior walker user
(0.34 m/sec), though not significant. Patients who used the anterior walker also
exhibited an increase in cadence (left side: 79.0 steps/min; right side: 77.4 steps/min)
in comparison to posterior walker use (left side: 72.5 steps/min; right side: 73.4 steps/
min), though again this was not significant. Stride length and step length showed no
significant change between walkers.

TABLE 10.2
Asymmetrical Analysis of the LE Joints (Left Side–Right Side), p-Values Are 
Given for Each Tenth Percentage

Percent 
Gait Cycle

Pelvis Hip Knee Ankle

Anterior Posterior Anterior Posterior Anterior Posterior Anterior Posterior

0 0.6 0.3 0.2 0.2 0.2 0.2 0.9 0.05
10 0.7 1.0 0.1 0.4 0.1 0.2 0.8 0.03
20 0.6 0.8 0.2 0.7 0.3 0.4 1.0 0.05
30 0.7 0.7 0.4 0.8 0.6 0.8 0.8 0.1
40 0.9 0.1 0.5 0.3 0.4 1.0 0.8 0.2
50 0.9 0.2 0.5 0.3 0.7 0.9 0.6 0.5
60 1.0 0.6 0.5 0.6 0.3 0.3 0.8 0.6
70 0.7 0.8 0.9 0.9 0.2 0.3 0.4 0.4
80 0.9 0.9 0 0.5 0.1 0.5 0.4 0.4
90 0.4 0.3 1.0 1.0 0.4 0.2 0.9 0.2

100 0.6 0.3 0.2 0.2 0.2 0.2 0.9 0.05

TABLE 10.3
Walker Comparison Analysis (Anterior Walker–Posterior 
Walker), p-Values Are Given for Each Tenth Percentage

Percent Gait Cycle Pelvis

Hip Knee Ankle

Left Right Left Right Left Right

0 0.5 0.6 0.7 0.4 0.8 0.8 0.3
10 0.6 0.7 0.5 0.9 0.5 0.2 0.3
20 0.9 0.5 0.5 0.5 0.9 0.5 0.3
30 0.9 0.5 0.6 0.3 0.8 0.5 0.4
40 1.0 0.2 0.8 0.2 0.7 0.5 0.5
50 0.9 0.1 0.7 0.3 0.4 0.4 0.7
60 0.8 0.1 0.5 0.3 0.4 0.9 0.6
70 0.9 0.4 0.5 1.0 0.5 0.9 0.2
80 0.9 0.6 0.9 0.2 0.6 0.9 0.2
90 0.8 0.4 0.5 0.2 0.5 0.9 0.4

100 0.5 0.6 0.7 0.4 0.8 0.8 0.3
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10.4 DISCUSSION

The motivation of this work was to understand how anterior and posterior walkers
interface with children who have CP and to determine if there were any significant
differences in the effect the two types of walkers have on the children. We accom-
plished this by analyzing the LE sagittal plane kinematics of the pelvis, hip, knee,
and ankle, as well as the GTPs. We examined asymmetries between left and right
sides and significant differences between the two walkers. At the pelvis, the motion
exhibited a double bump pattern characteristic of unassisted gait in CP. This pattern
was observed when using both types of walkers and was commonly associated with
hip flexion offset. Increased flexion occurred once during the stance phase and once
during the swing phase. It was evident that this pattern was used to advance the
limbs forward as the body ambulated and was characteristic of children with a
diplegic gait. Posterior walker patients had a greater anterior tilt than anterior walker
patients, but there was no statistically significant difference in pelvic tilt between
either type of walker. This was contrary to what some other researchers have sug-
gested, although the population size in the current study is greater.7–9

At the hip joint, there was a flexion bias throughout the gait cycle and a
diminished dynamic range in comparison to a normal unassisted gait. There was a
lack of hip extension during mid-stance and a flexion peak toward the end of the
swing phase, which was unique to spastic diplegic CP–assisted gait. In general, the
extension and flexion peaks were delayed in comparison to normal. No statistically
significant differences were found at the hip joints between using the two walkers,
and the hips proved to be symmetrically related. However, when using the posterior
walker, the hip joint was slightly more flexed on the left side throughout the gait
cycle and during the second half of the gait cycle on the right side in comparison
to the anterior walker. While reports are limited, some other studies show increased
hip extension at initial contact and mid-stance with a posterior walker.7–9 It was
difficult to compare results however as left and right side data were combined in
several of these studies.7,9 The current study does not show any significant differences
at initial contact or mid-stance. A larger sample size and consideration of other

TABLE 10.4
Average GTPs for 11 Patients with CP Using Anterior 
and Posterior Walkers

GTPs  Side Anterior Walker Posterior Walker

Walking speed (m/sec)  0.38 0.34

Cadence (steps/min)
L 79.0 72.5
R 77.4 73.4

Stride length (m)
L 0.6 0.5
R 0.6 0.6

Step length (m)
L 0.3 0.3
R 0.3 0.3
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factors, such as body positioning within the walker and UE kinematics, might yield
different results.

Knee kinematics demonstrated a loss of the load response normally seen at the
beginning of the gait cycle, with an early extension of the knee joint. The knees
were persistently flexed throughout the gait cycle and the range of motion was
decreased bilaterally at the knee. As seen with the hip, the flexion peak at the knee
was delayed when compared to normal. When patients used the posterior walker,
the knees tended to be more flexed than when they used the anterior walker, although
these differences were not significant. These results are in agreement with those of
Logan.7 Park et al. reported less knee flexion at initial contact with the posterior
walker in a study of ten subjects. Greiner et al. reported mixed results in a small
study of five subjects. Statistically there were no differences between patients’ knee
joint motion, bilaterally or between walkers. 

Ankle motion showed reduced plantarflexion during the first rocker and a
decreased dynamic range during the second rocker. A lack of plantarflexion was noted
during terminal stance (third rocker). The subjects exhibited a bilateral decrease in
dynamic plantarflexion at toe-off with increased dorsiflexion when compared to
normal in swing phase. In general, these characteristic curves showed a decrease in
dynamic range throughout the gait cycle. There were some slight asymmetries at the
ankle joint, but they were not significant, and there were no differences in ankle joint
motion (pattern or excursion) between using the anterior and posterior walkers. No
statistically significant asymmetry was seen in comparing the left and right ankle
motion. More flexion was noted on the left with the anterior walker and on the right
with the posterior walker. This may be related to the distribution of spasticity. 

The population showed slight decreases in cadence, stride length, and walking
speed with posterior walker use. These changes were not statistically significant.

10.5 CONCLUSION

This preliminary study gives some insight into the differences between anterior
and posterior walker use by children with CP. It provides sagittal plane charac-
teristic curves of the pelvis, hip, knee, and ankle joints of 11 patients. All joints
showed a flexion bias with walker usage. The pelvis demonstrated a double bump
pattern. Hip motion lacked a dynamic range of extension and included a flexion
peak during the latter portion of the gait cycle. Knee motion showed no loading
response. Ankle motion displayed diminished dynamic ranges in the first, second,
and third rockers. No significant kinematic differences existed in the sagittal plane
between anterior and posterior walkers usage. No significant asymmetry existed
at the hip, knee, or ankle joints. GTP results did not indicate statistically signif-
icant differences between anterior and posterior walker usage. These data lay the
groundwork for future investigation into LE kinematics resulting from walker
usage. The sample size used in this analysis is small, although it is larger than
other studies currently reported. Further work continues to examine the kinemat-
ics in a larger population and to include the effects on the UEs resulting from
walker usage. Inclusion of recognized and clinically accepted outcomes measures
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is another objective for future study. The overarching goal is to provide a better
understanding of walker dynamics while pursuing more effective means for
prescription and evaluation.
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11.1 INTRODUCTION

 

Postural stability in children is fundamental in achieving independent stance, gait,
and higher-level gross motor skills. The foot and ankle contribute significantly to
postural control by providing a contact area to the support surface and the primary
joints that respond to certain balance perturbations. Children with neuromuscular
disorders have deficits in response to perturbations of balance and often require
assistive devices or orthoses to accommodate them. This chapter presents a set of
quantitative parameters to examine responses to perturbations of standing balance
during translations and rotations about the ankle joint. It includes specific examples
from children with cerebral palsy (CP), with and without lower extremity bracing.
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The body maintains equilibrium during quiet standing through complex neuro-
muscular and musculoskeletal systems. If the body is stable, it will have the ability
to resist disruption to equilibrium and return to its original state if disturbed. The
body segments are capable of changing orientation to maintain mechanical stability.
As these segments are moved to assume a certain posture, other segments must
adjust in order to maintain stability and equilibrium. The foot and ankle are critical
in maintaining balance and controlling equilibrium due to their proximity to the
support surface. The reaction forces between the feet and the support surface can
be summed over the entire contact area, described as the center of pressure (COP).
It is at this point where the ground reaction forces are balanced. The COP is a point
found within the base of support (BOS), described by the contact perimeter around
the feet and support surface (Figure 11.1). The center of mass (COM) is the average
location of the mass of the body. It is the point at which the total mass may be
considered to be concentrated, with respect to the pull of gravity. If a line is drawn
from the COM vertically downward onto the support surface, it must fall within the
boundaries of the BOS and directly onto the COP to be in equilibrium. The human
body is inherently unstable due to the fact that the COM is carried above the support
surface, roughly located at the level of the pelvis and anterior to the ankle joints
when standing in an upright posture (Figure 11.2). In the first postnatal year, the
COM is proportionately higher than in older children due to the size of the head
and smaller limbs. As a child begins to walk, the distance between the floor and the
COM is very small compared to that of an adult.

 

27

 

 

 

In the child, the COM is at the
level of the twelfth thoracic vertebra and descends to the level of the second sacral
vertebra with physical maturity (slightly higher in males).

 

33

 

Reaction forces are exerted by the support surface directly onto the feet. This
results in a “bottom up” (support surface orientated) linkage on the basis of these
reaction forces. The basic system has been described in forms of an inverted
pendulum model.

 

8

 

 The receptors on the soles of the feet and proprioceptive inputs
from foot muscles perceive these forces. This sensory information allows for the
formation of an internal representation of the support conditions and selection of

 

FIGURE 11.1

 

Base of support (BOS): BOS for a normal subject (left) and a subject up on
their toes (right).
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the appropriate actuators for optimizing equilibrium maintenance.

 

6

 

 The combination
of muscle responses that allow maintenance of standing stability are termed “sway
synergies.”

As Nashner and Woollacott

 

7

 

 have described, balance is controlled by neurally
programmed synergies with the coupling of muscles serving to stabilize ankle sway.
They worked to prove the theory of Nicholai Bernstein that the nervous system
organizes movement in a hierarchical manner, with higher levels of the nervous
system activating groups of muscles constrained to act as a unit. These synergies
are necessary due to the difficulty the brain would endure if it was forced to
independently regulate the vast number of motions of the many mechanical linkages
of the body and the activities of the associated muscle groups.

 

26

 

Nashner and Woollacott’s results showed that in response to backward platform
translations, the body swayed anteriorly, stretching the gastrocnemius muscle. Thus
the gastrocnemius was the first muscle activated in a synergy followed sequentially
by the hamstrings and paraspinal muscles at 20 msec intervals. Noteworthy is the
fact that the gastrocnemius response was slower than a simple stretch reflex response,
suggesting that it involves more complex neural pathways. In a forward translation,
the tibialis anterior is stretched because of backward sway. Following the activation
of the tibialis is the quadriceps, then the abdominal muscles.

 

FIGURE 11.2

 

Movement of COM

 

: 

 

As the COM moves outside the BOS, balance equilibrium
is lost.

Equilibrium loss 
backwards 

Equilibrium loss 
forwards 

BOS 
= COM 
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By rotating the subject’s support surface, the authors isolated motion to the
ankle, eliminating motion at the other joints. The rotation of the platform about the
ankle joint in both the toes-down and toes-up directions caused the same groups of
lower extremity muscles to activate as with forward and backward translations,
respectively. This led to the conclusion that movement at the ankle joint from a support
surface perturbation was activating a synergistic response in multiple muscles, termed
the “ankle strategy.”

The ankle strategy is a synergy most commonly used to respond to small pertur-
bations where the support surface is firm. If a perturbation that the ankle strategy could
not accommodate were to occur, the intact central nervous system is capable of shifting
to other postural movement strategies. The hip or stepping strategies are utilized when
perturbations are faster or larger in amplitude, the support surface is compliant or
small, or the perturbation forces the COM outside the BOS of the feet.

 

9–14

 

By the age of 7 to 10, children have shown the ability to achieve similar postural
responses to those of adults.

 

5,21–25

 

 Children younger than 7 yr often have less efficient
and effective responses characterized by the movement of individual body segments
and joint angle changes at the hip, knee, and ankle. Sundermier et al.

 

37

 

 found that,
with maturity, children utilize the muscle synergy associated with the ankle strategy
(gastrocnemius followed by hamstrings and paraspinals in the forward sway direction
and tibialis quadriceps and abductors in the backward sway direction) in response
to postural perturbation and tended to have shorter times to COP stabilization and
shorter COP paths during recovery. Children in lower developmental or younger age
groups utilized single muscle onset organization, with increased peak muscle torques
at the knee.

Some of the more recent research has explained that in the event of an unexpected
perturbation to static balance, recovery is reliant upon not only the magnitude of
the torque produced about the lower extremity joints but also the latency of onset
following the perturbation.

 

18

 

 It is suggested that there is a correlation between
parameters related to the speed of torque generation onset and the magnitude of
perturbation from which recovery can be achieved.

Children with neuromuscular disorders such as CP often have poor directional
specificity, with antagonists activating before agonists, delayed onset of muscle
activity, poor sequencing of muscle synergies, muscle coactivation, and decreased
ability to generate sufficient force amplitudes or modulate the force amplitude to
react to a perturbation to balance.

 

17,28,29

 

 They may also have abnormal muscle tone,
muscle weakness, loss of selective muscle control, and/or bony deformities. These
impairments can cause deficiencies in the typical muscle synergies associated with
the ankle, hip, and stepping strategies, as well as loss of range of motion at the foot
and ankle. This adversely affects postural stability and responses to perturbations.
Impairments associated with toe walking, in-toeing, and other foot deformities
common in CP can alter the size and shape of the BOS, thus limiting the distance
the COP can move before balance is lost (Figure 11.1).

Treating balance from the neuromuscular standpoint is difficult. Woollacott and
Shumway-Cook

 

30,36

 

 have demonstrated that training children with CP to improve
responses to unexpected perturbations is possible but requires multiple repetitions.
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One way to enhance children’s functional abilities is to improve their BOS.

 

31

 

 This
can be done by prescribing an ankle foot orthosis (AFO). AFOs have also been
shown to improve ankle kinematics during stance phase, increase step and stride
length, decrease cadence, and decrease energy costs in walking, while improving
walking/running/jumping skills.

 

31

 

The articulated ankle foot orthosis (AAFO or hinged AFO pictured in
Figure 11.3), which allows the ankle to dorsiflex during gait and restricts plantar
flexion, is examined in this study, under conditions of postural perturbations.
The objective of the study was to use a simple balance assessment protocol to
analyze sway energy and other postural metrics in a small group of children
with diplegic CP, who used AAFOs. Results include tests from a series of normal
children for comparison.

 

11.2 MATERIALS AND METHODS

 

This cross-sectional description study examines ten nondisabled children aged 6 to
17 yr (Table 11.1) and compares them to several children with diplegic CP. Only
children with no known foot or ankle pathologies and normal foot patterns during
gait were included in the control group. Children between the ages of 6 and 12 yr

 

FIGURE 11.3

 

Articulated (or hinged) ankle foot orthosis.
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were also chosen based on a clinical diagnosis of diplegic CP. Functionally, each
of the children were placed into a Gross Motor Function Classification System
(GMFCS) as described by Palisano et al. of Level II: (“Children walk indoors and
outdoors, and climb stairs holding onto a railing but experience limitations walking
on uneven surfaces and inclines, and walking in crowds or confined space. Children
have at best only minimal ability to perform gross motor skills such as running
and jumping”).

 

39

 

 Each of these children had been previously using an AAFO for
greater than 2 yr. For these subjects, the AAFO was prescribed to control dynamic
equinus during gait. The design of the AAFO (Figure 11.3) consisted of a tibial
shaft length, 3 cm distal to the fibular head, rubber ankle joint allowing for free
dorsiflexion with a 0-degree plantar flexion stop, a flexible toe break, and strapping
at the tibia and over the talus to maintain enclosure of the hindfoot and forefoot
to the footplate.

All participants were fully informed of the study and signed a consent authori-
zation approved by the Institutional Review Board. All of the children were given
a brief physical exam of their foot and ankle where their joint range of motion and
muscle spasticity was assessed.

 

11.2.1 N

 

EURO

 

C

 

OM

 

 E

 

QUI

 

T

 

EST

 

 S

 

YSTEM

 

The patient testing was done with the SMART EquiTest

 

®

 

 System (Clackamas, OR).
This provides objective assessment of balance control and postural stability under
dynamic test conditions designed to reflect the challenges of daily life. The system
provides assessment capabilities on either a stable or unstable support surface and
in a stable or dynamic visual environment. The system utilizes a dynamic 18 in. 

 

×

 

18 in. dual force plate (Figure 11.4) with rotation and translation capabilities. It
contains force sensors to measure the vertical and horizontal (shear) forces exerted
by the subject’s feet.

 

1 

 

The force sensors outputs data in digitized counts that are
normalized to weight where 5.12 counts = 1.0 lb (11.24 counts = 1.0 kg).

 

2

 

Following a physical examination of the ankle and foot, subjects were placed
standing in the NeuroCom SMART EquiTest System

 

®

 

, where they were secured
with a harness for safety (Figure 11.5).

 

2

 

 Their feet where aligned in specific positions
on the dual force plates in order to maintain a proportional BOS. Taller subjects’
feet were spread apart further and shorter subjects’ feet were kept closer to produce
an equally proportioned BOS as described in the NeuroCom protocol. The lateral

 

TABLE 11.1
Demographics

 

Subject Type Control Cerebral Palsy

 

Number of subjects 10 5
Age (average yr) 12 (range 7–16) 8 (range 6–12)
Sex 7 males, 3 females 2 males, 3 females
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calcaneus was positioned according to the following height specifications: (S) Short —
30 to 55 in., (M) Medium — 56 to 65 in., and (T) Tall — 66 to 80 in. (the S,M,T
designations correspond to the heel alignment markers of Figure 11.4). The scaling
was done by entering the subject’s height into the EquiTest system, with the foot
placements calculated from a demographics database. The axis of the ankle joint
was aligned to the rotational axis (

 

x

 

-axis) of the force plate.
Prior to testing, the subjects were advised to stand as relaxed and comfortable

as possible while maintaining their balance. They were then instructed to keep their
feet still, stand upright, and look straight ahead. They were continually reassured
that if they should lose their balance, the restraining harness would support them as
well as the test operator. They were also videotaped for review.

 

FIGURE 11.4

 

NeuroCom EquiTest SMART System

 

: 

 

NeuroCom EquiTest Dual Forceplate
view from above. Allows translation in the +/

 

−

 

 

 

y

 

-axis or rotation around the 

 

x

 

-axis. Five force
transducers measure shear and vertical forces. The subject’s feet are aligned to the markings
(T, M, S) according to height.

T M 

Force sensors Y-Axis Heel alignment 
marks 

S T M 

X- Axis 

S 
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11.2.1.1 NeuroCom EquiTest Tests

 

The first test administered was the Motor Control Test (MCT). This assesses the
ability of the automatic motor system to quickly recover following an unexpected
external disturbance. Sequences of small, medium, or large platform translations in
forward and backward directions elicit automatic postural responses. The sizes of
the translations are scaled to the child’s height to produce proportional sway distur-
bances. Small translations are threshold stimulus; large translations produce a max-
imal response; and medium translations fall between the two extremes. There are
three trials of each size translation in each direction (forward and backward). There
is a random delay of 1.5 to 2.5 sec between trials. Random delays prevent the subject
from predicting the platform movement and ensure that responses reflect an unantic-
ipated response. The translation of the surface is at a constant speed in one horizontal
direction, with the movement lasting less than 1 sec. This results in displacement of
the subject’s center of gravity (COG) away from center in the opposite direction,
relative to the BOS (Figure 11.6).

 

2

 

FIGURE 11.5

 

NeuroCom Dual Forceplate

 

: 

 

Subject is secured with a harness and feet are
placed according to height.
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The Adaptation Test (ADT) was the second test performed. This assesses a
patient’s ability to minimize sway when exposed to surface irregularities and unex-
pected changes in support surface inclination. The feet are aligned as with the MCT.
Sequences of platform rotations in the toes-up or toes-down direction elicit automatic
motor responses (Figure 11.7). The axis of movement is at the ankles, with each
trial rotation lasting 400 msec and uniform in amplitude (8

 

°

 

) for all trials and
subjects. There is a random delay between trials of 300 to 500 msec, with a total
of five trials in each rotational direction. For each platform rotation trial, a sway
energy score quantifies the magnitude of the force response required to overcome
induced postural instability.

 

3

 

11.2.1.1.1 MCT Data and Analysis

 

The results provide a means for assessment of the child’s balance and posture. The
MCT data address the subject’s weight symmetry, latency, and amplitude scaling.
The clinically based parameters used for postural stability assessment are described
elsewhere.

 

17–20

 

 Those selected for inclusion in the current study are listed below.

 

Weight Symmetry

 

: The symmetry of weight-bearing on the right and left sides
of the force plate. A score of 100 implies even weight distribution, >100
favors right, <100 favors left. This measurement is taken prior to the
translation.

 

Latency

 

: This is the time in milliseconds from the plate translation to the
subject’s active response to the movement. There is also a composite latency

 

FIGURE 11.6

 

Motor control test forward/backward translation.

Forward/backward translations 

 

3971_C011.fm  Page 181  Monday, July 16, 2007  6:30 PM



 

182

 

Foot Ankle Motion Analysis

 

score that reflects the average latency for right and left legs, in both direc-
tions of the translation.

 

Amplitude Scaling

 

: This shows the force amplitude of the subject’s active
response to each translation. For each translation, the system imparts a
known amount of forward or backward angular momentum to the body. To
stop the sway and return the body to its initial position, the active force
response must impart an angular momentum in the opposite direction and
approximately twice as large as that created by the translation. One half of
the response momentum is required to halt the further sway; the other half
moves the body back in the opposite direction.

 

4

 

11.2.1.1.2 ADT Data and Analysis

 

Movement of the body causes sway or excursion of the COP and/or COG. The ADT
score quantifies how well the patient can minimize AP sway after unexpected support
surface rotations. The ADT data illustrate the magnitude of the force response
required to overcome sway induced by sequences of toes-up

 

 

 

and

 

 

 

toes-down rotational
disturbances.

 

3

 

 The four load cells imbedded in the force plate each transmit force
information to the computer at a frequency of 100 Hz. This allows for the calculation
of the location of the COP. The program calculates a nondimensional “sway energy”
function during each of the rotation trials (see below). Falls are scored by a 0 and
excluded from the group statistics. Falls occur at any time the subject moves a foot

 

FIGURE 11.7

 

Adaptation test anterior/posterior rotation.

Toes up/toes down rotations 
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from an original position, when the walls or safety straps are used for support, or
when the harness is used to maintain posture.

 

11.2.1.1.2.1 Sway Energy Calculation

 

15

 

1. The program twice differentiates the 

 

y

 

-axis vertical force position trace,
giving 

 

PY

 

′

 

 and 

 

PY

 

′′

 

, and calculates the root mean squares of each, giving

 

PY

 

′

 

 (

 

RMS

 

) and 

 

PY

 

′′

 

 (

 

RMS

 

).
2. The program then calculates the weighted sum of the RMS velocity 

 

PY

 

′

 

and acceleration 

 

PY

 

′′ 

 

using the following formula:

 

SwayEnergy 

 

= 

 

C

 

1*

 

PY

 

′

 

(

 

RMS

 

) 

 

+ 

 

C

 

2*

 

PY

 

′′

 

(

 

RMS

 

)

where 

 

C

 

1 and 

 

C

 

2 are weighted constants used to give dimensionless
energy values: 

 

11.2.1.2 Statistics 

 

Mean and standard deviation were determined from each of the test’s scores. A one-
way analysis of variance (ANOVA) was done to compare group means. This returns
a 

 

p

 

-value for the null hypothesis that all samples in the groups are drawn from the
same population. Significance was set at 

 

p

 

 < .05.

 

11.3 RESULTS

11.3.1 MCT R

 

ESULTS

 

 (T

 

ABLE 

 

11.2)

 

11.3.1.1 Weight Symmetry

 

The trials with the CP subjects wearing braces had a slightly lower group average
value for weight symmetry (91.83) than the CP subjects barefoot (99.37) or the
control subjects (98.09). There was not a significant difference between any of the
groups. Since no difference was found between sides, the left and right side mea-
surements were averaged together. A score less than 100 implies the subject is
supporting more weight on the left side; greater than 100 implies right side.

 

11.3.1.2 Latency

 

The control group population exhibited the quickest active response time to the
various size translation perturbations. The greatest differences were found between
the CP subjects who were barefoot and the control group for the large forward

C
in

C

1
1

2
0 25

=

=

/

.

sec

sec2

 

3971_C011.fm  Page 183  Monday, July 16, 2007  6:30 PM



 

184

 

Foot Ankle Motion Analysis

 

translations (LFT), medium backwards translations (MBT), small backwards trans-
lations (SBT), and small forward translations (SFT). The population of CP subjects
when braced exhibited the slowest latency scores overall and had significant differ-
ences from the control group for all of the translations. When comparing the CP
subjects barefoot and braced trials, the average latency for the barefoot group was
less. The only significant difference was found in the MBT trials, with the CP
barefoot population responding at an average of 164 msec and the CP braced
group responding 180.8 msec after the perturbation.

 

11.3.1.3 Amplitude Scaling

 

The average amplitude scaling, or the measurement of the strength of the subject’s
active response, was found to be the highest in the control group and lowest in the
CP subjects’ barefoot trials. Significant differences were exhibited between the
control group and CP subjects barefoot for the large translations in both the forward

 

TABLE 11.2
Motor Control Test Group Averages

 

Translation
(3 trials each) 

Weight  
Symmetry

Latency 
(msec)

Amplitude 
Scaling

 Strength
Symmetry

Composite
Score

 

Control group 
barefoot

Small B 95.27 152.79 1.10 98.18  

Medium B 96.36 140.00 2.53 103.27  

Large B 97.91 139.64 3.43 99.64  

Small F 98.73 148.64 1.27 107.44  

Medium F 99.09 134.64 2.23 104.64  

Large F 101.18 152.48 3.06 104.27  

Overall average 98.09(7.08) 144.70(21.97) 2.27(2.12) 102.91(12.15) 133.63(15.36)

 

a

 

CP subjects 
barefoot

Small B 97.80 177.75

 

a

 

0.30

 

a

 

100.00  

Medium B 95.00 164.00

 

a

 

1.20 91.50  

Large B 98.00 154.00 1.70

 

a

 

90.00  

Small F 103.40 171.00

 

a

 

0.50 88.67  

Medium F 99.40 151.00 0.90a 88.67  

Large F 102.60 186.00a 1.00a 91.50  

Overall average 99.37(12.98) 152.50(36.15) 0.93(0.78) 91.72(13.83) 164.40(10.45)a

CP subjects
with AAFO

Small B 86.20 174.16a 0.40 100.00  

Medium B 94.20 180.83a 0.80a 100.00  

Large B 90.60 177.25a 1.40a 89.20  

Small F 88.00 193.33a 0.70 80.00  

Medium F 95.00 211.00b 1.30 56.00  

Large F 97.00 194.75a 1.90a 85.00  

Overall average 91.83(14.09) 188.55(36.64) 1.08(1.06) 85.03(22.08) 188.25(13.47)

ap-Value < .01 when compared to control group.
bp-Value < .01 when compared to control group and CP barefoot group.
Overall average — average over all of the translations sizes with standard deviation in parentheses.
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and backward directions. There were also significantly weaker responses from the
LBT, LFT, MFT, and SBT from the CP subjects barefoot. The CP subjects braced
population had significantly weaker responses than the control group from LBT,
LFT, and MBT, but no significant differences were found between CP populations.

11.3.1.4 Composite Score

The average overall MCT score, or composite score, was lowest for the control
group and highest for the CP subjects when braced. There were significant differ-
ences between the controls and both CP groups with a p-value of .019 between the
CP populations.

11.3.2 ADT RESULTS (TABLE 11.3)

11.3.2.1 Toes-Up

The ADT measures sway energy for toes-up and toes-down rotational perturbations
to the standing platform. The control subjects recorded an average sway energy score
of 73.33 for all five trials. The CP subjects were unable to maintain a standing posture
for all of the trials when not wearing their prescribed AAFOs, recording a fall each
time. The CP subjects faired only slightly better with the braces on, with only 8 out
of 25 trials recorded as nonfalls, with an average sway energy score of 103.4.

11.3.2.2 Toes-Down

The control subjects minimized their AP sway in the toes-down trials compared to
the toes-up trials, with an average sway energy score for the controls of 56.4, 110.8
for the CP subjects barefoot, and 129.0 for the CP subjects with AAFOs. There were
significant differences in this test between the controls and the CP barefoot popu-
lation (p < .01), and the controls and the CP braced population (p < .01).

11.4 DISCUSSION

Impairments associated with CP, such as spasticity, muscle weakness, immature/dis-
organized muscle synergies, and coactivation of proximal–distal and agonist–antag-
onist musculature, have several effects on balance. These include decreasing the
BOS, impairing medial-arch reactions, placing mechanical restrictions on joint range
of motion, and not providing an effective lever arm in the ankle and foot. The use
of lower extremity bracing has been shown to be an effective intervention for the
impairments of children with CP during gait, but controversial in addressing the
resulting balance deficits.31,34,35 There have been mixed findings on bracing’s func-
tional gains. The pediatric assessment strategy used in this pilot study of children
with CP, using AFOs, can help identify possible benefits.

We examined five subjects with CP barefoot and braced, as well as ten control
subjects in various tests of balance. We used an assessment strategy implemented
by the NeuroCom Smart EquiTest System, which has been shown to be a useful
tool in the assessment of balance dysfunction.2,15 The use of specific protocols such
as the MCT and ADT adequately replicate real-life situations including recovery
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from an unexpected slip, surface irregularities, and changes in inclination.16 The
subject testing was performed quickly and easily, taking no more than 15 to 20 min
per subject. The time efficiency would support the use of these tests during a clinic
visit or gait analysis. The output data were clear and understandable, providing an
index of the subject’s functionality. There are default reports provided by NeuroCom,
but the data can also be exported in raw form. The raw form is in digital counts,
which allows for additional analysis.

Figure 11.8 and Figure 11.9 display raw subject data. Figure 11.8 includes two
plots tracking the COP during the MCT. The x–y axis represents the dual force plate
support surface. The x-axis aligns with the axis of rotation of the ankle joint. The
top plot shows the COP motion during a forward translation for a normal subject.
The trial begins with collecting data during static standing until the perturbation
occurs at 0.50 sec. The COP is tracked during the static standing and as the subject
responds to the perturbation, until the trial ends at 2.50 sec. This type of plot can
also be seen for a backward translation in the bottom plot. Examination of the
forward translation plot shows that the COP initially moves posteriorly, but also to
the right; then once the translation stops, the COP moves forward and to the left.
Notice that the COP does not end at its starting location. Rather, it ends in a more
posterior location, possibly in anticipation of another translation. The bottom plot
of the backward translation tracks the COP as it moves forward and to the right in
response to the translation, then back and to the left, ending slightly posterior to the
original location.

Figure 11.9 is an example of another plot that displays MCT data. It shows the
force measured by each of the five force sensors on the force plates during a single
trial. There are left–right side and front–rear sensors, as well as a centrally located
shear sensor. The first 0.50 sec is static standing, at which point the perturbation
occurs. A baseline measurement is taken from each sensor during the static standing
part of the trial. This static measurement is then subtracted from the force measured
after the perturbation; so the plot represents the change in force due to the translation.
The first parts of the curves are flat since the subject is quietly standing. After the
forward translation, the subject’s weight shifts rearward, then to the front, and then
oscillates to the rear again. The top plot in this figure is an average of the normal
subjects during the forward translation, the middle plot is a CP subject barefoot,
and the bottom plot is the same subject braced. Comparison of these plots illustrates
that the barefoot trial has the weakest force response. The magnitude of the response
in the braced trial is closer to normal, and the normal subjects have the strongest
response.

Examination of Table 11.2 shows that the control group had the quickest
responses to the translational perturbations, while the CP subjects wearing their
braces were the slowest, on average. This implies that AFO and shoe wear had some
type of dampening effect on the perception of the perturbation. However, the braced
subjects presented with higher amplitude in strength of response than the unbraced
CP subjects (Figure 11.8). This suggests that once the braced subjects did sense the
translation, they were able to exert more force to return their COP back to within a
position of stability within their BOS. The increase in force amplitude could be
attributed to several reasons. The AAFO provides extrinsic support to the ankle and
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FIGURE 11.8 Example data: These plots trace the COP during a forward translation (top)
and backward translation (bottom). The static standing portion of the trial is represented by
the circles. The perturbation occurs after 0.50 sec. Data are sampled at 100 Hz.
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FIGURE 11.9 Example data: These plots display the magnitude of the force response for the
group of normal subjects (top), and a CP subject barefoot (middle) and braced (bottom). The
normal subjects have the highest magnitude, with the CP subjects having a stronger response
with their braces on. LF, left front force sensor on force plate; RF, right front; LR, left rear;
RR, right rear; and SH, shear sensor.
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foot, which the musculature in a child with CP cannot. Much of the available research
on the effect of orthoses on children with CP focuses on impairment level measures
that encompass changes to anatomical structure and physiologic function. It is
questionable that these corrections have led to functional gains.31 The goal of bracing
is to place the foot and ankle in appropriate alignment, thus improving the BOS and
providing a rigid support lever. As a result, balance reactions may be enhanced.

The subjects with CP also responded slower, on average, to the forward trans-
lations, with their braces on, than to the backward translations. This could be due
to the mechanical restrictions of the AAFO, which do not allow for plantar flexion.
There were no significant differences between the groups when looking at the weight
or strength symmetry. This would be an expected result in diplegic subjects, with
bilateral bracing.

The ADT, which measures sway by rotating the support surface in the toes-up
or toes-down direction about the ankle joint, showed significant differences between
the control group and the CP group, with and without braces. In the toes-up direction,
none of the CP subjects were able to remain standing after the perturbation without
braces. According to Bleck (1987),39 even children with spastic diplegia, who walk
without aids, generally have poor equilibrium reactions and so may fall backward
with very little provocation. This holds true with our subjects who all fell during
the ADT toes-up trials even though the AAFO allows for foot dorsiflexion. Falls
were most likely due to the hyperactive stretch reflex in the gastrocsoleus muscle
and/or mechanical limitations in the ankle joints. The gastrocsoleus was not able to
stretch in response to the change in surface inclination, and the children simply
tipped over backwards, falling into the harness, or were forced to take a step. Perfor-
mance on the ADT requires adequate ankle range of motion and muscle strength,
as well as effective motor adaptation. During the first (unexpected) trials, the initial
disruptive responses were corrected by secondary responses in the opposing muscles.
With each subsequent trial in normal subjects, initial reactions were attenuated and
secondary responses strengthened to reduce overall sway.2

When braced, the subjects were able to resist the disturbance and regain equi-
librium during 8 out of 25 trials (32%). Potential explanations for why some were
able to resist falls are: 

• The mechanical strength of the brace and shoe were able to support the body.
• The COP of children with CP is shifted more anteriorly than that of normal

children. The use of footwear and AFOs that resist plantar flexion enabled
the children to shift their COP more posteriorly to allow for a more
balanced starting point.32

• By wearing shoes and braces the BOS is increased, allowing for the COP
to move a greater distance without traveling outside the BOS.

• By providing an extrinsic support and a rigid lever to work from, an AFO
allows the muscles crossing the ankle and foot to have more effective levers
to generate force, aiding in the treatment of lever arm dysfunction (LAD).
Gage (2004) explains that bones constitute the levers upon which muscles
act, and lever arm dysfunction describes the bony distortions and positional
deformities that alter the leverage relationships between bone and muscle.19
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• LAD is present in the feet of children with CP, thus affecting the amount of
torque that can be generated in response to a perturbation to standing balance.

In the ADT toes-down trials, there were also significant differences between the
control group and the CP subjects, but not between the braced and unbraced trials.
The fact that none of the subjects fell during these trials was somewhat surprising,
because the AAFO does not allow for plantar flexion. The toes-down rotation of the
platform creates a flexion moment at the knee since that is the next joint available
with free motion, allowing the subjects to adequately respond to the platform rota-
tion. Although there were no significant differences between the braced and unbraced
trials, the braced trials had a higher sway energy score on average. The higher score
implies that a greater magnitude of force is required to overcome the induced postural
instability. This could be necessary due to the greater latency in response, which
occurs when wearing the brace.

The ankle and hip strategy respond to sagittal plane balance perturbations. They
are defined by their motion in that plane, though, as seen in Figure 11.8, the COP
moves laterally as well as anteriorly/posteriorly even though the support surface
motion was restricted to sagittal motion. This nonsagittal motion could be further
measured with the use of a three-dimensional motion capture system. Kinematics
along with electromyography (EMG) data would also be useful to observe muscle
strategies and supplement the balance testing done with the NeuroCom system.
These additions would add time to testing, but would provide useful data on full
body responses to balance disruptions.

11.5 CONCLUSION

Previous research has shown the effectiveness of lower extremity bracing on improv-
ing the level of impairment in children with CP. However, it is questionable whether
these improvements translate into functional gains with regard to balance. The initial
findings of this study show that children with CP are deficient in reacting to unex-
pected perturbations to standing balance and that bracing of the ankle and foot may
help accommodate the loss of balance under certain circumstances. As found in this
study, an efficient assessment of balance could be a helpful aid in determining the
functionality of assistive devices during balance perturbations.

Potential research in this area will include testing a larger sample size with the
same protocol. This could be used to study children with hemiplegia, quadriplegia,
lower motor neuron disorders, as well the effects of other types of assistive devices.
The inclusion of three-dimensional motion data as well as EMG would further
supplement a balance assessment.

REFERENCES

1. Jacobson, G.P., Newman, C.W., Kartush, J.M. Handbook of Balance Function Testing.
St Louis: Mosby Year Book, 1993.

2. NeuroCom International, Inc. EquiTest Manual, EquiTest System Operators Manual
Version 7.04, MCT-8, 2000.

3971_C011.fm  Page 191  Monday, July 16, 2007  6:30 PM



192 Foot Ankle Motion Analysis

3. Bronstein, A.M., Brandt, T., Woollacott, M. Clinical Disorders of Balance Posture
and Gait. New York: Arnold, 1996:1.

4. Nashner, L.M. Fixed patterns or rapid postural responses among leg muscles during
stance. Exp Brain Res 1977; 30: 13–24.

5. Shumway-Cook, A., Woollacott, M. Motor Control: Theory and Practical Applications.
Baltimore, M.D: Williams & Wilkins, 1995.

6. Horak, F.B., Nashner, L.M. Central programming of postural movements: adaptation
to altered support surface configurations. J Neurophysiol 1986; 55: 1369–1381.

7. Nashner, L.M., Woollacott, M., The organization of rapid postural adjustments of
standing humans: an experimental-conceptual model. In: Talbott, R.E., Humphrey,
D.R., eds. Posture and Movement. New York: Raven Press, 1979: 243–257.

8. Nashner, L.M., McCollum, G. The organization of human postural movements: a
formal basis and experimental synthesis. Behav Brain Sci 1985; 8: 135–172.

9. Macpherson, J.M. How flexible are muscle synergies. In: Humphrey, D.R., Freund
H-J, eds. Motor Control: Concepts and Issues. Chichester: John Wiley, 1991: 33–47.

10. Moore, S.P., Rushmer, D.S., Windus, S.L., Nashner, L.M. Human automatic postural
responses: responses to horizontal perturbations of stance in multiple directions. Exp
Brain Res 1988; 73: 648–658.

11. Woollacott, M., Roseblad, B., Hofsten, von C. Relation between muscle response
onset and body segmental movements during postural perturbations in humans. Exp
Brain Res 1988; 72: 593–604.

12. Bouisset, S., Zattara, M. Segmental movement as a perturbation to balance? Facts and
concepts. In: Winters, J.M., Woo S.L.Y., eds Multiple Muscle Systems: Biomechanics
and Movement Organization. New York: Springer, 1990: 498–506.

13. Crenna, P., Frigo, C. A motor program for the initiation of forward-orientated move-
ments in man. J Physiol 1991; 437: 635–653.

14. Winter, D.A. Biomechanics and Motor Control of Human Movement. New York: John
Wiley, 1990: 80–84.

15. NeuroCom International, Inc. NeuroCom Products: EquiTest. Oct. 10, 2005. http://
www.onbalance.com/neurocom/products/EquiTest.aspx.http://www.onbalance.com/
neurocom/protocols/motorImpairment/mct.aspx.http://www.onbalance.com/neu-
rocom/protocols/motorImpairment/adt.aspx.

16. Lockhart, T.E. Relationship between postural control and slip response among dif-
ferent age groups. Gait Posture 2002; 16: S125–S126.

17. Burtner, P.A., Qualls, C., and Woolacott, M.H. Muscle activation characteristics of
stance balance control in children with spastic cerebral palsy. Gait Posture 1998; 8:
163–174.

18. Robinovitch, S.N., Heller, B., Lui, A., and Cortez, J. Effect of strength and speed of
torque development on balance recovery with the ankle strategy. J Neurophysiol 2002;
88: 613–620.

19. Gage, J.R. The Treatment of Gait Problems in Cerebral Palsy. London: Mac Keith
Press, 2004: 3.

20. Bax, M., Goldstein, M., Rosenbaum, P., Leviton, A., and Paneth, N. Proposed defi-
nition and classification of cerebral palsy. Dev Med Child Neurol 2005; 47: 571–576.

21. Bhattacharya, A., Shukla, R., Dietrich, K., Bornshein, R., and Berger, O. Effect of
early lead exposure on childrens postural balance. Dev Med Child Neurol 1995; 37:
861–878.

22. Di Fabio, R.P., Foudriat, B.A. Responsiveness and reliability of a pediatric strategy
score for balance. Physiother Res Int 1996; 1(3): 180–194.

3971_C011.fm  Page 192  Monday, July 16, 2007  6:30 PM



Response to Balance Perturbation: A Strategy for Pediatric Assessment 193

23. Shimizu, K., Asai, M., Takata, S., and Watanabe, Y. The development of equilibrium
function in childhood. In: Taguchi, K., Igarashi, M., Mori, S., eds. Vestibular and
Neural Front. New York: Elsevier Science BV, 1994: 183–186.

24. Horak, F.B., Shumway-Cook, A., Crowe, T.K., and Black, F.O. Vestibular function
and motor proficiency of children with impaired hearing, or with learning disability
and motor impairment. Dev Med Child Neurol 1988; 30: 64–79.

25. Shumway-Cook, A., Woollacott, M.H. Motor Control Theory and Practical Applica-
tions. Baltimore: Williams & Wilkins, 1995:3–6.

26. Berstein, N. Co-Ordination and Regulation of Movements. New York: Pergamon
Press, 1967.

27. Forssberg, H., Nashner, L.M. Ontogenetic development of postural control in man:
adaptation to altered support and visual conditions in stance. J Neurosci 1982; 2:
545–552.

28. Nashner, L.M., Shumway-Cook, A., and Marin, O. Stance postural control in select
groups of children with cerebral palsy: deficits in sensory organization and muscular
coordination. Exp Brain Res 1983; 49: 393–409.

29. Brogren, E., Hadders-Algra, M., and Forssberg, H., Postural adjustments in sitting
children with spastic diplegia. Dev Med Child Neurol 1996; 33: 379–388.

30. Woollacott, M., Shumway-Cook, A., Hutchinson, S., Ciol, M., Price, R., and Kartin, D.
Effect of balance training on muscle activity used in recovery of stability in children
with cerebral palsy: a pilot study. Dev Med Child Neurol 2005; 47: 455–461.

31. Kott, K.M., Held, S.L. Effects of orthoses on upright functional skills of children and
adolescents with cerebral palsy. Pediatr Phys Ther 2002; 14: 199–207.

32. Morris, C., Orthotic management of children with cerebral palsy. J Prosth Orth 2002;
14: 150–158.

33. Magee, D.J. Orthopedic Physical Assessment. 3rd ed. Philadelphia: W.B. Saunders
Company, 1997.

34. Harris, S.R., Riffle, K. Effects of inhibitive ankle-foot orthoses on standing balance
in a child with cerebral palsy. Phys Ther 1986; 66: 663–667.

35. Taylor, C.L., Harris, S.R. Effects of ankle-foot orthoses on functional motor perfor-
mance in a child with spastic diplegia. Am J Occup Ther 1986; 40: 492–494.

36. Shumway-Cook, A., Hutchinson, S., Kartin, D., Price, R., and Woollacott, M. Effect
of balance training on recovery of stability in children with cerebral palsy. Dev Med
Child Neurol 2003; 45: 591–602.

37. Sundermier, L., Woollacott, M., Roncesvalles, N., and Jensen, J. The development
of balance control in children: comparisons of EMG and kinetic variables and chro-
nological and developmental groupings. Exp Brain Res 2001; 136: 340–350.

38. Palisano, R., Rosenbaum, P., Walter, S., Russell, D., Wood, E., and Galuppi, B. Gross
motor function classification system for cerebral palsy. Dev Med Child Neurol 1997;
39: 214–233.

39. Bleck, Egene Orthopaedic Management in Cerebral Palsy. Mac Keith Press: Oxford:
Blackwell Scientific Publications Ltd. 1987.

3971_C011.fm  Page 193  Monday, July 16, 2007  6:30 PM



3971_C011.fm  Page 194  Monday, July 16, 2007  6:30 PM



 

Section B

 

Adult Foot and Ankle

 

3971_S003.fm  Page 195  Wednesday, December 20, 2006  4:21 PM



 

3971_S003.fm  Page 196  Wednesday, December 20, 2006  4:21 PM



 

197

 

12

 

Gait Analysis in Posterior 
Tibial Tendon Dysfunction: 
Pre- and Postoperative 
Analysis Compared to a 
Normal Population

 

Richard M. Marks, Jason T. Long, 
and Gerald F. Harris

 

CONTENTS

 

12.1 Introduction................................................................................................198
12.2 Posterior Tibial Tendon Anatomy and Biomechanics ..............................198
12.3 PTTD Classification ..................................................................................199
12.4 Treatment Options for PTTD....................................................................199
12.5 Current Investigation of PTTD Gait .........................................................200

12.5.1 Modified Hindfoot Coronal Alignment Radiograph 
(Milwaukee View) .......................................................................201

12.5.2 Statistical Analysis.......................................................................205
12.6 Results........................................................................................................205

12.6.1 Temporal-Spatial Parameters.......................................................205
12.6.1.1 Comparison: Preoperative PTTD vs. Normal...........205
12.6.1.2 Comparison: Postoperative PTTD vs. 

Preoperative PTTD ....................................................205
12.6.1.3 Comparison: Postoperative PTTD vs. Normal .........205

12.6.2 Kinematic Parameters..................................................................207
12.6.3 Preoperative PTTD Vs. Normal ..................................................207

12.6.3.1 Tibia...........................................................................207
12.6.3.2 Hindfoot ....................................................................208
12.6.3.3 Forefoot .....................................................................208
12.6.3.4 Hallux ........................................................................208

12.6.4 Postoperative PTTD vs. Preoperative PTTD ..............................208
12.6.4.1 Tibia...........................................................................208
12.6.4.2 Hindfoot ....................................................................208

 

3971_C012.fm  Page 197  Thursday, June 28, 2007  12:38 PM



 

198

 

Foot Ankle Motion Analysis

 

12.6.4.3 Forefoot .....................................................................209
12.6.4.4 Hallux ........................................................................209

12.6.5 Postoperative PTTD vs. Normal .................................................209
12.7 Discussion..................................................................................................210
12.8 Conclusions................................................................................................212
References..............................................................................................................212

 

12.1 INTRODUCTION

 

Dysfunction of the posterior tibial tendon may result in a pathologic flatfoot defor-
mity, and if not appropriately addressed through conservative measures (rest, reha-
bilitation, and/or bracing), surgical intervention is necessary to correct the resulting
deformity and restore function of the limb.

Presently, there are several operative choices commonly utilized by orthopedic
surgeons to address posterior tibial tendon dysfunction (PTTD).

 

1–9

 

 While surgeons
have evaluated the radiographic and clinical results of various surgical proce-
dures,

 

2,7,9–12

 

 the temporal and kinematic effects of surgical intervention have not been
evaluated. The development of quantitative gait analysis has added to the evaluation
of musculoskeletal and neurological impairments of the lower extremities, and has
been particularly helpful in the evaluation of numerous pediatric abnormalities. 

Traditional techniques for gait analysis measure joint kinematics in three dimen-
sions at the hip, knee, and ankle, modeling each limb segment (pelvis, thigh, tibia,
foot) as a single rigid element.

 

13,14

 

 While such evaluation is frequently sufficient for
more proximal limb abnormalities, pathologic gait secondary to PTTD has profound
effects on the complex interrelationships between the ankle, subtalar, and transverse
tarsal joints. These abnormalities also have a significant effect on the more distal
and proximal articulations of the foot. 

The development of multisegmental foot and ankle models

 

15–20

 

 has allowed for
more precise quantitative clinical assessment of pathologic gait secondary to PTTD,
as well as the precise effect of surgical intervention on the resultant gait. This chapter
provides a quantitative characterization of patients with PTTD, including postoper-
ative gait results, and compares both pre- and postoperative populations to a previ-
ously documented normal population.

 

12.2 POSTERIOR TIBIAL TENDON ANATOMY
AND BIOMECHANICS

 

The posterior tibial muscle arises from the posterior aspect of the tibia, interosseous
membrane, and fibula in the proximal leg and is contained in the deep posterior
compartment with the flexor hallucis longus and flexor digitorum longus (FDL)
muscles. It travels behind the medial malleolus and has its primary insertion on the
navicular tuberosity, with secondary attachments to the cuneiforms and lesser meta-
tarsals. The muscle serves as the primary inverter of the heel, with muscle contraction
occurring from mid- to terminal stance (TSt). The muscular contraction allows the
gastrocsoleus complex to shift to the medial side of the subtalar axis; when the
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gastrocsoleus complex contracts, it then becomes a powerful heel inverter. Heel
inversion creates obliquity of the transverse tarsal (talonavicular, calcaneocuboid)
joint, thereby creating a rigid midfoot during TSt, which allows efficient transfer of
stored energy in the lower extremity for toe-off and the swing phase. 

Dysfunction of the posterior tibial muscle results in less efficient gait, as the
heel does not effectively medialize, and the gastrocsoleus complex requires greater
excursion to become a heel inverter. In cases where the posterior tibial muscle no
longer contracts, resting heel valgus may be accentuated as the gastrocsoleus com-
plex becomes a deforming force, and its subsequent contraction creates an external
valgus moment on the heel. In these cases, the supporting medial soft tissues become
attenuated, further accentuating the resultant flatfoot deformity. Late changes with
the pathologic flatfoot include lateral hindfoot bony impingement, sinus tarsi inflam-
mation, peroneal tendonitis, equinus contracture, and eventual arthrosis.

 

12.3 PTTD CLASSIFICATION

 

Dysfunction of the posterior tibial tendon was first classified by Johnson and
Strom,

 

21

 

 with later modification by Myerson.

 

6

 

 Stage I PTTD involves inflammation
of the tendon with no functional deficiencies. Patients will have tenderness along
the inframalleolar course of the tendon, in the “hypovascular zone” that exists 2
to 6 cm proximal to the insertion.

 

22

 

 The hindfoot remains supple, and patients are
able to perform both double and single heel raises. In Stage II PTTD, the hindfoot
remains supple, as indicated by the ability to perform a double heel raise; however,
patients are not able to perform a single heel raise, indicative of an incompetent
tendon. The tendon may remain intact, but is no longer able to adequately contract.
With Stage III PTTD, the tendon is incompetent, and the hindfoot is rigid, indic-
ative of arthrosis. The patient is not able to invert the heel with a double heel
raise. Myerson’s classification modification includes a Stage IV, where there is
additional deltoid ligament incompetence, resulting in varus tilt of the talus within
the ankle mortise.

 

12.4 TREATMENT OPTIONS FOR PTTD

 

The treatment of patients with PTTD is determined by the severity of symptoms,
duration, and stage of deformity and concomitant medical comorbidities. Initial
treatment is designed to diminish symptoms with rest, immobilization, and rehabil-
itation. Immobilization may include the application of an ankle splint, boot brace,
or casting in more severe cases. Once symptoms have improved, physical therapy
is instituted, and the patient is gradually shifted from immobilization to an orthotic
or brace, particularly for Stages II, III, and IV. Corticosteroid injection to the tendon
is contraindicated, as it may lead to tendon disruption. 

If tendon inflammation is not controlled by the above means, surgery is indicated,
and the type of surgery is determined by stage of dysfunction and degree of defor-
mity. Chronic Stage I inflammation requires tenosynovectomy of the PTT, and if
there is concomitant heel valgus, the addition of a calcaneal osteotomy may be
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indicated. Stage II deformities require tendon substitution of the dysfunctional PTT,
typically with the FDL, which is harvested from the medial plantar aspect of the
midfoot, distal to the knot of Henry. The PTT is resected in its diseased portion,
and a drill hole placed in the navicular tuberosity for transfer of the FDL. While
this technique has been shown to relieve pain from the dysfunctional PTT, it does
not restore the medial longitudinal arch, and patients frequently complain of con-
tinued deformity. For this reason, the addition of a calcaneal osteotomy has been
advocated.

 

4,5

 

 
Two such osteotomies are frequently utilized. The medial displacement calcaneal

osteotomy (MDCO) is performed through the calcaneal tuberosity, and the inferior
tuberosity displaced in a medial direction and transfixed with a screw.

 

3,5

 

 This corrects
heel valgus, improves the height of the medial longitudinal arch, and provides
medialization of the insertion of the gastrocsoleus complex, thereby improving its
biomechanical function. The osteotomy also provides a protective function for the
concomitant FDL tendon transfer. A second type of osteotomy is performed through
the lateral aspect of the calcaneus, either through the anterior process or through the
calcaneocuboid joint.

 

1,2,12

 

 This type of osteotomy is helpful to correct abduction
deformities, as well as improve the medial longitudinal arch. Stage III deformities
(by definition: an arthritic hindfoot) require a triple arthrodesis, involving the fusion
of the subtalar, talonavicular, and calcaneocuboid joints. Stage IV deformities require
hindfoot fusion, in combination with either deltoid ligament reconstruction or con-
comitant ankle fusion.

In an attempt to characterize the effects of PTTD on gait, as well as quantify
the effects of surgical correction on postoperative gait, we have conducted pre- and
postoperative gait analysis of patients with Stage II PTTD, and compared them to
a previously reported normal gait population. 

 

12.5 CURRENT INVESTIGATION OF PTTD GAIT

 

Twenty-seven (27) patients with Stage II PTTD were recruited from the Foot and
Ankle Clinics at the Medical College of Wisconsin (23 females, 4 males; age 52.3
± 9.9 yr). This constituted the preoperative PTTD gait population. Twelve patients
(9 females, 3 males; age 52.9 ± 10.4 yr) underwent postoperative gait analysis at
an average of 17.9 months postoperatively. Both populations were compared to a
previously described normal population (“normal”; 12 females, 13 males; age 41.3
± 12.5 yr).

Temporal-spatial and three-dimensional (3D) kinematic foot and ankle motion
data for the PTTD population were obtained using a 15-camera Vicon Motion
Analysis System (Vicon Motion Systems, Inc.; Lake Forest, CA). The Vicon system
uses infrared strobes to illuminate reflective markers placed on key anatomic land-
marks and reports the 3D positions of the markers within the laboratory. Marker
position information was analyzed using the four-segment Milwaukee Foot Model
(MFM; Figure 12.1), which calculates segment kinematics of four segments (tibia,
hindfoot, forefoot, and hallux) in the sagittal, coronal, and transverse planes.

 

15,18–20

 

Segment motion is measured relative to the next most proximal segment, with tibial
segment motion measured relative to the global coordinate system of the lab.
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Twelve reflective spherical markers (

 

d

 

 

 

=

 

 16 mm) were placed on specific bony
landmarks on the tibia, ankle, and foot and to define each of the four MFM segments
(Figure 12.2a–b). Due to the limited size, the hallux was marked with a triad, which
provides adequate marker separation. After marker placement, the subject stood
comfortably and quietly while a static trial was collected to record the quiet standing
position of the markers. A previously acquired tracing of foot position was used to
facilitate repeatable posture and foot position. Walking trials were then collected
while the subject walked at a self-selected speed. Video data was captured at 120 Hz.

Anterior–posterior, lateral, and modified hindfoot coronal alignment (Milwaukee
view

 

23

 

) weight-bearing radiographs were obtained to relate marker position to under-
lying bone anatomy (Figure 12.3a–c). Indexing measurements were taken of all four
foot segments in each of the three radiographic views.
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This unique weight-bearing radiographic view demonstrates the “true” alignment of
the calcaneus relative to the tibia.

 

23

 

 The subject stands in a natural position, and
tracings of both feet are drawn on a cardboard. A line is drawn, which bisects the

 

FIGURE 12.1

 

Placement of anatomical markers for the MFM.
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(a)

(b)

 

FIGURE 12.2

 

 

 

Oblique anterior (a) and posterior (b) views of patient foot instrumented with
MFM markers.
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(a)

(b)

 

FIGURE 12.3 

 

Weight-bearing A/P (a), lateral (b), and Milwaukee (c) views of foot used to
index bony motion to MFM marker motion.
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silhouette of the second toe and the heel. Another line is then drawn across the
tips of the toes, which is perpendicular to the foot line. The foot tracings are then
cut along this line. This tracing allows reproducibility of foot position, and assures
that the foot is perpendicular to the x-ray plate. The subject stands on an x-ray
stand with both feet positioned on the cardboard tracing. The x-ray beam is angled
at 15 to 20

 

°

 

 to the floor, while a posterior x-ray is taken with the cassette held at
90

 

°

 

 to the floor. To measure the calcaneal/tibial alignment, an ellipse is superim-
posed over the posterior calcaneal tuberosity. The angle formed between the axis
of the tibia and the axis of the ellipse is defined as the coronal hindfoot alignment
(Figure 12.3c). 

 

(c)

 

FIGURE 12.3 

 

(Continued).
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12.5.2 S

 

TATISTICAL

 

 A

 

NALYSIS

 

Minimum, maximum, and range of motion (ROM) values were calculated for each
subject during each of seven phases of gait. These seven phases, based on Perry’s
definitions,

 

24

 

 were designated as load response (LR, 0 to 16% stance), mid-stance (MSt,
16 to 48% stance), TSt (48 to 81% stance), preswing (PSw, 81 to 100% stance), initial
swing (ISw, 0 to 32% swing), midswing (MSw, 32 to 66% swing), and terminal swing
(TSw, 66 to 100% swing). Temporal-spatial parameters (cadence, stride length, stance
duration, and walking speed) were also calculated. For each segment in each plane, we
tested the null hypothesis that the ROM measures were the same at each phase using
unpaired nonparametric methods (Mann-Whitney U test). To adjust for multiple tests
over the set of seven test points, a Bonferroni correction was used to achieve a family-
wise 5% overall error rate. To maintain the overall error rate, we chose to make all
comparisons of joint kinematics at a level of 

 

p

 

 < .002, and all comparisons of temporal-
spatial parameters at a level of 

 

p

 

 < .0125 (slightly less than the levels needed).

 

12.6 RESULTS

12.6.1 T

 

EMPORAL

 

-S

 

PATIAL

 

 P

 

ARAMETERS

 

Full temporal-spatial measures are provided in Table 12.1. The normal population
exhibited a mean stride length of 1.2886 m, mean cadence of 104.23 steps/min,
mean stance duration of 62.2619%, and mean walking speed of 1.1174 m/sec. The
preoperative PTTD population exhibited a mean stride length of 0.9739 m, mean
cadence of 94.8984 steps/min, mean stance duration of 63.0840%, and mean walking
speed of 0.7812 m/sec. The postoperative PTTD population had a mean stride length
of 1.1104 m, mean cadence of 101.1910 steps/min, mean stance percentage of
65.3279%, and mean walking speed of 0.9434 m/sec.

 

12.6.1.1 Comparison: Preoperative PTTD vs. Normal

 

Significant differences were recorded for stride length (0.9739 vs. 1.2886 m), stance
duration (63.0840 vs. 62.2619%), and walking speed (0.7812 vs. 1.1174 m/sec).
There was no significant difference seen in cadence.

 

12.6.1.2 Comparison: Postoperative PTTD vs. Preoperative 
PTTD

 

Significant improvements were seen in stride length (1.1104 vs. 0.9739 m), cadence
(101.1910 vs. 94.8984 steps/min), and walking speed (0.9434 vs. 0.7812 m/sec). No
significant improvement was seen in stance duration.

 

12.6.1.3 Comparison: Postoperative PTTD vs. Normal

 

Significant differences still remained postoperatively in stride length (1.1104 vs.
1.2886 m), percentage in stance (65.3279 vs. 62.619%), and walking speed (0.9434
vs. 1.1174 m/sec). No significant difference was seen in cadence.
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12.6.2 K

 

INEMATIC

 

 P

 

ARAMETERS

 

Changes noted as “significant” are statistically significant at 

 

p

 

 < .002 as described in

 

Statistical Analysis

 

. Additional changes, which are not noted as significant, represent
apparent motion trends, which did not meet the criteria for statistical significance.

 

12.6.3 P

 

REOPERATIVE

 

 PTTD 

 

VS

 

. N

 

ORMAL

 

 (F

 

IGURE 

 

12.4)

 

12.6.3.1 Tibia

 

The tibia exhibits a significantly increased forward position during LR, along with
a significantly more externally rotated position, which persists through MSt; a
decreased sagittal plane ROM is also observed during ISw. Significant shifts toward
a more neutral (vertical) position are also observed in MSw and TSw.

 

FIGURE 12.4

 

 

 

Segment kinematics for pre-op PTTD (pre27) vs. normal, compared during
seven phases of the gait cycle. Asterisks (*) denote a significant difference in position during
a phase. Circles (

 

°

 

) denote a significant difference in range of motion during a phase.
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12.6.3.2 Hindfoot

 

Compared to normal, the hindfoot in the PTTD population demonstrates a position
of reduced dorsiflexion and eversion throughout the gait cycle. However, this position
difference only achieves statistical significance during ISw in the sagittal plane.
Significant sagittal and coronal plane ROM deficits are present throughout the
majority of the stride, and transverse plane ROM deficits are apparent during LR
and TSw. The PTTD hindfoot is also significantly more externally rotated during LR.

 

12.6.3.3 Forefoot

 

Compared to normal, the PTTD forefoot demonstrates a position of reduced
plantarflexion throughout the stride; however, this difference does not meet the
threshold for statistical significance. Coronally, the PTTD forefoot maintains a
position of slight varus, significantly different from normal from MSt through MSw.
The PTTD forefoot also does not exhibit the varus thrust observed in the normal
population from TSt through MSw. In the transverse plane, the PTTD forefoot
maintains a position of significantly more abduction throughout the stance,
approaching neutral in swing. Significant ROM deficits are apparent in all three
planes throughout the stride. 

 

12.6.3.4 Hallux

 

Hallux motion in the PTTD group is notable for a shift in sagittal plane motion
toward a more neutral position. While this shift does not meet the threshold for
statistical significance, the ROM observed from MSt through MSw in the PTTD
group is significantly less than normal.

 

12.6.4 P

 

OSTOPERATIVE

 

 PTTD 

 

VS

 

. P

 

REOPERATIVE

 

 PTTD 
(F

 

IGURE 

 

12.5)

 

Following surgical correction of PTTD, several changes are apparent; however, few
of these changes meet the criteria for statistical significance. 

 

12.6.4.1 Tibia

 

In the tibia, motion patterns in both the coronal and the transverse planes demon-
strated a shift away from normal and toward a more neutral position. These changes
were most apparent in the portion of the cycle near toe-off.

 

12.6.4.2 Hindfoot

 

In the hindfoot, shifts toward the normal pattern were observed in the sagittal
plane (increased dorsiflexion) and the coronal plane (increased inversion, closely
matching that of the normal population). In addition, the transverse plane motion
of the PTTD hindfoot shifted from its preoperative pattern to a pattern more in
phase with normal.
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12.6.4.3 Forefoot

 

Shifts toward normal were observed in all three planes in the PTTD forefoot.
Increased plantarflexion was observed sagittally across the duration of the gait cycle.
Minimal difference was observed in the coronal plane during early stance, but a
restoration of the varus shift was observed in the late stance and swing. The trans-
verse plane motion of the forefoot also demonstrated a shift toward normal, main-
taining a position of neutral to slightly adducted over the course of the gait cycle.

 

12.6.4.4 Hallux

 

Minimal change was observed in the hallux postoperatively.

12.6.5 POSTOPERATIVE PTTD VS. NORMAL (FIGURE 12.6)

Significant differences from normal remained in the PTTD group following surgical
intervention. The PTTD tibia maintained a position of significantly less external

FIGURE 12.5 Segment kinematics for pre-op PTTD (pre12) vs. post-op PTTD (post12),
compared during seven phases of the gait cycle. Asterisks (*) denote a significant difference
in position during a phase. Circles (°) denote a significant difference in range of motion during
a phase. Kinematics for normal population also shown for reference.
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rotation (closer to neutral) during LR and MSt. The PTTD forefoot remained signif-
icantly more neutral in the coronal and transverse planes compared to normal. While
the varus thrust in late stance and swing had been somewhat restored in the PTTD
forefoot, the ROM in these phases was still significantly less than normal. Significant
sagittal plane ROM deficits in the hallux were also apparent in PSw and ISw, and
the transverse plane positioning was significantly more neutral from LR through TSt.

The sagittal plane motion of the PTTD hindfoot and forefoot demonstrated shifts
toward normal patterns, and the differences between them were not statistically
significant. Qualitative evaluation, however, revealed that the PTTD patterns still
fell closer to neutral than the normal patterns.

12.7 DISCUSSION

The contribution of PTTD to pathologic pes planovalgus deformities is now well
documented,6,21,25 and the importance of the contribution of associated medial-
sided soft tissue incompetence, especially the spring ligament and talonavicular
capsule, has been identified in simulated gait models of cadaveric specimens.26

FIGURE 12.6 Segment kinematics for post-op PTTD (post12) vs. normal, compared during
seven phases of the gait cycle. Asterisks (*) denote a significant difference in position during
a phase. Circles (°) denote a significant difference in range of motion during a phase.
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The contribution of the contracted gastrocsoleus complex is now recognized as a
deforming force as well.

While several retrospective studies have evaluated the surgical outcomes from
a functional and radiographic perspective,2 4,7,9–11,25 only one in vivo study has eval-
uated the effect of the adult acquired flatfoot deformity on gait, as well as the
subsequent effect of operative intervention on postoperative gait. Brodsky et al.
evaluated a series of 12 patients that underwent FDL tendon substitution and MDCO
for Stage II PTTD.13 Single-segment foot and ankle kinematics were evaluated with
a five-camera motion analysis system. One-year postoperative gait analysis was
compared to preoperative analysis, and significant changes were seen in temporal
parameters velocity, step length, and cadence. Single limb support time was actually
increased, though not statistically significant. Maximum ankle joint power at push
off increased significantly; however, there were no significant changes in lower limb
kinematics of the hip or knee. 

In our evaluation of 12 patients with Stage II PTTD, a similar surgical technique
was utilized for most patients (two patients underwent subtalar and triple arthro-
deses). Similar postoperative temporal results were seen in our population, with
improvements noted in stride length, cadence, and walking speed. A similar increase
of time spent in single limb stance was also noted. The postoperative population
still recorded significant differences from normal in stride length, walking speed,
and single stance percentage. However, stride length and walking speed demon-
strated strong trends toward normal values, and it is expected that as the size of the
postoperative population increases, these numbers will tend to normalize.

Based on video data from the 15-camera Vicon Motion Analysis System, the
MFM provides additional information on triplanar motion of the tibia, hindfoot,
forefoot, and hallux in the pre- and postoperative populations. In the preoperative
PTTD population, the global position of the tibia was noted to be more forward
during LR, and externally rotated during midstance. Decreased sagittal plane motion
was also noted during ISw, and more vertical positioning was noted in mid- and
TSw. All these deviations denote a more upright positioning attributed to a decreased
walking speed and diminished ability for efficient toe-off. 

Hindfoot kinematics were particularly interesting, given the previously noted
effects of PTTD on calcaneal pitch and the perturbations affecting the talonavicular
relationship. The decreased dorsiflexion and excessive eversion noticed throughout
the gait cycle reflect decreased calcaneal pitch as well as the medial collapse of the
longitudinal arch, and the increased external rotation reflects the increased heel
valgus associated with PTTD. The patients’ diminished stride length and walking
speed are also reflected in the ROM deficits observed in the sagittal and coronal
planes. 

Forefoot segment differences include decreased plantarflexion throughout the
stride cycle, reflecting the diminution of the medial longitudinal arch. This is con-
sistent with the increase in forefoot abduction observed during stance phase. The
lack of varus thrust from TSt through midswing is likely due to the lack of a rigid
midfoot secondary to PTTD. This prevents energy transfer to the forefoot during
TSt and toe-off. As with the hindfoot segment, the ROM deficits noted in all three
planes are secondary to decreased stride length and speed. The hallux exhibits a
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similar ROM limitation in the sagittal plane from midstance through midswing,
indicative of diminished toe-off.

Postoperative gait improvement was most noticeable in the hindfoot and forefoot
segments. This is due to the restoration of the medial longitudinal arch and heel
inversion secondary to medialization of the calcaneal tuberosity or lateral column
lengthening, and improved inversion function from the FDL substitution. The motion
pattern of the hindfoot segment shifted toward the normal pattern in the sagittal
plane, as increased calcaneal pitch led to increased segment dorsiflexion throughout
the stride. Improvement in the coronal plane reflects decreased eversion, as the
postoperative PTTD pattern closely matches the normal pattern. Similar improve-
ment is seen in the transverse plane, with a shift toward a pattern more in phase
with normal. 

Shifts in the forefoot motion pattern toward the normal pattern were seen in all
three planes. Improvement in the sagittal plane indicates increased plantarflexion
across the duration of the gait cycle, indicative of improvement in arch height.
Coronal plane improvements include the restoration of varus shift in late stance and
swing, denoting a more stable medial column. Similar improvements were noted in
the transverse plane, as the forefoot assumed a position of neutral-to-slight adduction
over the course of the gait cycle.

The gait patterns of patients after PTT reconstruction utilizing the FDL tendon
substitution and calcaneal osteotomy tended to shift toward more normal gait
patterns. This was particularly notable in the sagittal plane motion of the hindfoot
and forefoot segments; these changes are attributed to increases in the calcaneal
pitch and subsequent plantarflexion of the first ray. While the forefoot segment
remained significantly more neutral in the coronal and transverse planes, varus thrust
of the forefoot in late stance and swing was restored. Remaining ROM deficits were
likely related to continued deficits in stride length and walking speed.

12.8 CONCLUSIONS

The MFM provides 3D analysis of gait of the pathologic flatfoot with a four-segment
model, thus providing sophisticated evaluation of preoperative gait pathology and
the effectiveness of operative intervention. Through such evaluation, it is hoped that
surgeons will be able to more accurately predict the effects of operative intervention
of PTTD and, as more results are evaluated, better stratify the gait differences seen
in different PTTD patterns, as well as the effect of different combinations of tendon
substitution and bony procedures.
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13.1 INTRODUCTION

 

Hallux valgus is a lateral deviation of the great toe at the first metatarsal joint. It occurs
almost exclusively in shoe-wearing cultures. Most notably, there is a high prevalence of
hallux valgus in American women in their fourth to sixth decades of life,

 

5

 

 with the
female-to-male ratio of those affected reported as 9:1.

 

2,8,9

 

 Extrinsically, the essential factor
in the causation of hallux valgus is tight and constrictive footwear. Intrinsically, the
condition can be caused by a multitude of factors including pronation of the hindfoot,
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pes planus, contracture of the Achilles’ tendon, generalized joint laxity, hypermobility
of the first metatarsocuneiform joint, flaccid ligaments, poor musculature, neuromuscular
disorders, congenital foot deformities, and rheumatic diseases. Heredity has also been
implicated as a causal factor. Hardy and Clapham

 

8

 

 discovered that of 91 hallux valgus
cases, 63% had a positive family history of “bunions” compared to only 1% of the 84
control subjects. Certain anatomic variations in shape and stability of forefoot joint
surfaces may predispose the foot to deforming forces from certain types of footwear.

 

9

 

Deformities associated with hallux valgus include metatarsus primus varus, pronation of
the hallux, a prominent medial eminence, and second toe hammering.

 

6,9

 

13.2 ANATOMY

 

The great toe differs from the lesser toes, in that the metatarsophalangeal joint has
a sesamoid mechanism and a set of intrinsic muscles that provide strength and
stability. The extensor hallucis longus and brevis pass centrally on the dorsal aspect
of the great toe and insert into the distal and proximal phalanges, respectively; the
long and short flexors pass on the plantar surface. The two tendons of the abductor
and adductor hallucis pass medially and laterally, respectively. 

The first metatarsal has a round, cartilage-covered head, which articulates with
the elliptical, small, concave base of the proximal phalanx of the hallux. A fan-
shaped ligamentous band, composed of the collateral ligaments of the metatarsopha-
langeal joint, originates from the medial and lateral metatarsal epicondyles. This
band blends toward the plantar surface with the ligaments of the medial and lateral
sesamoids while the sesamoid ligaments fan out in a plantar direction to the margins
of the sesamoids and the plantar pad.

Two sesamoid bones are contained in the double tendon of the flexor hallucis
brevis. The convex facets on their superior surfaces articulate with the corresponding
longitudinal grooves on the inferior surface of the first metatarsal head. The two
sesamoids are attached distally by the fibrous plantar pad to the base of the proximal
phalanx. The sesamoid complex can therefore move in whatever direction the great
toe moves, transmitting pressure from the skin to the head of the metatarsal and
relieving the tendons of overloading.

 

13.3 PATHOANATOMY

 

The shape and stability of the joint surfaces of the forefoot may show anatomic
variations that predispose the forefoot to deforming forces caused by various types of
footwear. For instance, a rounded metatarsal head will be more prone to the develop-
ment of a hallux valgus, whereas a flattened metatarsophalangeal articulation can resist
deforming forces. Additionally, an oblique setting of the first metatarsal cuneiform
joint may cause an increase in a metatarsal angle with subsequent hallux valgus,
whereas a curved metatarsal cuneiform articulation or a lateral facet or exostosis on
the basal lateral aspect of the first metatarsal may enhance the mobility of the metatarsal
cuneiform joint and promote the tendency of the metatarsal to angle medially.

 

9

 

Laterally, anatomical changes that may result from hallux valgus include joint
capsule shrinking, lateral collateral ligament shortening, lateral sesamoid displacement,
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and shortening of the lateral head of the flexor hallucis brevis. From a medial aspect,
pronounced fibrocartilaginous thickening of the capsule, displacement of the abductor
tendon laterally and toward the plantar surface, and lateral displacement of the sesa-
moid can also occur.

When the metatarsophalangeal joint becomes unbalanced, the great toe is
forced laterally by extrinsic deforming forces. The base of the proximal phalanx
pushes the metatarsal head medially and there often is pronation of the metatarsal
head. As the metatarsal head migrates medially, it attenuates the medial capsule.
As this displacement occurs, the longitudinal ridges under the metatarsal head are
gradually smoothed out, reducing bony resistance to this migration. The sesamoids
are embedded in the adductor hallucis tendon and cannot drift medially with the
metatarsal head. However, in severe cases, the lateral sesamoids may move to the
lateral aspect of the metatarsal head and may eventually lie vertically above the
medial sesamoids, which are articulating with the lateral facet of the first meta-
tarsal. As the metatarsal head continues to migrate medially, the medial joint
capsule is further stretched out, and the abductor hallucis tendon is pulled beneath
the head, losing all power of abduction. The abductor hallucis has a splitting effect
and pushes the first metatarsal toward the second metatarsal. The adductor hallucis
opposes this action. As the metatarsal head moves medially, the base of the
proximal phalanx is held laterally and forced to rotate along its longitudinal axis
at the insertion of the adductor tendon. The two short flexor tendons are displaced
laterally in relation to the metatarsal head and bowstring, so the force on the hallux
is increased in the valgus direction. This is how pronation of the great toe occurs.
Turan noted that significant pronation is regularly seen with hallux valgus defor-
mities of 35

 

°

 

 or more.

 

10

 

If the hallux migrates into a more valgus position and the metatarsal deviates
into a varus position, the only structure that affords medial stability is the medial
ligamentous complex. Sesamoid subluxation occurs with increased angulation of the
metatarsophalangeal joint.

 

13.4 CLINICAL PRESENTATION

 

Clinical symptoms revealed on physical exam include a lateral deviation of the hallux
phalanx, often with impingement 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. Approximately 15 to 20% of patients have a
pathologically dislocated second toe.

 

9

 

 The splayed appearance of the forefoot is due
to the first metatarsal escaping the control of the base of the proximal phalanx.

 

9

 

When evaluating for hallux valgus, a metatarsophalangeal angle greater than 15

 

°

 

 or
an intermetatarsal (IM) angle greater than 9

 

°

 

 could be considered abnormal.

 

8

 

 Hyper-
mobility of the first ray and gastrocnemius equinus contracture may be present.
Glasoe et al.

 

4

 

 found that the mobility of the first ray was increased in the hallux
valgus subjects, while a large IM angle may indicate increased dorsal mobility. Pain
from hallux valgus is mostly caused by friction over the medial eminence due to
tight and constrictive shoes. Radiographic measurements provide important classi-
fying data by demonstrating increased hallux valgus and IM angles.
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13.5 TREATMENT

 

Correction is necessary only when the bunion interferes with the patient’s lifestyle.
Initial treatment for this condition includes a variety of conservative measures
dependent on the patient’s symptoms and amount of deformity. Shoe modifications
such as widening of the toe box and stretching shoes can help eliminate the friction
over the medial eminence. Orthoses can help correct pes planus, which is commonly
associated with hallux valgus. Stretching of the gastrocnemius can also be done to
alleviate pain, if the soft tissue of the Achilles’ tendon is contracted. Night bunion
splints are also helpful for relief of symptoms, but rarely lead to significant change
in the course of the deformity.

Operative treatment is recommended for those patients who have failed to see
improvement from conservative treatment. Surgical options vary depending on the
degree of deformity and radiographic appearance. Coughlin

 

5

 

 has defined three levels
of hallux valgus severity and the associated operative procedures (Table 13.1). The
goal of surgical treatment is to obtain a stable, pain-free hallux, which improves
functional capabilities. Results of surgical treatment are typically greater than 90%
good-to-excellent results, with a recurrence rate below 5%.

Age is important in determining whether surgery is the appropriate means of
treatment. In preadolescent children, surgical intervention should be postponed until
the patient is more mature. If the hallux valgus is repaired and the underlying etiologic
factor is still present, then a recurrence is probable. The modified McBride procedure
can be used on patients as old as 70, but vascularity of the foot must be ensured.
Additionally, if the skin is taut and atrophied, there is a high possibly that the surgery

 

TABLE 13.1
Hallux Valgus Severity Index

 

Severity HVA  IMA  
Sesamoid

Subluxation Surgical Options

 

Mild

 

< 

 

20

 

° < 

 

11

 

° < 

 

50% Chevron
Akin
Possible distal soft-tissue 
procedure (DSTP)

Moderate 20–40

 

° < 

 

16

 

°

 

50–75% Chevron
Akin
Lapidus
DSTP
Proximal MT osteotomy 
w/DSTP

Severe

 

> 

 

40

 

° < 

 

16

 

° > 

 

75% Lapidus
Proximal metatarsal osteotomy 
with DSTP

 

Source

 

: Coughlin MJ. 

 

J Bone Joint Surg Am

 

 78(6):932–966, 1996.
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will fail. Certain congenital deformities such as increased webbing of the first web-
space, congenital metatarsus adductus, severe pes planus with or without a tight heel
cord, and neuromuscular disorders will prevent a satisfactory long-term result.

 

13.6 PREVIOUS STUDIES

 

Biomechanically, hallux valgus is associated with a decreased total arc of motion,
marked limitations in plantar flexion, and moderate restriction of dorsiflexion.

 

6

 

Shereff noted that the range of motion limitations is likely due to capsule and
ligamentous structure scarring in addition to articular degeneration. Patients spend
a high percentage of time on their heel, mid-foot, and lateral metatarsal heads while
walking. The degree of hallux loading at toe-off is decreased due to the greater
reduced flexor activity.

 

6

 

 This leads to gait pattern alterations ranging from antalgic
gait and shortened stride length in mild cases to compensatory lower extremity
rotatory misalignment in more severe cases. The gait alterations compensate for the
reduced contact time on the lateral toes and first metatarsal head and may eventually
lead to associated lower extremity and lower back problems. 

Previous studies have analyzed different biomechanical aspects of the hallux
valgus population. Blomgren et al.

 

3

 

 found greater pressures in the small toe and
tarsal regions during gait in 66 patients with hallux valgus prior to surgical inter-
vention. Borton and Stephens

 

1

 

 analyzed plantar loading and patient satisfaction
before and after Chevron osteotomy for hallux valgus and found significant reduction
in areas sustaining pressure > 5 kg/cm

 

2

 

, an increased total foot contact area, and a
higher percentage of forefoot contact area on heel raise. Conversely, Kernozek and
Sterriker

 

7

 

 discovered no change in contact area, contact time, or gait speed for a
similar population. They concluded that although there was a decrease in perceived
pain postsurgically, there was no increase in plantar loading of the medial forefoot
or medial toe regions, as they had expected. They did find improvements in plantar
flexion of the first metatarsophalangeal joint after surgery, but did not find improve-
ments in force production in the MT region. Many of the studies utilizing plantar
loading data are difficult to compare due to differences in sensor technology, sensor
resolution, sampling rate, variables, and method of data collection.

 

7

 

 There are cur-
rently no published studies comparing hallux valgus patients before and after surgery
on the basis of quantitative motion analysis. 

Previous studies of plantar pressure distribution during gait show a shift in weight
bearing to the lateral metatarsal heads and to the tarsals while decreasing the load
on the hallux for patients with hallux valgus. These findings seem to correlate well
with these results, which show that heel strike tended to begin with a more internally
rotated hindfoot. It is possible that in order to compensate for this internal rotation
and probable increased weight bearing on the lateral edge of the foot, the tibia
abducts slightly in order to maintain balance, and forefoot abduction occurs as the
foot rolls through the step. These changes in gait for the patients with hallux valgus
are most likely due to the patients’ efforts to keep weight off the painful hallux,
which exhibits constant valgus positioning throughout the stride. This probable shift
in weight to the lateral edge of the foot avoids excessive loading on the great toe.  
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Johnson et al.

 

11

 

 have described normal motion of the foot and ankle during gait
using the Milwaukee Foot Model (MFM).

 

12–16

 

 The MFM is a four-segment bio-
mechanical model, which subdivides the foot into the tibia, hindfoot (calcaneus),
forefoot (proximal and distal tarsals), and hallux, and calculated joint motion in
three planes during both stance and swing. From a population of healthy ambulatory
adults, Johnson noted the following.

 

13.7 TIBIA

 

In the sagittal plane, the tibia has a negative angle at initial contact, as the knee is
positioned behind the heel. This angle becomes steadily more positive as the tibia
moves forward over the planted foot; the angle peaks just after foot-off and then
decreases as the foot moves forward, in preparation for the next gait cycle. Coronally,
the tibia moves from an adducted position (relative to the global reference frame)
at initial contact to an abducted position in late stance. Following foot-off, the tibia
returns to its adducted position. In the transverse plane, the tibia remains externally
rotated (away from midline) throughout the entire gait cycle. While it does undergo
some rotation in the internal direction, its position is never at or less than 0 (cutoff).

 

13.8 HINDFOOT

 

Sagittal plane motion of the hindfoot is measured with consideration for the “dor-
siflexion offset,” the angle between the tibia and calcaneus. During quiet standing,
this angle is approximately 20 to 30

 

°

 

 for a healthy adult; because of this offset, the
hindfoot remains in a dorsiflexed position throughout the gait cycle. At initial contact
during gait, the hindfoot is moving in a plantarflexion direction. This continues
through midstance, when the motion reverses and the hindfoot begins dorsiflex. At
the end of late stance (~50% cycle), the hindfoot begins to plantarflex again, in
preparation for foot-off; dorsiflexion then increases again through swing phase, in
preparation for the next foot strike.

Coronally, the hindfoot is relatively neutral from initial contact through most of
the stance. The hindfoot inverts just prior to foot-off, and returns to neutral during
swing phase. In the transverse plane, the hindfoot is internally rotated at initial
contact. It steadily rotates externally throughout stance phase, approaching a neutral
position just prior to foot-off. Following foot-off, the hindfoot reverses direction,
rotating internally in preparation for the next gait cycle.

 

13.9 FOREFOOT

 

Similar to the dorsiflexion offset present in the hindfoot, the sagittal plane motion of
the forefoot is measured with a plantarflexion offset, which accounts for the angle
between the calcaneus and the first metatarsal. This angle is generally ~30

 

°

 

 during
quiet standing in healthy adults. The sagittal range of motion (ROM) of this segment
is fairly small (generally less than 10

 

°

 

), with the majority of motion taking place just
prior to foot-off. At this point, the segment quickly plantarflexes to a position it holds
through midswing; it then gradually returns to its offset plantarflexed position.
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In the coronal plane, the healthy forefoot maintains a slightly varus position
from initial contact through the terminal stance; a rapid increase in varus occurs just
prior to foot-off. During swing, the forefoot gradually moves back toward neutral,
reaching its original varus positioning just prior to initial contact. In the transverse
plane, the forefoot is in a slightly abducted position at initial contact. During load
response, it moves quickly to a more abducted position, which is held for the
remainder of the stance. Just after foot-off, the forefoot abducts even further; during
midswing, it begins moving back toward neutral, and returns to its original position
of slight abduction just prior to initial contact.

 

13.10 HALLUX

 

Sagittal pane motion of the hallux is measured with an established dorsiflexion
offset; this represents the resting angle of the hallux relative to the first metatarsal
(~15

 

°

 

 for healthy adults). During gait, the hallux is in a position of neutral to slight
dorsiflexion through midstance. During late stance, the hallux rapidly dorsiflexes in
preparation for foot-off. Progressive plantarflexion is then observed during swing,
as the hallux returns to its initial position.

In the coronal plane, the hallux moves from supinated to slightly pronated, during
initial contact and load response. Pronation increases gradually through the terminal
stance, then increases rapidly at foot-off. Peak pronation is seen in early swing, at
which point the hallux steadily moves to a supinated position just prior to initial
contact. In the transverse plane, the hallux maintains a valgus position with ~20

 

°

 

ROM throughout the stride. During early and midstance, the hallux moves in a varus
direction, reversing direction at the end of the terminal stance and moving back to
its original valgus position.

 

13.11 CASE EXAMPLES

 

Pre- and postoperative gait analysis sessions were conducted using a 15-camera
Vicon 524 Motion Analysis System (Vicon Motion Systems, Inc., Lake Forest, CA).
Multisegmental foot and ankle kinematics and temporal-spatial data were obtained
using the MFM. The patient was instrumented with reflective markers placed over
bony landmarks on the foot and ankle following the protocol specified by the MFM.
Markers were secured with double-sided tape. Following a static orientation trial,
the patient walked at a freely selected walking speed along the data collection
corridor (length 

 

=

 

 6 m). Each trial was subject to clinical screen; data collection
continued until a minimum of three walking trials had been obtained for analysis.
Case results from each visit are composed of three-dimensional joint kinematics
during gait, as well as temporal-spatial parameters (cadence, stride length,
stance/swing ratio, and walking speed).

 

13.11.1 P

 

ATIENT

 

 #1

 

B.K. is a 72-yr-old female who presented with a painful left hallux valgus deformity.
The patient underwent conservative treatment for 2 yr using a shoe orthosis, which
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was helpful for approximately 2 yr. She now complains of problems with shoewear
and limitations in activities of daily living. The patient has a previous history of
hallux valgus correction (first MTP fusion) on the right foot several years ago.
Physical examination of the left foot at this time reveals no hypermobility of the
first metatarsal cuneiform joint and a hallux valgus deformity. Radiographic exam-
ination (Figure 13.1 and Figure 13.2 ) reveals a left hallux valgus angle of 47

 

°

 

 with
an IM angle of 20

 

°

 

; per Coughlin’s criteria, hallux valgus is characterized as severe. 

 

FIGURE 13.1

 

Preoperative A/P radiograph of patient B.K.
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Following preoperative gait analysis, the patient underwent surgical correction
of the left hallux valgus deformity using proximal metatarsal osteotomy and DSTP.
One year following surgery, the patient underwent postoperative follow-up gait
analysis. 

 

13.11.1.1 Temporal-Spatial Results (Table 13.2)

 

The average preoperative walking speed for the patient was 0.87 m/sec, the average
preoperative stride length was 1.08 m, the average preoperative cadence was 95.89
steps/min, and the average preoperative stance duration was 66.52%. The average
postoperative walking speed was 1.01 m/sec, the average postoperative stride length
was 1.09 m, the average postoperative cadence was 111.4 steps/min, and the average
postoperative stance duration was 63.41%.

 

13.11.1.2 Kinematic Results (Figure 13.3)

 

13.11.1.2.1 Tibia

 

Preoperatively, the tibia demonstrated decreased dorsiflexion from load response
throughout initial swing as compared to normal. The tibia also demonstrated an
increase in abduction from midswing through terminal swing as compared to normal.
Postoperatively, the tibia demonstrated a return to normal sagittal motion, but showed

 

FIGURE 13.2

 

Preoperative lateral radiograph of patient B.K.

 

TABLE 13.2
B.K. Temporal-Spatial Parameters

 

Visit Stance Duration Stride Length Cadence Walking Speed

 

Pre-op 66.52% 1.08 m 95.89 steps/min 0.87 m/sec
Post-op 63.41% 1.09 m 111.4 steps/min 1.01 m/sec
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an increase in adduction (coronal plane motion) from the terminal stance through
the midswing phase of the gait cycle as compared to preoperative and normal motion.
Postoperative tibial motion in the transverse plane (external/internal rotation) was
decreased throughout the gait cycle compared to normal.

 

13.11.1.2.2 Hindfoot

 

Preoperatively, the hindfoot demonstrated less dorsiflexion throughout the gait cycle
compared to normal. Postoperatively, hindfoot sagittal motion (dorsiflexion/plantar
flexion) demonstrated a return to motion, which was similar to normal. The hindfoot
was more inverted throughout the gait cycle postoperatively compared to normal.
The hindfoot demonstrated increased transverse (external/internal rotation) range of
motion throughout the gait cycle postoperatively compared to preoperative and
normal motion.

 

13.11.1.2.3 Forefoot

 

Preoperatively, the forefoot demonstrated decreased plantar flexion throughout the
gait cycle compared to normal. Postoperatively, sagittal motion of the forefoot was
similar to normal. The forefoot demonstrated increased valgus motion throughout
the gait cycle postoperatively compared to normal. 

 

13.11.1.2.4 Hallux

 

Preoperatively, the hallux demonstrated increased dorsiflexion from load response
through the terminal stance and from the initial swing through midswing as compared
to normal. Coronal plane (pronation/supination) range of motion was increased pre-
operatively throughout the gait cycle compared to normal. The hallux was in an
increased valgus position throughout the gait cycle preoperatively as compared to
normal.

Postoperative hallux motion in the sagittal plane (dorsiflexion/plantar flexion)
was similar to normal. Coronal plane (pronation/supination) of the hallux postop-
eratively was less than what was seen preoperatively throughout the gait cycle.
Transverse motion (valgus/varus) was less than what was seen preoperatively with
positioning that more closely resembled normal.

 

13.11.2 P

 

ATIENT

 

 #2

 

M.M. is a 55-yr-old female who presented with left hallux valgus deformity. She
had already undergone surgical correction (Chevron osteotomy with DSTP) of the
right foot. She first noted bunions developing 3 to 4 yr earlier. She underwent
conservative treatment for approximately 2 yr after the bunions worsened, including
wide shoes and over-the-counter orthotics. She complains of increasing pain, which
is no longer relieved by conservative measures. The patient’s medical history is
typical for any other medical problems. Physical examination during weightbearing
reveals a neutral hindfoot with maintained longitudinal arch. On seated exam, there
is left hallux valgus deformity with pain over the medial eminence bilaterally, along
with bunionette deformity, which is tender to palpation. The patient is neurovascu-
larly intact distally, with no hypermobility, transmetatarsalgia, or lesser toe ham-
mering. Radiographic examination (Figure 13.4 and Figure 13.5) reveals hallux
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valgus and IM angles of 24

 

°

 

 and 15

 

°

 

, respectively. Per Coughlin’s criteria, hallux
valgus is characterized as moderate.

Following preoperative gait analysis, the patient underwent surgical correction
of the hallux valgus deformity with Chevron distal metatarsal osteotomy and DSTP.
Nine months following the second surgery, the patient returned for postoperative
gait analysis.

 

FIGURE 13.4

 

Preoperative A/P radiograph of patient M.M.
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13.11.2.1 Temporal-Spatial Results (Table 13.3)

 

The average preoperative walking speed for M.M. was 1.04 m/sec, the average
preoperative stride length was 1.12 m, the average preoperative cadence was 110.77
steps/min, and the average preoperative stance duration was 62.05%. The average
postoperative walking speed was 1.03 m/sec, the average postoperative stride length
was 1.15 m, the average postoperative cadence was 107.50 steps/min, and the average
postoperative stance duration was 63.17%.

 

13.11.2.2 Kinematic Results (Figure 13.6)

 

13.11.2.2.1 Tibia

 

Tibial motion fell within the range of normal motion for all phases of gait in all
three planes. Notably, the coronal plane ROM (abd/adduction) increased following
surgery, and transverse plane motion shifted in an external rotation direction, even
closer to a normal motion pattern.

 

13.11.2.2.2 Hindfoot

 

In the sagittal plane, preoperative hindfoot motion demonstrated reduced ROM with
a slight plantarflexion shift from the normal motion pattern. Postoperatively, normal
ROM has been restored, and the motion pattern demonstrates a dorsiflexion shift,
which better follows the normal motion pattern. Coronally, the hindfoot falls within

 

FIGURE 13.5

 

Preoperative lateral radiograph of patient M.M.

 

TABLE 13.3
M.M. Temporal-Spatial Parameters

 

Visit Stance Duration Stride Length Cadence Walking Speed

 

Pre-op 62.05% 1.12 m 110.77 steps/min 1.04 m/sec
Post-op 63.17% 1.15 m 107.50 steps/min 1.03 m/sec
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the normal range of motion preoperatively, maintaining a neutral to slightly inverted
position throughout the stride. Postoperatively, an inversion shift is observed through-
out the stride. In the transverse plane, the preoperative motion pattern shows slight
external rotation throughout the stride. Postoperatively, increased ROM is observed,
as the hindfoot moves from an externally rotated position to internally rotated
(peaking around toe-off), then returning to a position of external rotation.

 

13.11.2.2.3 Forefoot

 

Forefoot motion tracks very close to normal in the sagittal plane for both the pre-
and postoperative conditions, maintaining a plantarflexed position throughout the
stride. Similar fidelity is observed in the coronal plane, where the only deviation
from normal occurs in late stance when the forefoot does not move into as much
varus as the normal population. This deviation is observed both pre- and postoper-
atively. In the transverse plane, preoperative gait falls close to normal motion;
postoperatively, the forefoot becomes more abducted during stance.

 

13.11.2.2.4 Hallux

 

Preoperative motion of the hallux in the sagittal plane is in good agreement with the
normal motion pattern. Postoperatively, ROM is maintained, albeit with a shift in the
overall motion pattern to a slightly less dorsiflexed position. In the coronal plane, the
hallux demonstrates fine ROM, with a slight supination shift from the normal motion
pattern. Postoperatively, this shift is not observed, and the ROM motion falls well
within the normal range. In the transverse plane, excessive valgus positioning with
limited ROM is clearly seen throughout the stride during preoperative gait. Postoper-
atively, hallux motion closely follows normal motion, with increased ROM.

 

13.12 CONCLUSION

 

Quantified three-dimensional motion analysis of the foot and ankle during ambula-
tion provides a useful means of assessing patient pathology preoperatively and
evaluating intervention effectiveness postoperatively. The information gained
through gait analysis with MFM may provide new insight into the disease state prior
to conservative or surgical treatment, and provide a quantitative means of evaluating
the effect of surgery on the foot and its function. Additional work could lead to a
number of improvements in treatment; timing of surgical intervention, prescription
of modified footwear, and rehabilitation methods following surgery could all be
impacted by motion information. Integrated electromyography (EMG) and plantar
pressure information would further augment the biomechanical picture provided by
gait analysis, and may assist in translating laboratory measures to observations made
during clinical exams. Further investigation to relate gait measures to functional
level might also be warranted.
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14.1 INTRODUCTION

 

Hallux rigidus is characterized by osteoarthritis of the first metatarsophalangeal
(MTP) joint, which leads to a restriction in motion about the joint. In particular,
dorsiflexion of the joint is limited, often due to the formation of dorsal osteophytes.
Following hallux valgus, hallux rigidus is the second most common pathologic
condition associated with the first MTP joint. Symptoms associated with hallux
rigidus include pain, rigidity, dorsal bunion, flexion deformity, and dorsal tilt of the
first metatarsal head. These symptoms have led to a variety of names for the
condition, including hallux flexus, hallux limitus, hallux dolorosus, metatarsus
primus elevatus, and painful great toe. Kelikian has provided a thorough discussion
of the history of hallux rigidus terminology.

 

6

 

 Mann et al. summarize the proposed

 

3971_C014.fm  Page 231  Thursday, June 28, 2007  12:44 PM



 

232

 

Foot Ankle Motion Analysis

 

causes of the degenerative process, including poor footwear, a long narrow foot,
pronated feet, osteochondritis dissecans, a long first metatarsal, hyperextension of
the first metatarsal, an imperfect ball-and-socket relationship of the first MTP artic-
ulation, abnormal gait, obesity, age, trauma, gender, and occupation.

 

10

 

 Numerous
surgical treatments for hallux rigidus have been suggested, including dorsal chei-
lectomy, the Moberg wedge osteotomy, first MTP arthrodesis, distal oblique osteot-
omy, and the Keller resection arthroplasty.

 

9–12,14

 

 The success of these techniques has
generally been measured by the postoperative arc of motion of the repaired hallux
and the patient’s own subjective pain assessment. There is limited kinematic infor-
mation about the quantified effects of surgical hallux rigidus treatments on the
patient’s gait.

 

14.2 ANATOMY AND PATHOLOGY

 

The first MTP joint exhibits both rotational (ball-and-socket) motion and transla-
tional (sliding) motion. As degenerative changes occur in the joint, multiple anatomic
changes manifest, which lead to the clinical presentation of pain and limited range
of motion (ROM). Formation of a dorsal osteophyte, typically found on the head of
the first metatarsal, is one of the initial findings. As the disease progresses, this
growth can extend to both the medial and lateral aspects of the metatarsal head,
creating a U-shaped excrescence that prohibits full dorsiflexion. Osteophyte forma-
tion is not limited to the metatarsal. In more severe presentations, osteophytes may
also be noted on the proximal phalanx. As these excrescences develop, they give a
flattened appearance to the first metatarsal head. In cases of severe bony proliferation,
the mechanical blockage of dorsiflexion may be so complete that the toe is prevented
from resting in a neutral position and remains partially plantarflexed. This deformity
was the origin of the term “hallux flexus.” Other anatomic changes to the joint include
progressive joint space narrowing, periarticular sclerosis, cystic changes around the
joint, and enlargement of the sesamoids.

 

14.3 ETIOLOGY

 

Multiple hypotheses exist as to the etiology of hallux rigidus. There is a bimodal
age distribution for hallux rigidus, which may represent two distinct forms of the
disease, or be a continuum of the same disease process.

 

10

 

 The adolescent form of
hallux rigidus is usually associated with osteochondritis dissecans, while the adult
form often has no clear etiology. The existence of hallux rigidus in adults in the
absence of other systemic arthritic conditions suggests pathology localized to the
first MTP joint. Localized trauma that damages articular cartilage (stubbed toe, turf
toe), abnormal anatomy (abnormally long first or second metatarsal), abnormal
elevation of the first metatarsal (metatarsus primus elevatus), and previously asymp-
tomatic osteochondritis dissecans have all been postulated as etiologic factors.

 

5

 

Contributing factors to this disease process include abnormal gait, poor footwear,
and obesity. Similarly, metabolic disorders that mimic hallux rigidus, such as gout,
may lead to similar degenerative patterns.

 

17
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14.4 CLINICAL PRESENTATION AND EVALUATION

 

Unilateral disease is the most common presentation.

 

10

 

 The main presenting symptom
of patients with hallux rigidus is pain about the first MTP joint. The pain is exacerbated
by activities placing stress on the joint (walking, running, squatting, using footwear
with high heels) and is relieved with rest. The pain is typically worse during terminal
heel-rise immediately prior to toe-off. Subsequently, an antalgic gait often develops
on the affected side. Patients may or may not describe any limitation of motion about
the joint. There is often swelling and erythema around the joint, and a dorsal bony
projection may be palpated. Lateral forefoot pain is a common complaint and most
often results from a compensatory supinated gait. This type of gait is designed to
relieve pressure on the great toe during heel-rise and toe-off by loading the lateral
edge of the foot during stance phase. Patients may also externally rotate at the hip in
order to shift toe-off pressure from the first metatarsal to the lesser metatarsals.

Both dorsal and plantar callous formation may occur. When the first ray is fixed
in slight plantar flexion, stress is transferred to the plantar aspect of the first inter-
phalangeal joint, which may lead to a plantar callous under this joint. Conversely,
impingement of tissue between a dorsal osteophyte and the top of the toe-box of
the shoe may lead to either dorsal callous formation or soft tissue inflammation and
ulceration. Since the terminal branches of the deep peroneal nerve and the medial
cutaneous branch of the superficial peroneal nerve travel over the dorsal aspect of
the first ray, neuritic pain may occur if the dorsal prominence is impinged upon
externally.

On clinical examination, there may be pain throughout the entire arc of motion
of the first ray. Pain with plantar flexion usually occurs as the extensor hallucis
longus tendon is irritated over the dorsal bony prominence. This pain may also occur
as the result of inflamed synovium and joint capsule being stretched over the dorsal
osteophyte. The patient may only complain of stiffness early in the disease process,
or it may exist through the course of the disease. Both active and passive motion of
the affected side are compared to the unaffected side whenever possible. Radio-
graphic examination generally includes weight-bearing anteroposterior (A/P), lat-
eral, and oblique views of the foot. These studies reveal the pathologic changes
described above. Furthermore, fractures in the bony excrescences may lead to loose
bodies within the joint space.

Several systems have been developed to evaluate the clinical effect of hallux
rigidus. In 1994, the American Orthopaedic Foot and Ankle Society (AOFAS) created
a clinical rating system designed to evaluate the hindfoot, midfoot, hallux, and lesser
toes.

 

8

 

 For evaluation of the hallux, scores on a scale of 1 to 100 are synthesized
from subjective and objective data into quantified function (45 points), alignment
(15 points), and pain (40 points) for the first metatarsal, MTP joint, proximal phalanx,
distal phalanx, and interphalangeal joint. Coughlin and Shurnas proposed a clinical
radiographic system for grading the severity of hallux rigidus (Table 14.1).

 

1

 

 The
system grades the severity of the disease from 0 through 4 and is based on a
combination of quantified arc of motion, radiographic findings, and clinical findings.
It is similar to previous grading systems but incorporates grades 0 and 4, which
evaluate asymptomatic patients and advanced patients, respectively. Giannini et al.

 

4
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TABLE 14.1
Clinical Grading System for Hallux Rigidus Severity

 

Grade Dorsiflexion Radiographic Findings

 

a

 

Clinical Findings

 

0 40–60

 

°

 

 and/or 
10–20% loss 
compared with 
normal side

Normal No pain; only 
stiffness and loss of 
motion on 
examination

1 30–40

 

°

 

 and/or 
20–50% loss 
compared with 
normal side

Dorsal osteophyte; 
minimal joint-space 
narrowing; minimal 
periarticular sclerosis; 
minimal flattening of 
metatarsal head

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

2 10–30

 

°

 

 and/or 
50–75% loss 
compared with 
normal side

Dorsal, lateral, and, 
possibly, medial 
osteophytes giving 
flattened appearance
to metatarsal head; 
no more than one fourth 
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; pain 
occurs just before 
maximum 
dorsiflexion and 
maximum plantar 
flexion on 
examination

3 10

 

°

 

 and/or 
75–100% loss 
compared with 
normal side; 
notable loss of 
MTP plantar 
flexion (often 10

 

°

 

 
of plantar flexion)

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

Nearly constant pain; 
substantial stiffness 
at extremes of ROM 
but not at midrange

4 Same as in Grade 3 Same as in Grade 3 Same as in Grade 3 
with definite pain at 
midrange of passive 
motion

 

a

 

Based on weight-bearing A/P and lateral radiographs.

 

Source:

 

 Coughlin MJ, Shurnas PS. 

 

J Bone Joint Surg Am

 

 85-A(11):2072–2088, 2003.
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proposed a modified version of this classification based only on radiographic findings
to help determine appropriate surgical intervention.

 

14.5 TREATMENT

 

The treatment for hallux rigidus is intended to provide relief of the symptoms
described above. Conservative (nonoperative) treatment includes the use of nonste-
roidal anti-inflammatory medications, modification of activities, and footwear alter-
ation. The use of nonoperative treatment is almost always indicated as a first-line
therapy for symptomatic hallux rigidus. Nonoperative treatment is intended to reduce
the inflammatory processes involved in the disease, as well as the force across the
joint during dorsiflexion. It should be noted that while conservative therapy can be
successful in providing symptomatic relief, it does not alter the pathoanatomy or
progression of the disease process. As the disease progresses, surgical intervention
may be necessary to offer relief of symptoms.

Nonsteroidal anti-inflammatory medications may reduce the inflammation associ-
ated with first MTP synovitis. Activity modification can include the substitution of
high-impact activities such as running with low-impact activities such as swimming
or biking. Footwear alterations are varied and should be tailored to the specific com-
plaint most concerning the patient. If dorsal osteophytes are being impinged upon by
the toe-box of the shoe, causing irritation or skin breakdown, shoes with a higher toe-
box should provide relief of pain and help avoid irritation. Sole modifications can be
made to provide relief as well. Rocker-bottom soles can aid in push-off, relieving stress
on the affected MTP joint. Pressure on the joint during gait can also be relieved by
the use of firm materials such as spring steel, fiberglass, or carbon-reinforced material
embedded within the sole of the shoe, or for use as an insole.

Patients who fail conservative treatment are eligible for operative treatment.
There are multiple surgical options for the treatment of hallux rigidus, including
cheilectomy, wedge osteotomy, oblique osteotomy, first MTP arthrodesis, joint-
replacement arthroplasty, and resection arthroplasty, among others (Figure 14.1).
Cheilectomy involves removal of the dorsal osteophytes followed by resection of
25 to 30% of the dorsal aspect of the metatarsal head. A number of different
osteotomy techniques have been described, but the common aspect of this procedure
is decompression of the joint space. This is achieved by the shortening and plantar
displacement of the metatarsal head. Arthrodesis is intended to fuse the joint after
resection of the metatarsal head and part of the proximal phalanx. To achieve proper
joint fusion, the toe must be within 5 to 15

 

°

 

 of valgus deviation, and in neutral
position in the frontal plane. Total joint arthroplasty is intended to provide a pros-
thetic replacement for the joint following resection of the metatarsal head.

The indications for surgical intervention of hallux rigidus are pain refractory to
conservative management and evidence of MTP joint degeneration. Giannini et al.
suggest that the type of surgical procedure should be determined by the radiographic
extent of MTP arthritis.

 

4

 

 In a prospective study of 111 feet with hallux rigidus, they
used a modified Coughlin and Shurnas classification that grades radiographic arthritis
from Grade 0 through Grade 3 (Figure 14.2) to select different procedures indicated
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FIGURE 14.1

 

Various procedures commonly performed for correction of hallux rigidus:
cheilectomy (A), Keller (B), arthrodesis (C), implant (D), and Moberg (E).

 

FIGURE 14.2

 

Radiographic classification of hallux rigidus. (See Table 14.1 for a description
of the grades.) (From Giannini S, Ceccarelli F, Faldini C, Bevoni R, Grandi G, Vannini F.

 

J

 

 

 

Bone Joint Surg

 

 86-A (Suppl 2):72–83, 2004. With permission.)

A 

B 

C 

D 

E 

0 1 

2 3 
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for increasing evidence of degenerative change (Table 14.2). They evaluated preop-
erative and postoperative AOFAS scores for motion about the hallux. Using this
scale they noted a significant increase in the AOFAS score (correlated with an
increase in function, correction of alignment, and decrease in pain), as well as an
increase in mean ROM about the first MTP joint.

Postoperative complications in the Giannini study were noted in 20 of 111 feet.
These complications included localized infection of an implant (one patient), inflam-
mation around a Kirschner wire (five patients), deep venous thrombosis (four
patients), and repeat surgery (ten patients). In Coughlin’s study, reported complica-
tions included mild postoperative cellulitis (five patients), nonpainful fibrous unions
(two patients undergoing arthrodesis), and repeat surgery (nine patients) for several
reasons including painful hardware, rapid chondrolysis, and failed cheilectomy.

 

1

 

Coughlin reported no incidences of extensor hallucis longus scarring, concerns of
foot cosmesis, neuritis, or hypertrophic dorsal scar.

 

14.6 PREVIOUS MOTION ANALYSIS STUDIES

 

A search of the literature reveals that there are few studies of quantified foot and
ankle motion in hallux rigidus populations. While there are several studies examining
the plantar pressure exhibited by the first ray during gait, there are not many studies
that address the three-dimensional (3D) kinematics of the foot and ankle for hallux
rigidus patients. DeFrino et al. prospectively analyzed a series of nine patients (ten
feet) who were treated for symptomatic hallux rigidus with a first metatarsal arthr-
odesis.

 

2

 

 Their kinematic gait analysis revealed a significantly shorter step length on
the affected side, as well as decreased ankle plantar flexion during the toe-off phase.
This study is limited by the lack of any preoperative gait analysis, the inclusion of
only one surgical treatment, and the single-segment nature of the biomechanical
model of the foot used for the analysis.

While there are not many kinematic gait analysis studies relating to hallux
rigidus, there are several studies that develop models of gait analysis for the foot
and ankle. Nawoczenski et al.

 

13

 

 studied the motion of the hallux during gait using
an electromagnetic tracking device that tracked sensors placed on anatomic land-
marks. Kidder et al.

 

7

 

 have described a system for 3D analysis of foot and ankle
kinematics during gait using motion capture video to track reflective markers placed

 

TABLE 14.2
Surgical Procedure(s) Indicated by Modified Coughlin/Shurnas 
Radiographic Classification

 

Grade Procedure

 

0 Plantar release
1 Sliding decompressive oblique osteotomy; modified chevron decompressive osteotomy
2 Medial or dorsal approach cheilectomy
3 Arthrodesis; resection arthroplasty with bioabsorbable poly(DL-lactic acid) spacer
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at key anatomical landmarks (Figure 14.3). There have also been numerous cadaver
studies to describe the motion about the hallux and forefoot. Shereff et al. described
the instant centers of rotation about the first MTP joint and were able to compare
normal subjects to cadaver subjects with existing hallux rigidus.

 

16

 

14.7 CASE EXAMPLES

 

Pre- and postoperative gait analysis sessions were conducted using a 15-camera
Vicon 524 Motion Analysis System (Vicon Motion Systems, Inc., Lake Forest, CA).
Multisegmental foot and ankle kinematics and temporal-spatial data were obtained
using the Milwaukee Foot Model (MFM).

 

18–23

 

 The patient was instrumented with
reflective markers placed over bony landmarks on the foot and ankle following the
protocol specified by the MFM. Markers were secured with double-sided tape.
Following a static orientation trial, the patient walked at a freely selected walking
speed along the data collection corridor (length 

 

=

 

 6 m). Each trial was subject to
clinical screen; data collection continued until a minimum of three walking trials
had been obtained for analysis. Case results from each visit comprise 3D joint
kinematics during gait, as well as temporal-spatial parameters (cadence, stride
length, stance/swing ratio, and walking speed).

 

FIGURE 14.3

 

Schematic description of MFM, composed of 12 reflective markers (9 body-
mounted, 3 on hallux-mounted triad).
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14.7.1 P

 

ATIENT

 

 #1

 

S.S. is a 53-yr-old male complaining of left great toe pain for 6 months. The patient
denied any injury, but stated that the toe has been stiff, sore, and swollen. The
patient also complains of toe pain and irritation while exercising and while wearing
dress shoes. On physical examination of the lower extremity, there is a dorsal
prominence over the left great toe, which is tender to palpation. Motion of the left
hallux metatarsalphalangeal joint is restricted with 45

 

°

 

 of flexion and crepitus
during motion. A/P and lateral radiographs (Figure 14.4 and Figure 14.5) of the

 

FIGURE 14.4

 

Preoperative A/P radiograph of patient S.S.
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foot demonstrate narrowing of the joint space of the hallux metatarsalphalangeal
joint with several dorsal osteophytes. The plantar aspect of the joint appeared to be
preserved. Following preoperative 3D gait analysis, the patient underwent cheilec-
tomy. One year following surgery he underwent a postoperative gait analysis.

 

14.7.1.1 Temporal-Spatial Results (Table 14.3)

 

The average preoperative walking speed for S.S. was 0.97 m/sec, the average pre-
operative stride length was 1.27 m, the average preoperative cadence was 91.97
steps/min, and the average preoperative stance duration was 65.02%. The average
postoperative walking speed was 1.08 m/sec, the average postoperative stride length
was 1.30 m, the average postoperative cadence was 99.33 steps/min, and the average
postoperative stance duration was 64.60%.

 

14.7.1.2 Kinematic Results (Figure 14.6)

 

14.7.1.2.1 Tibia

 

Sagittal motion (dorsiflexion/plantar flexion) was decreased preoperatively from
midstance through the initial swing phase of the gait cycle as compared to normal.
The tibia was in a more adducted position from the terminal stance through midswing
phase and demonstrated decreased coronal (abduction/adduction) ROM throughout
the gait cycle preoperatively as compared to normal. The tibia demonstrated less

 

FIGURE 14.5

 

Preoperative lateral radiograph of patient S.S.

 

TABLE 14.3
Temporal-Spatial Parameters (S.S.)

 

Visit Stance Duration Stride Length Cadence Walking Speed

 

Pre-op 65.02% 1.27 m 91.97 steps/min 0.97 m/sec
Post-op 64.60% 1.30 m 99.3 steps/min 1.08 m/sec

 

3971_C014.fm  Page 240  Thursday, June 28, 2007  12:44 PM



 

Hallux Rigidus: A Pre- and Postoperative Analysis of Gait

 

241

FI
G

U
RE

 1
4.

6

 

Pr
e-

 a
nd

 p
os

to
pe

ra
tiv

e 
fo

ot
/a

nk
le

 k
in

em
at

ic
s 

fo
r 

pa
tie

nt
 S

.S
., 

ca
lc

ul
at

ed
 u

si
ng

 t
he

 M
FM

. 
C

on
tr

ol
 r

es
ul

ts
fr

om
 h

ea
lth

y 
ad

ul
t 

no
rm

al
s 

sh
ow

n 
fo

r 
co

m
pa

ri
so

n 
(m

ea
n 

 

±

 

 1
 S

D
).

0 

60
 

Ti
bi

a: 
Sa

gi
tta

l 
(+

) F
w

d/
(−

) B
w

d 

40
 

20
 0 

Angle (deg) 

−2
0 

−4
0 

20
 

40
 

60
 

80
 

10
0 

0 0 

Angle (deg) 

−6
0 

−4
0 

−2
0 

20
 

40
 

60
 

80
 

10
0 

0 

40
 

20
 

Angle (deg) 

0 

20
 

40
 

60
 

80
 

10
0 

0 

20
 0 

−2
0 

20
 

40
 

60
 

80
 

10
0 

Fo
re

fo
ot

: S
ag

itt
al

 
(+

) D
or

si/
(−

) P
la

nt
ar

 

H
al

lu
x:

 S
ag

itt
al

 
(+

) D
or

si/
(−

) P
la

nt
ar

 

% 
Cy

cl
e 

% 
Cy

cl
e 

% 
Cy

cl
e 

H
al

lu
x:

 C
or

on
al

 
(+

) P
ro

n/
(−

) S
up

 
H

al
lu

x:
 T

ra
ns

ve
rs

e 
(+

) V
al

/(−
) V

ar
 

Fo
re

fo
ot

: C
or

on
al

 
(+

) V
al

/(−
) V

ar
 

Fo
re

fo
ot

: T
ra

ns
ve

rs
e 

(+
) A

bd
/(−

) A
dd

 

H
in

df
oo

t: 
Sa

gi
tta

l 
(+

) D
or

si/
(−

) P
la

nt
ar

 
H

in
df

oo
t: 

Co
ro

na
l 

(+
) E

v/
(−

) I
nv

 

Ti
bi

a: 
Co

ro
na

l 
(+

) A
bd

/(−
) A

dd
 

H
in

df
oo

t: 
Tr

an
sv

er
se

 
(+

) E
xt

 ro
t/(

−)
 In

t r
ot

 

Ti
bi

a: 
Tr

an
sv

er
se

 
(+

) E
xt

 ro
t/(

−)
 In

t r
ot

 

0 

20
 0 

−4
0 

−2
0 

20
 

40
 

60
 

80
 

10
0 

0 

40
 

20
 0 

−2
0 

20
 

40
 

60
 

80
 

10
0 

0 

20
 0 

−4
0 

−2
0 

20
 

40
 

60
 

80
 

10
0 

0 

20
 

40
 

−2
0 0 

20
 

40
 

60
 

80
 

10
0 

0 0 

Angle (deg) 

−2
0 20
 

60
 

40
 

20
 

40
 

60
 

80
 

10
0 

0 

40
 

20
 0 

−2
0 

20
 

40
 

60
 

80
 

10
0 

0 

20
 0 

−2
0 

20
 

40
 

60
 

80
 

10
0 

0 

40
 

20
 0 

20
 

40
 

60
 

80
 

10
0 

Pr
e 

Po
st

 
N

or
m

al
 

 

3971_C014.fm  Page 241  Thursday, June 28, 2007  12:44 PM



 

242

 

Foot Ankle Motion Analysis

 

external rotation throughout the gait cycle preoperatively compared to normal.
Postoperatively, motion and positioning of the tibia were unchanged compared
to preoperative kinematics in the sagittal (dorsiflexion/plantar flexion), coronal
(abduction/adduction), and transverse planes (external/internal rotation).

 

14.7.1.2.2 Hindfoot

 

Preoperatively, the hindfoot demonstrated decreased dorsiflexion throughout stance
phase as compared to normal. Postoperatively, hindfoot motion returned to motion
similar to normal in the sagittal (dorsiflexion/plantar flexion), coronal (eversion/inver-
sion), and transverse planes (external/internal rotation) throughout the gait cycle.

 

14.7.1.2.3 Forefoot

 

Preoperatively, the forefoot demonstrated less plantar flexion throughout the gait
cycle compared to normal. In the coronal plane (valgus/varus), the forefoot position
was closer to neutral compared to normal (varus position) throughout the gait cycle.
The forefoot demonstrated an increase in adduction at toe-off compared to normal.
Postoperatively, forefoot coronal ROM was increased, compared to preoperative and
normal motion throughout the gait cycle. Sagittal motion of the forefoot more closely
resembled normal motion postoperatively.

 

14.7.1.2.4 Hallux

 

Preoperatively, the hallux demonstrated a decrease in dorsiflexion during swing phase,
as compared to normal. Postoperatively, the hallux demonstrated increased dorsiflexion
from load response through terminal stance and decreased pronation from load
response through initial swing compared to preoperative and normal motion.

 

14.7.2 P

 

ATIENT

 

 #2

 

N.L. is a 58-yr-old female who has had pain in the right hallux for 2 yr, with
an increase in pain over the past 6 months. She had multiple injuries to the toe
in the past and is now bothered by it on a daily basis. In particular, pain increases
when she wears shoes with even minimal heel elevation and when the hallux
moves into a dorsiflexed position. She wears flat shoes to keep the foot in a
comfortable position, and occasionally takes Advil for the pain. Physical exam
while weight-bearing reveals a neutral hindfoot with maintained arch. Seated
exam reveals a dorsal prominence over the hallux MTP joint with tenderness,
as well as severely restricted hallux MTP joint ROM (20

 

°

 

 compared to 70

 

°

 

 on
the left). There is no pain secondary to axial tension/compression of the hallux.
A/P and lateral radiographs (Figure 14.7 and Figure 14.8) show dorsal osteo-
phytes of the metatarsal head and the base of the proximal phalanx. Mild joint
space narrowing is also observed. Following preoperative gait analysis, the
patient underwent cheilectomy. Seven months following surgery, she underwent
postoperative gait analysis.

 

3971_C014.fm  Page 242  Thursday, June 28, 2007  12:44 PM



 

Hallux Rigidus: A Pre- and Postoperative Analysis of Gait

 

243

 

14.7.2.1 Temporal-Spatial Results (Table 14.4)

 

The average preoperative walking speed for N.L. was 0.080 m/sec, the average
preoperative stride length was 0.99 m, the average preoperative cadence was 97.24
steps/min, and the average preoperative stance duration was 67.25%. The average
postoperative walking speed was 0.92 m/sec, the average postoperative stride length
was 1.07 m, the average postoperative cadence was 102.63 steps/min, and the average
postoperative stance duration was 66.26%.

 

FIGURE 14.7

 

Preoperative A/P radiograph of patient N.L.
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14.7.2.2 Kinematic Results (Figure 14.9)

 

14.7.2.2.1 Tibia

 

In the sagittal plane, both pre- and postoperative tibia motion fall fairly close to a
normal pattern, with a slight delay in peak forward motion in terminal stance/pre-
swing. In the coronal plane, an abnormal adduction positioning is noted preopera-
tively from late stance through midswing. Postoperatively, this adduction is still
present, but it is reduced and much closer to neutral. In the transverse plane, the
preoperative data show significant internal rotation throughout the stride. Postoper-
atively, this motion moves closer to neutral, falling much closer to a normal internally
rotated pattern.

 

14.7.2.2.2 Hindfoot

 

Hindfoot motion fell mostly within normal bounds in the sagittal and coronal planes.
Sagitally, a small increase in plantarflexion at toe-off was seen postoperatively.
Coronally, the hindfoot moved to a more neutral position from midstance through
midswing, more closely mimicking normal motion. In the transverse plane, slightly
excessive external rotation was observed from midstance through terminal swing;
this remained the same following surgery.

 

14.7.2.2.3 Forefoot

 

Forefoot motion in the sagittal plane improved following surgery, moving to a
slightly more plantarflexed position within the range of normal motion. Coronally,

 

FIGURE 14.8

 

Preoperative lateral radiograph of patient N.L.

 

TABLE 14.4
Temporal-Spatial Parameters (N.L.)

 

Visit Stance Duration Stride Length Cadence Walking Speed

 

Pre-op 67.25% 0.99 m   97.24 steps/min 0.80 m/sec
Post-op 66.26% 1.07 m 102.63 steps/min 0.92 m/sec
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the preoperative motion pattern revealed stance phase valgus and swing phase varus.
A varus shift was observed postoperatively, as the entire pattern moved closer to the
normal range. A slight delay was observed in peak varus position both pre- and
postoperatively; this is likely due to the patient’s prolonged stance phase duration.
In the transverse plane, postoperative motion revealed a shift toward neutral in initial
and midswing, moving away from the preoperative adducted position. All other
aspects of pre- and postoperative motion in the transverse plane closely follow the
normal pattern.

 

14.7.2.2.4 Hallux

 

Hallux motion in the sagittal plane exhibits severely restricted ROM preoperatively
(~10

 

°

 

, compared to ~35

 

°

 

 for normal motion). Postoperatively, ROM increased to
near-normal values, and the entire motion pattern underwent a dorsiflexion shift to
move closer to the normal pattern. In the coronal plane, preoperative motion fell
within normal bounds for all phases of the cycle except for initial swing, when it
remained near neutral. Postoperatively, a pronation shift was restored during this
phase of the cycle. In the transverse plane, a hallux valgus shift was observed between

 

FIGURE 14.9

 

Pre- and postoperative foot/ankle kinematics for patient N.L., calculated using 
the MFM. Control results from healthy adult normals shown for comparison (mean 

 

±

 

 1 SD).
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the preoperative and postoperative conditions, as the subject more closely mimicked
a normal pattern following surgery.

 

14.8 CONCLUSION

 

Quantified 3D motion analysis of the foot and ankle during ambulation provides a
useful means of assessing patient pathology preoperatively and evaluating interven-
tion effectiveness postoperatively. In both cases presented, the MFM analysis found
improved walking speeds postoperatively, due to increases in both stride length and
cadence. Analysis of hallux motion found improved positioning and ROM postop-
eratively, particularly for patient N.L. 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.

The information gained through gait analysis with the MFM may provide new
insight into the disease state prior to conservative or surgical treatment and provide
a quantitative means of evaluating the effect of surgery on the foot and its function.
Additional work could lead to a number of improvements in treatment; timing of
surgical intervention, prescription of modified footwear, and rehabilitation methods
following surgery could all be impacted by motion information. Integrated elec-
tromyography (EMG) and plantar pressure information would further augment the
biomechanical picture provided by gait analysis and may assist in translating labo-
ratory measures to observations made during clinical exams. Further investigation
to relate gait measures to functional level might also be warranted.
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15.1 INTRODUCTION

 

The effective treatment of rheumatoid forefoot deformity and functional impairment
in the arthritic patient continues to present a challenging problem. While follow-up
studies of forefoot correction generally report acceptable surgical results, none to
date has addressed the more rigorous and perhaps meaningful combination of clin-
ical, radiological, and biomechanical outcomes. To more accurately assess the results
of treatment and to compare treatments requires adequate measures of physical
function and outcomes of interventions. Various clinical and radiographic measures
of outcomes have been proposed. While valuable, these measures lack assessment
of function in terms of quantitative motion (gait). This study combines three-dimen-
sional (3D) gait metrics with radiographic and clinical assessment tools in order to
investigate the correlation of these measures as they pertain to rheumatoid patients
undergoing forefoot reconstruction. 
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15.2 BACKGROUND AND SIGNIFICANCE

 

Rheumatoid arthritis is a systemic condition that can lead to disabling conditions in
multiple joints throughout the body. Rheumatoid arthritis primarily causes a chronic,
proliferative synovitis, which ultimately invades and destroys the joint as well as
the ligamentous support of the joint.

 

23

 

 This is particularly devastating when rheu-
matoid arthritis involves the foot, as there are many joints within the foot that can
be destroyed and rendered incapable of withstanding the stresses of weight bearing.
It has been reported that 80 to 90% of rheumatoid patients will develop arthritis of
the forefoot.

 

34

 

 The deformity most commonly includes a hallux valgus deformity,
as well as lesser toe metatarsophalangeal (MTP) subluxation/dislocation and ham-
mertoe or claw toe deformity. In addition, as the hammertoe or claw toe deformity
occurs in the interphalangeal joint, the plantar fat pad is pulled distally, allowing
the subluxed or dislocated metatarsal heads to assume a more superficial plantar
position.

 

6,9,23

 

 These prominent metatarsal heads can cause pain with every step the
patient takes, leading to an antalgic gait. Indeed, the mechanics of the patient’s gait
can be severely altered as he/she tries to avoid weight bearing on the painful foot.
Conservative measures can be attempted to provide the patient with some relief,
including shoe wear modifications, but eventually the deformity often requires sur-
gical correction.

 

15.3 TREATMENT

 

There are many techniques that have been described in the literature for the
correction of the deformities of the rheumatoid forefoot. For treatment of the
hallux valgus in the rheumatoid patient, surgical options that have been described
include resecting the first metatarsal head,

 

2,3,5,25

 

 fusion of the first MTP joint,

 

11,22–24

 

and resecting the proximal phalanx.

 

2,3,21

 

 Several options also have been published
for correction of the MTP joint subluxation or dislocation. These options include
resecting the metatarsal heads,

 

2,3,4,14,18,23,35

 

 excising the base of the proximal pha-
lanx,

 

28,29

 

 and resecting both the base of the proximal phalanx and the metatarsal
head.

 

5,10,15,23,24

 

 The hammertoe deformity is surgically corrected in the rheumatoid
forefoot usually with partial proximal phalangectomy

 

3,12,26,28,29,36

 

 or resection of
the distal condyles of the proximal phalanx; 

 

7,8,22

 

 however, a closed osteoclasis
has also been described.

 

8,23,24,29

 

 
Recently, Coughlin

 

7

 

 published his comprehensive long-term follow-up of rheu-
matoid forefoot correction with reports of 96% good-to-excellent results. This is
similar to the results of Mann and Schakel,

 

23

 

 who reported 95% good-to-excellent
results. Both of these studies combined first MTP arthrodesis with lesser metatarsal
head excision and hammertoe correction. The results have not been as favorable
when the first metatarsal head is simply excised.

 

13,35

 

 In this study, all patients will
have had a first metatarsal fusion combined with lesser metatarsal head resection
and correction of hammertoe deformity.
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15.4 CRITICAL STUDIES

 

While there are many procedures described for the correction of the rheumatoid
forefoot deformity, there have been few critical preoperative and postoperative stud-
ies evaluating these procedures. Coughlin

 

7

 

 proposed various clinical and radio-
graphic measures to assess outcome in his recently published retrospective study of
his rheumatoid forefoot surgeries. This evaluation, while providing very thorough
clinical and radiographic evaluation, does not provide gait analysis of patients prior
to or after their procedures.

Previous pedobarographic data on patients with rheumatoid forefoot has been
published.

 

27,32,33

 

 A prospective study by Stockley et al. looked at patients before
and after excisional arthroplasty of all metatarsal heads.

 

32

 

 In their study, they found
that after excision, the load bearing was shifted to the first metatarsal. They also
found that during gait, heel strike and forefoot contact occurred almost simulta-
neously, deviating from the normal rolling pattern of the foot.

 

32

 

 Stockley et al.

 

33

 

also published their study of patients with concomitant valgus hindfoot deformity,
and found that these patients were more likely to have abnormally high forefoot
pressures.

Previous 3D analysis of patients with rheumatoid forefoot deformity has been
limited. A report by Siegel et al.

 

30

 

 evaluated several patients with rheumatoid
arthritis using the Vicon Motion Analysis System (Vicon Motion Systems, Inc.
Lake Forest, Ca.). Of the four patients with rheumatoid arthritis, two were
described as having isolated forefoot arthritis. The findings from the data collected
on all four rheumatoid patients suggested that the period of foot-flat is prolonged,
heel rise at toe-off was decreased, dorsiflexion (DF) at the ankle was prolonged,
and plantar flexion at toe-off was diminished.

 

30

 

 Again, these combined data
included rheumatoid patients with various foot deformities and did not isolate or
investigate the data of the patients with isolated forefoot involvement. 

Reviewing the literature, there are currently no published studies that seek to
compare patients with rheumatoid arthritis on the basis of clinical, radiographical,
and gait analysis data. Nor are there studies in which a detailed 3D segmental foot
model has been used to describe motion. This study combines these entities in a
prospective evaluation, which will provide new information regarding the effects of
a standard surgical procedure with published high rates of good-to-excellent results.

 

13

 

In particular, the comparison of the preoperative and postoperative gait analysis of
these patients will allow further understanding of the overall effect of this surgical
procedure on the patients’ gait. 

 

15.5 TEST METHODS

 

Nine patients were selected for the study based on the following inclusion criteria: 

1. Independent ambulators with pain and deformity of the forefoot.
2. Patients with documented rheumatoid arthritis.

 

3971_C015.fm  Page 251  Thursday, June 28, 2007  12:45 PM



 

252

 

Foot Ankle Motion Analysis

 

Patients with the following criteria were excluded:

1. Previous surgery for their forefoot deformity.
2. Patients with pain or documented arthritis in any other joint in the affected

lower extremity being tested.
3. Medical contraindications to surgery.

All subjects received informed consent as approved by the Institutional Review
Board (IRB) at the Medical College of Wisconsin. Nine patients who met the above
criteria were enrolled in the study. Each of the nine patients (11 feet) underwent
forefoot reconstruction, which consisted of first MTP fusion, lesser metatarsal head
resection, and lesser hammertoe correction. Seven of the eleven feet also had length-
ening of the extensor hallucis longus tendon to reduce dynamic hallux valgus.

The radiographic assessment performed preoperatively and postoperatively
included evaluation and comparison of the hallux valgus angle (HVA), the first
intermetatarsal angle (IMA), the angle of DF at the first MTP joint, and the number
of subluxed and/or dislocated lesser toes. Also, fusion of the first MTP joint post-
operatively was determined, as was maintenance of the lesser toe correction.

The Milwaukee Foot Model (MFM) was used to evaluate the subjects’ gait for
both pre- and postoperative analysis.

 

1,16,17,20

 

 The MFM has been developed at the
Medical College of Wisconsin as a four-segment kinematic model of the foot and
ankle (FANDA). The model measures 3D motion of the tibia, hindfoot, forefoot,
and hallux. Motion is measured in the three clinical planes, during both stance and
swing of an entire stride. As part of the dynamic measurement process, radiographs
(anteroposterior, lateral, and modified coronal views) are used to index foot motion
to underlying bony landmarks. The MFM incorporates 12 reflective markers placed
over specific bony landmarks on the subject’s foot. These markers are tracked by a
15-camera Vicon Motion Analysis System, which captures video data at 120 Hz.
The video data are then synchronized to provide 3D coordinates of each marker
within the lab collection space. 

Each patient underwent preoperative gait analysis as well as postoperative anal-
ysis at a minimum of six months after surgery. The results of these patients were
then graphically compared to a normal asymptomatic adult population previously
described using the same gait analysis system.

 

1,16,17,20

 

 Analysis was performed on
the minimum and maximum values for the range of motion in each segment. These
metrics were then averaged and the pre- and postoperative values compared using
two sample techniques (

 

p

 

 < .05).
Temporal parameters, which included stride length, cadence, stance percent, and

swing percent, were also recorded. Averaged values were computed from the trials
both preoperatively and postoperatively and then compared (

 

p

 

 < .05). Comparison
of the patient metrics to the normal population was also done (

 

p

 

 <.05).
Each patient was then surveyed for subjective evaluation. Patients rated their

result as excellent, good, fair, or poor. A rating of excellent means the patient has
minimal or no pain, walks without difficulty, and is very satisfied with the result. A
rating of good means minimal pain is present, the patient walks with minimal or no
difficulty, and is satisfied with the result. A rating of fair means the patient has
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moderate residual foot pain, walks with some difficulty, and has reservations
regarding the effectiveness of the procedure. A rating of poor means the patient
continues to have foot pain, walks with difficulty, and has regrets about the procedure.
All patients were asked if they would be willing to undergo the procedure again and
if they would recommend the procedure to someone with a similar condition.

 

15.6 RESULTS

 

Of the 9 patients (11 feet) tested, the average patient age was 52.5 yr. All patients
tested were female. Time from surgery to postoperative testing averaged 365 d.
Average time between preoperative and postoperative gait analysis was 372 d.

The radiographic parameters were measured and compared (Table 15.1).
Average HVA postsurgery was 19.7

 

°

 

. The average correction of the hallux valgus
was 12

 

°

 

. The IMA was corrected an average of 1.7

 

°

 

. Average IMA postoperatively
was 9.8

 

°

 

. The DF angle of fusion was also noted to be an average of 15.8

 

°

 

.
Radiographic evaluation showed fusion of the first MTP in 9 of 11 cases (82%).

The measured temporal parameters of gait were compared between the normal
population and the preoperative state (Table 15.2), the normal population and the
postoperative state (Table 15.3), and between the preoperative and postoperative
states (Table 15.4).

Significant differences were found between all temporal parameters when com-
paring the normal population to the preoperative and postoperative states except for
cadence. Stride length was the only temporal parameter significantly altered between
the preoperative and postoperative states. Dynamic range of motion was then deter-
mined for all four segments of the foot in both the swing and stance phases
(Table 15.5). 

 

TABLE 15.1
Radiographic Parameters

 

Patient

 

HVA

 

IMA

DF Fusion Angle MTP FusionPre-Op Post-Op Pre-Op Post-Op

 

1. 36 18 18 18 16

 

+

 

2. 22 26 12 6 20 *
3. 22 24 12 12 12

 

+

 

4. 22 15 8 8 24

 

+

 

14 8 5 4 14

 

+

 

5. 44 33 18 16 11 *
6. 50 28 13 10 10

 

+

 

42 15 10 6 22

 

+

 

7. 38 16 12 12 24

 

+

 

8. 38 24 12 9   9

 

+

 

9. 15 10 7 7 12

 

+

 

Note:

 

 * denotes fibrous union.
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For each motion segment, the following sign and term conventions were applied
(Figure 15.1).

For the tibia, in the sagittal plane, a positive value indicated a position in which
the knee is anterior to the ankle, whereas a negative value showed that the ankle is in
front of the knee. For tibial coronal motion, a positive value indicated abduction or
the ankle moving laterally with respect to the knee, while a negative value indicated
adduction or the ankle moving medial to the knee. For transverse motion of the tibia,
a positive value indicated more external rotation of the tibia whereas a negative value
indicated more internal rotation.

The hindfoot is described in terms of its relation to the tibia. In the sagittal plane,
a positive value indicated DF and a negative value indicated plantarflexion. In the

 

TABLE 15.2
Temporal Data

 

Pre Normal

 

p

 

-Value

 

Stride length (m) 1.01 1.29 < .0001
Cadence (steps/min) 107.01 104.31 .440
Stance % 66.07 61.76 < .0001
Swing % 33.93 38.24 < .0001

 

TABLE 15.3
Temporal Data

 

Normal Post-Op

 

p

 

-Value

 

Stride length (m) 1.29 1.05 < .0001
Cadence (steps/min) 104.31 106.76 .512
Stance % 61.76 65.47 < .0001
Swing % 38.24 34.53 < .0001

 

TABLE 15.4
Temporal Data

 

Pre Post

 

p

 

-Value

 

Stride length (m) 1.01 1.05 .004
Cadence (steps/min) 107.01 106.76 .891
Stance % 66.07 65.47 .570
Swing % 33.93 34.53 .570
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coronal plane, a positive described eversion of the hindfoot while a negative
described inversion. In the transverse plane, a positive value indicated external
rotation of the hindfoot away from the midline and a negative value indicated internal
rotation of the hindfoot toward the midline.

The forefoot was described in relation to the hindfoot. In the sagittal plane, a
positive value indicated DF and a negative plantarflexion of the forefoot. In the
coronal plane, a positive value indicated valgus of the forefoot and a negative for
varus position. In the transverse plane, a positive value described more abduction
of the forefoot and a negative described more adduction.

Hallux motion was described with respect to the forefoot. In the sagittal plane,
a positive value indicated DF and a negative value was indicative of plantarflexion.
In the coronal plane, positive values indicated pronation and negative values indi-
cated supination. In the transverse plane, a positive value indicated a valgus position
of the hallux while a negative indicated a varus position.

 

TABLE 15.5
Range of Motion

 

Segment Plane Phase

 

p

 

-Value

 

Tibia Sagittal Stance .120
Swing .060

Coronal Stance .830
Swing .640

Transverse Stance .210
Swing .190

Hindfoot Sagittal Stance < .001
Swing .003

Coronal Stance .006
Swing .520

Transverse Stance < .001
Swing < .001

Forefoot Sagittal Stance < .001
Swing .039

Coronal Stance .750
Swing .970

Transverse Stance .280
Swing .670

Hallux Sagittal Stance .034
Swing .007

Coronal Stance .580
Swing .390

Transverse Stance .290
Swing .060

 

3971_C015.fm  Page 255  Thursday, June 28, 2007  12:45 PM



 

256

 

Foot Ankle Motion Analysis

 

No significant changes in range of motion were noted in the tibia. The hindfoot
range of motion was significantly affected in the sagittal and transverse planes and in
the coronal plane in stance phase. The forefoot and hallux range of motion were
significantly affected in the sagittal plane throughout the gait cycle. The positions of
the four segments at heel strike and toe-off were determined (Table 15.6 and Table 15.7). 

 

FIGURE 15.1

 

Segment kinematics for pre- and postoperative states and normal population.
Plots represent average angle 

 

± 

 

1 SD.

 

TABLE 15.6
Heel Strike

 

Sagittal

 

Coronal

 

Transverse

Pre Post

 

p

 

-Value Pre Post

 

p

 

-Value Pre Post

 

p

 

-Value

 

Tibia –13.44 –15.06 .11 –0.90 –2.12 .38 6.74 3.91 .20

Hindfoot 14.88 11.79 .17 –4.74 –5.94 .53 –3.47 –3.56 .93

Forefoot –40.78 –40.41 .88 –5.24 –6.93 .42 –7.57 –8.21 .82

Hallux 13.50 14.56 .85 –8.48 –5.49 .29 33.37 23.02 .027
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These positions were compared between the preoperative and postoperative
states and gait trends were noted. Significant changes were noted in the tibia in the
sagittal and coronal planes at toe-off. Significant changes were noted in the hindfoot
at toe-off in the sagittal and transverse planes. The hallux was noted to have significant
changes in position in the transverse plane at both heel strike and toe-off.

Subjective evaluation was recorded for each of the nine patients using the
previously described ratings. This subjective evaluation was done on an average of
656 d (21.8 months) postoperatively. Four patients reported an excellent result, four
patients a good result, and one a poor result. Eight of nine patients stated they would
undergo the surgery again, and all of the patients said they would recommend this
procedure to someone with a similar condition.

 

15.7 DISCUSSION

 

Forefoot pathology in rheumatoid patients is a particularly disabling condition.
Successful clinical results have been documented with the use of first MTP fusion
combined with lesser metatarsal head resection and hammertoe correction.

 

7

 

 Radio-
graphic results of this study compare favorably to previous published data, following
a similar procedure for forefoot reconstruction.

 

13,23

 

In these series, the average correction of the HVA was 30

 

°

 

 and 18

 

°

 

. The average
reduction of the first-second IMA was 3

 

°

 

 in both and the DF angle of fusion was
22

 

°

 

 and 21

 

°

 

. In the present series, average reduction of the HVA was 12

 

°

 

, average
reduction of the first-second IMA was 1.7

 

°

 

, and the DF angle of fusion was 15.8

 

°

 

.
The average postoperative HVA in this study was 19.7

 

°

 

 and the first-second IMA
was 9.8

 

°

 

, similar to the average postoperative HVA and first-second IMAs reported
by Coughlin of 20

 

°

 

 and 8

 

°

 

.

 

7

 

 The rate of first metatarsal fusion in the current study
was 82%, which is comparable to that reported in the literature.

 

13,23,24

 

Reoperation rate has been reported to be as high as 36% after rheumatoid forefoot
reconstruction.

 

7

 

 Recurrent plantar callosities are also a common complaint after
reconstruction of the forefoot, and range from 6 to 36%.

 

7,36

 

 In this study, one patient

 

TABLE 15.7
Toe-Off

 

Sagittal

 

Coronal

 

Transverse

Pre Post

 

p-

 

Value Pre Post

 

p

 

-Value Pre Post

 

p

 

-Value

 

Tibia 44.68 48.70 .006 5.58 0.26 .019 9.93 8.01 .48

Hindfoot 22.00 15.63 .03 –4.09 –5.07 .62 3.24 6.66 .03

Forefoot –42.40 –39.24 .26 –15.63 –18.88 .08 –0.41 –0.13 .92

Hallux 21.03 16.86 .73 18.44 19.73 .63 33.66 23.21 .02
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required a second operation, 18 months after the forefoot reconstruction, for removal
of a rheumatoid nodule.

In this study, eight of nine (89%) patients reported their results as good or excellent.
One patient reported the outcome as poor (patient no. 4) and no patient reported his
or her outcome as fair. In Coughlin’s article, 96% of feet were rated as good or excellent
and others have shown similarly high patient satisfaction rates between 89 and 93%.

 

23,24

 

Eight patients said they would have the surgery again, and all said they would recom-
mend the procedure to a friend or family member with a similar condition.

Temporal gait parameters of patients with rheumatoid arthritis were previously
reported in a pedobarographic study.

 

27

 

 Stride length in these patients was measured at
0.65 m and cadence at 82 steps per min. In the current study, stride length was measured
preoperatively at 1.01 m and postoperatively at 1.05 m. This difference was significant
and did move toward the stride length of the normal population used in this study
(1.29 m). Cadence in this group of patients was not significantly lower in both preop-
erative and postoperative testing from the normal population. The cadence decreased
after surgery and moved toward the cadence of the normal population, but this change
was not significant. Importantly, patients spent less time in stance phase after surgery
(65%) and moved toward the percentage of stance phase for the normal population
(61.7%), although this value did not reach significance.

Three-dimensional gait analysis showed certain trends postoperatively as com-
pared to the preoperative state. First in heel strike, 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 position while
the hallux tended to be less dorsiflexed and in a less valgus position. The tibia was
more externally rotated at toe-off and more internally rotated at heel strike.

Stockley et al.

 

32

 

 felt that the importance of hindfoot valgus in forefoot surgery
was under-recognized. They emphasized that excessive pronation of the forefoot
occurred after heel strike when the hindfoot was in more than 10

 

°

 

 of valgus, and
this could lead to poor outcomes in forefoot reconstruction surgeries. Spiegel and
Spiegel

 

31

 

 noted that 25% of patients had abnormal hindfoot valgus on weight bearing.
Cracchiolo

 

9

 

 proposed that loss of articular cartilage and erosions of the subtalar and
talonavicular joints gave a persistent valgus to the hindfoot, which caused increased
pronation of the forefoot and increased medial overload. In this study, patients at
heel strike showed less pronation of the forefoot and less eversion of the hindfoot.
This would tend to diminish the high medial forefoot pressures that Stockley et al.

 

32

 

described as excessive pronation of the forefoot just after heel strike.
Keenan et al.19 analyzed the gait of patients with rheumatoid arthritis with varying

degrees of hindfoot valgus. They concluded that the valgus deformity of the foot is
due to excessive pronation forces on the subtalar joint. They felt that the alterations
in the gait of rheumatoid patients were due to symmetrical muscle weakness and the
patients’ efforts to walk with less pain. They also noted excessive external rotation of
the lower limb during weight bearing to diminish pain under the metatarsal heads.

Using gait analysis, Siegel30 reported that rheumatoid arthritis involvement of
the foot and ankle caused increased valgus deformity of the heel during loading,
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increased DF of the ankle joint, delayed heel rise, a shortened step length, and
decreased walking velocity. There have been no previous published reports detailing
the actual dynamic changes that occur following rheumatoid forefoot reconstruction.
This study is the first to examine the complex relationship that correction of the
forefoot deformity has on the other motion segments of the foot and ankle. It is
important to recognize and document that significant changes in motion occur in
the hindfoot, forefoot, and hallux following forefoot surgery (Table 15.5). 

It is also important to analyze the position that each segment assumes at various
phases in the gait cycle. Only then can any determination be made regarding the effect
that forefoot correction has on the overall gait pattern of the rheumatoid patient. In
this study, several pertinent findings were made through the use of gait analysis:

• Patients had significant improvements in stride length toward a more
normal value. 

• Range of motion was improved in the hindfoot, forefoot, and hallux
throughout the gait cycle. 

• Following forefoot correction, the forefoot exhibited less pronation at heel
strike, the heel was in less valgus at heel strike, and the hallux was in
significantly less valgus at both toe-off and heel strike. 

These improvements would seem to benefit the overall function of patients with
rheumatoid arthritis, who can become plagued by recurrent hallux valgus, as well as by
acquired hindfoot valgus with resultant excessive forefoot pronation and medial overload.

The limitations of this study include the small number of feet evaluated. The
follow-up time from surgery was relatively short, although Coughlin7 reported dura-
tion of follow-up did not significantly affect outcomes in his patients with an average
of 74 months follow-up. Gait analysis in the future on this same set of patients
would be helpful to assess if there were any longer-term changes in the motion
segments of the foot and ankle. At this length of follow-up, it appears that forefoot
correction consisting of first 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. 
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16.1 INTRODUCTION

 

Quantitative gait analysis evolved from a need to address musculoskeletal and
neurologic impairments of the lower extremities. Classic techniques measure joint
kinematics in three dimensions at the hip, knee, and ankle, modeling each limb
(pelvis, thigh, shank, and foot) as a single rigid segment. These methods have been
demonstrated to provide important information for surgical decision-making, and
can assist in the measurement of outcomes following treatment. However, the rigid
foot segment incorporated into most of the lower extremity models is insufficient
for appropriately modeling the multiple articulations that take place distal to the
ankle joint; in most cases, no distinction is made between the two articulations that
make up the ankle (talocrural and subtalar joints). 

To date, there has been limited information available concerning dynamic foot
and ankle motion in patients with foot and ankle pathology. Advances in technology
and the development of multisegmental foot and ankle models have created new
tools for quantitative clinical assessment. These tools are available to the practicing
orthopedic surgeon treating foot and ankle pathology, and can be incorporated
directly into the clinical practice.

This chapter offers a paradigm for applying these techniques to patients suffering
from ankle arthritis before and after treatment. We present 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.

 

16.2 ANKLE ANATOMY AND BIOMECHANICS 

 

The ankle (talocrural) joint consists of three articulations: the tibiotalar, tibiofibular,
and fibulotalar joints. These articulations make up the ankle mortise,

 

7

 

 which is com-
posed of the following bony relationships: the articulation of the tibial plafond (distal
tibia) and the dorsal surface (trochlear surface) of the talus, as well as the medial and
lateral malleolar articulations with the medial and lateral talar facets, respectively
(Figure 16.1). Several ligamentous structures aid in the stabilization of the ankle joint.
The deltoid ligament, which consists of both superficial and deep segments, provides
medial stability. The anterior talonavicluar, the tibiocalcaneal, and the tibiotalar liga-
ments make up the superficial deltoid ligament. The deep deltoid ligament attaches
from the tip of the medial malleolus to the talus, and has anterior and posterior
segments. Lateral ankle stability is provided by the anterior talofibular ligament,
fibulocalcaneal ligament, and the posterior talofibular ligament (Figure 16.2).

 

7,30

 

Ankle joint motion occurs in the sagittal (dorsiflexion/plantarflexion), coronal
(abduction/adduction), and transverse (external/internal rotation) planes. Triplanar
motion of the ankle joint occurs simultaneously as a result of the cone-shaped
trochlea with its apex directed medially and the larger surface anteriorly. The cone-
shaped dorsal surface of the talus, together with the position and orientation of the
joint axis, results in abduction and external rotation of the ankle during dorsiflexion
and adduction and internal rotation during plantar flexion.

 

7–9,30
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Although it is difficult to determine the contribution of motion of the subtalar
joint, specifically during gait analysis, it is important to have a complete understand-
ing of the anatomy and biomechanics that occur at this joint when analyzing gait.
The subtalar joint consists of the articulation between the talus and the calcaneus.
The talus articulates with the calcaneus at three facets (anterior, middle, and poste-
rior). At the anterior and middle facets, the calcaneus rotates around the talus; at the

 

FIGURE 16.1

 

The medial collateral ligament of the ankle. (a) The superficial fibers connect-
ing the medial malleolus to the talus, calcaneus, and navicular have a roughly triangular
appearance and suggest the name deltoid. (b) The much more important deep fibers run nearly
transversely from the posterior colliculus to the talus posterior to its medial articular facet.
[Reprinted from 

 

Skeletal Trauma

 

 (3

 

rd

 

 ed.), BD Browner, pp. 2308–2313, Copyright (2003),
with permission from Elsevier.]

 

FIGURE 16.2

 

The three components of the lateral collateral ligament are the anterior and
posterior talofibular ligaments, and, between them, the fibulocalcaneal ligament, which crosses
the talus. [Reprinted from 

 

Skeletal Trauma

 

 (3

 

rd

 

 ed.), BD Browner, pp. 2308–2313, Copyright
(2003), with permission from Elsevier.]
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posterior facet, the talus glides on the calcaneus.

 

7–10,30,31

 

 The axis of the subtalar joint
has an oblique orientation, which provides simultaneous triplanar motion
(Figure 16.3).

 

7,30,31

 

 Motion of the subtalar joint occurs in the sagittal (dorsiflex-
ion/plantarflexion), coronal (inversion/eversion), and transverse (internal/external
rotation) planes. The ankle and subtalar joints act in conjunction during sagittal
plane motion of the foot and ankle, and are clinically indistinguishable.

 

7–10 

 

16.3 ANKLE ARTHRITIS

 

Abnormal ankle joint biomechanics, frequently secondary to trauma (intra-articular
fracture), are the most common cause of ankle arthritis. Less common causes are
primary osteoarthritis or inflammatory arthropathies, neuropathic (Charcot) arthr-
opathy, infection, and tumor. These pathologies cause irreversible destruction of
tibiotalar articular cartilage, chronic cartilage overloading from articular incongruity,

 

FIGURE 16.3

 

The tibiotalar articular surface (plafond) usually has a slight lateral tilt, aver-
aging 3

 

°

 

. The empirical axis is in a relatively varus position, as indicated by the talocrural
angle, formed by the intersection of a line perpendicular to the plafond with the empirical
axis. This averages 83 

 

±

 

 4

 

°

 

 and is a reliable radiographic indicator of the relationship among
malleoli and plafond. It should be similar to that of the opposite ankle. [Reprinted from

 

Skeletal Trauma

 

 (3

 

rd

 

 ed.), BD Browner, pp. 2308–2313, Copyright (2003), with permission
from Elsevier.]
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and eventual destruction of the joint space. The progressive nature of the disease
results in increasing deformity and pain, especially during weight-bearing.

 

1–6

 

 Severe
symptoms develop because of restricted/painful range of motion and varus or valgus
joint deformities.

 

16.4 CLINICAL ASSESSMENT

 

Patients with ankle arthritis present with a history of pain, swelling, and decreased
mobility. Antalgic gait in these patients is a result of a fixed deformity and/or pain
associated with weight-bearing. Patients with isolated talocrural joint arthritis will
frequently retain more function because of the adaptive and energy-absorbing nature
of the subtalar joint, especially on uneven surfaces.

 

6,8,10

 

 Thorough evaluation of active
and passive range of motion, strength of surrounding muscles, presence of callosities,
and abnormal shoe wear and gait in conjunction with a detailed history of the
presenting problem aid in the selection of the appropriate treatment modality. History
should include details of previous treatment (conservative and surgical) as well as
mechanism of injury in patients with posttraumatic arthritis. Selective use of local
anesthetic blocks to adjacent joints may help clarify the origin point of pain (i.e.,
injecting the subtalar joint with 5 ml of 1% lidocaine may rule out pathology of this
joint contributing to pain). 

Radiographic evaluation should include weight-bearing anteroposterior (AP)
and lateral views of the entire foot and ankle as well as a mortise view of the ankle.
Identification of joint space narrowing, osteophytes, subchondral sclerosis, talar
subluxation within the ankle mortise, talar bone loss, and the presence of any
existing hardware will help determine the degree of arthritis present. Computed
tomography is also a useful study that provides a more detailed assessment of joint
surface defects, degenerative joint changes, location of osteophytes, and status of
adjacent joints.

 

16.5 TREATMENT

 

The goal of treatment of patients with end-staged ankle arthritis is to create a pain-
free, stable, plantigrade foot. Current treatment options include both conservative
(anti-inflammatory medications, orthotic devices, footwear modifications, and activ-
ity modification in conjunction with weight loss if necessary) and surgical [debri-
dement, arthrodesis, and total ankle replacement (TAR)] modalities. If a patient fails
nonoperative therapy and the disease is limited to the tibiotalar joint, surgery should
be considered as a viable treatment option.

 

16.6 SURGICAL TREATMENT

 

Several surgical options are available; these include arthroscopic debridement, ante-
rior cheilectomy, supramalleolar osteotomy, distraction ankle arthroplasty, allograft
surface replacement, arthrodesis (fusion), and TAR.

 

1–3,5,6,11,28,29

 

 Extent of ankle arthritis,
age, and activity level of the patient will determine the appropriate surgical treatment
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option. A complete discussion of all surgical treatment modalities is beyond the
scope of this text; we will focus specifically on arthrodesis and TAR, as these were
the techniques identified for our population of patients with end-stage ankle arthritis.

 

16.7 ARTHRODESIS

 

Ankle arthrodesis is defined as fusion of the tibia to the talus.

 

5

 

 Functionally
disabling ankle joint pain and stiffness are the most common indications for ankle
arthrodesis. Ankle arthrodesis is indicated for treatment when the patient presents
with pain and deformity secondary to posttraumatic osteoarthritis, previous infec-
tion, osteochondral defects, osteonecrosis of the talus, primary osteoarthritis,
inflammatory arthropathies, rheumatoid arthritis, and failed TAR.

 

1–3,5,6,11

 

 Addition-
ally, the bone of the subtalar complex should be without arthritic changes and in
normal alignment.

 

3

 

 The optimal position for fusion is neutral plantarflexion, 0 to 5

 

°

 

hindfoot and ankle valgus, and 5 to 10

 

°

 

 external rotation.

 

1,3,5,6,12

 

 Several surgical
techniques (arthroscopic, “mini open” arthrotomy, or open arthrotomy) and stabi-
lization methods (external fixation, internal fixation with screws or internal fixation
with blade plate) are available.

 

1–3,5,6,11

 

 In this study, we performed an ankle arthr-
odesis using a transfibular approach, with an anterior incision and two canulated
screws for fixation.

 

3–6

 

 
In most published studies,

 

12–18

 

 results of ankle fusion demonstrate a good func-
tional outcome. Although the majority of these studies rely on subjective criteria
based on physical examination and radiographic analysis, several studies

 

12,17,18

 

 have
provided objective assessment based on gait analysis data.

 

16.8 TAR

 

A detailed description of TAR would examine the various devices available for
implantation, the many methods for implanting them, and the numerous controver-
sies arising from the lack of long-term follow-up results of the currently used systems
(second-generation TAR). Such a description is beyond the scope of this text. While
criteria for the ideal TAR patient are still being developed, several contraindications
have been clearly defined. The use of TAR is not recommended in the presence of
active or recent infection, peripheral vascular disease, vascular impairment, neuro-
pathic joint disease (Charcot), neurologic dysfunction, severe malalignment, severe
osteoporosis, osteonecrosis of the talus, compromised soft tissue envelope, or severe
joint laxity. In addition, the procedure is not recommended for young active
patients.

 

3–6,20

 

 
In this study, we performed a TAR using the Agility Total Ankle System (DePuy

Orthopaedics, Inc., Warsaw, IN). This is a second-generation total ankle arthroplasty,
and consists of a two-component design, which provides complete articular surface
replacement of the medial, lateral, and superior articular surfaces of the ankle joint.
The implant is placed in 20

 

°

 

 of external rotation relative to the tibia, which allows
external rotation during dorsiflexion and reproduction of normal joint kinematics.

 

3–6,20 
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16.9 PREVIOUS INVESTIGATIONS

 

Numerous studies have provided descriptions of foot and ankle motion during gait,
using such varied techniques as mathematical modeling, cadaveric specimen anal-
ysis, and lower extremity gait analysis. Most of these studies treat the ankle–joint
complex as a single articulation, and many exclude other foot segments. 

Stauffer et al.

 

21

 

 investigated motion analysis in normal, diseased, and prosthetic
ankle joints, using foot switches to obtain temporal parameters, and used high-speed
video to track reflective tape applied to the medial malleolus and tibia. Reduced
cadence and ankle range of motion in the sagittal plane were observed in the diseased
and prosthetic groups. Mazur et al.

 

17

 

 examined 12 patients following ankle arthro-
desis using three markers to model the ankle–foot complex as part of a standard
whole body gait analysis; motion data were obtained using a three-camera system.
The authors reported decreased sagittal plane range of motion and decreased walking
speed in the fused ankles compared to normal, with cadence unchanged from normal.
Both of these studies ignored motion distal to the ankle joint, and only addressed
motion in the sagittal plane. 

Buck et al.

 

12

 

 analyzed the gait patterns of 19 patients following ankle arthrosis
using three-dimensional electrogoniometers attached to braces, mounted on the distal
tibia and heel of the shoe. Foot switches were also used to obtain temporal param-
eters. The authors reported reduced sagittal range of motion during gait following
ankle arthrodesis, as well as diminished varus-valgus motion in the coronal plane.

Demottaz et al.

 

19

 

 examined the motion of the ankle–joint complex during gait
in 21 ankles following TAR. Subjects were filmed during both barefoot and shod
ambulation, and the film was digitized to obtain kinematic and temporal-spatial
parameters. The TAR group demonstrated decreased walking speed, cadence, and
stride length. In contrast to the Buck study, these subjects demonstrated increased
range of motion in the sagittal plane, but abnormal motion patterns were observed
(increased plantarflexion at heel strike, and decreased dorsiflexion during swing).

Wu et al.

 

18

 

 examined foot and ankle motion following ankle arthrodesis using
a three-segment model (tibia/fibular, hindfoot/midfoot, and forefoot). This study
compared the gait data acquired from ten patients following ankle arthrodesis with
ten normal subjects. Three-dimensional joint motion was obtained using a three-
segment rigid body foot model, and temporal-spatial parameters were obtained using
foot switches attached to the heel, first and fifth metatarsals, and hallux. The results
of this study agreed with the previously reported findings in studies examining gait
following ankle fusion, with increased stance phase and generalized decreased range
of motion in the sagittal, coronal, and transverse planes.

 

16.10 CURRENT INVESTIGATION

 

Two patients with end-stage ankle arthritis underwent three-dimensional gait analysis
using a 15-camera Vicon 524 Motion Analysis System (Vicon Motion Systems,
Inc., Lake Forest, CA). Multisegmental foot and ankle kinematics and temporal-
spatial data were obtained using the Milwaukee Foot Model (MFM);

 

22–27

 

 patients
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were tested one week prior to surgery and one year following surgery (arthrodesis
or TAR). 

For each testing session, patients were instrumented with reflective markers
placed over bony landmarks on the foot and ankle. Markers were secured with
double-sided tape following the protocol specified by the MFM. Following a static
orientation trial, subjects ambulated at a freely selected walking speed along the
data collection corridor (length 

 

=

 

 6 m). Each trial was subject to clinical screening;
data collection continued until a minimum of three walking trials had been obtained
for analysis.

 

16.11 CASE EXAMPLES

 

For each patient, results of pre- and postoperative gait analysis are detailed. Each
result set comprises three-dimensional joint kinematics during gait, and temporal-
spatial parameters (cadence, stride length, stance/swing ratio, and walking speed).
Patient results were compared to results from a population of normal adults (

 

n

 

 

 

=

 

 25).

 

16.11.1 S

 

UBJECT

 

 O

 

NE

 

L.M. is a 32-yr-old female who presented with a history of a painful right ankle,
which had been worsening for 3 yr. The patient has a history of right ankle fracture
following a fall, which was surgically repaired by open reduction and internal fixation
with screws 8 yr prior to presentation. Since the time of injury, the patient has
complained of decreased motion, stiffness, difficulty with ambulation, and pain. Past
surgical history was significant for open reduction internal fixation (ORIF) right
ankle fracture, hardware removal 1 yr following surgery, and arthroscopic right ankle
debridement 2 yr prior to presentation for osteophytes removal. The patient has
failed numerous conservative treatment modalities including corticosteroid injection,
orthotics, and anti-inflammatory medication. On examination, her right foot was in
a pes planus position without hindfoot deformity; ankle range of motion was limited,
with dorsiflexion only to neutral. Plain radiographs of the foot and ankle demon-
strated moderate degenerative ankle joint changes with multiple medial osteophytes
and calcifications. There was no evidence of degenerative changes to adjacent joints
visualized radiographically. Following preoperative gait analysis, she underwent
right ankle (tibiotalar) fusion (Figure 16.4). One year following surgery, she under-
went a postoperative gait analysis.

 

16.11.2 T

 

EMPORAL

 

-S

 

PATIAL

 

 R

 

ESULTS

 

 (T

 

ABLE 

 

16.1) 

 

The average preoperative walking speed for this patient was 0.95 m/sec, the average
preoperative stride length was 1.1 m, the average preoperative cadence was 103.85
steps/min, and the average preoperative stance duration was 65.62%. The average
postoperative walking speed was 0.91 m/sec, the average postoperative stride length
was 1.04 m, the average postoperative cadence was 105.11 steps/min, and the average
postoperative stance duration was 67.15%.
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FIGURE 16.4

 

Coronal plane view of ankle mortise S/P ankle fusion.
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16.11.3 K

 

INEMATIC

 

 R

 

ESULTS

 

 (F

 

IGURE 

 

16.5) 

 

16.11.3.1 Tibia

 

Preoperatively, there was decreased motion of the tibia in the sagittal plane at
load response and from midstance through the initial swing phase. There was
also decreased motion in the coronal (abduction/adduction) and transverse (external/
internal rotation) planes with the tibia in a position of reduced abduction and
external rotation.

Postoperative sagittal motion of the tibia also demonstrated decreased motion
at load response and from midstance through the initial swing phase; range of motion
(ROM) appeared to be less than that observed during preoperative gait analysis.
Postoperative coronal and transverse motion of the tibia appeared to be improved
compared to preoperative motion in these planes.

 

16.11.3.2 Hindfoot

 

Preoperative motion of the hindfoot was found to be decreased in all three planes
throughout the gait cycle. The hindfoot appeared in a more plantarflexed, inverted,
and externally rotated position. Postoperative hindfoot motion, although not normal,
demonstrated improvements in the sagittal, coronal, and transverse planes throughout
the gait cycle. 

 

16.11.3.3 Forefoot

 

Preoperative motion of the forefoot was decreased throughout the gait cycle in the
sagittal (dorsiflexion/plantar flexion), coronal (valgus/varus), and transverse planes
(abduction/adduction). The forefoot demonstrated a less plantar flexed, neutral or
less varus, adducted position. Postoperatively, the overall range of motion exhibited
minimal change, but overall positioning of the segment was altered in the sagittal
(increased plantar flexion), coronal (increased varus), and transverse (increased
abduction) planes.

 

TABLE 16.1
L.M. Temporal-Spatial Parameters

 

Visit Stance Duration Stride Length Cadence Walking Speed

 

Pre-op 65.62% 1.10 m 103.85 steps/min 0.95 m/sec
Post-op 67.15% 1.04 m 105.11 steps/min 0.91 m/sec
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16.11.3.4 Hallux

 

Preoperative hallux motion was decreased throughout the gait cycle in all three
planes. Postoperative motion demonstrated triplanar improvements.

 

16.11.4 S

 

UBJECT

 

 T

 

WO

 

A.D. is a 54-yr-old female who presented with a history of a painful right ankle for the
past 10 yr. The patient’s history is remarkable for ankle fracture following a fall (20 yr
prior, treated by cast immobilization) and primary osteoarthritis. Past surgical history
was significant for several bone graft procedures of the ankle 15 yr ago. The patient
experienced a second falling incident 4 yr ago; she fell off a horse and sustained a pelvic
fracture, which was treated by Open Reduction Internal Fixation (ORIF). Since that
time she has had increasing ankle pain with movement and weight-bearing activities. 

On examination, there was no hindfoot angular deformity. Ankle range of motion
was severely limited to only 10 to 20

 

°

 

 of dorsiflexion/plantarflexion, and the patient
was unable to dorsiflex the foot to neutral (5 to 10

 

°

 

). In addition, there was tenderness
to palpation of the anteromedial and anterolateral aspects of the tibiotalar joint. Plain
radiographic examination of the foot and ankle revealed degenerative changes of the
tibiotalar joint with anterior osteophytes and cystic changes. Slight collapse and
flattening of the talar dome were also observed. The patient had not been responsive
to immobilization and physical therapy. Following preoperative gait analysis, she
underwent right TAR (Figure 16.6). One year following surgery she underwent a
postoperative gait analysis.

 

16.11.5 T
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16.2) 

 

The average preoperative walking speed for this patient was 1.01 m/sec, the average
preoperative stride length was 1.12 m, the average preoperative cadence was 108.83
steps/min, and the average preoperative stance duration was 60.45%. The average
postoperative walking speed was 1.12 m/sec, the average postoperative stride length
was 1.23 m, the average postoperative cadence was 110.54 steps/min, and the average
postoperative stance duration was 61.65%.

 

16.11.6 K

 

INEMATIC

 

 R

 

ESULTS

 

 (F

 

IGURE 

 

16.7) 

 

16.11.6.1 Tibia

 

Preoperative range of motion of the tibia was decreased in the coronal plane (abduc-
tion/adduction) from terminal stance through midswing phase. Tibial motion was
also decreased preoperatively in the transverse plane (external/internal rotation) from
load response through terminal stance and from initial swing through terminal swing.
Postoperative motion of the tibia was improved in all three planes. 
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FIGURE 16.6

 

Coronal plane view of ankle mortise S/P TAR.
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16.11.6.2 Hindfoot

 

Preoperatively, the hindfoot was in a position of greater inversion as compared to
normal throughout the gait cycle. The hindfoot also demonstrated increased range
of motion in the transverse plane (external/internal rotation) as compared to normal
and specifically greater magnitude of external rotation from midstance through
midswing.

Postoperative hindfoot motion in the coronal plane was improved when
compared with preoperative motion, but demonstrated increased eversion from
terminal stance through the initial swing phase compared to normal. Transverse
plane hindfoot motion demonstrates a decrease in overall range of motion com-
pared to preoperative and normal motion and was still maintained in a position
of increased external rotation throughout the gait cycle, but with less dynamic
range of motion. 

 

16.11.6.3 Forefoot

 

Preoperatively, the forefoot appeared to maintain a valgus position throughout the
gait cycle, which was greater than normal. Overall, forefoot range of motion was
decreased in the sagittal and transverse planes as compared to normal throughout
the gait cycle. Postoperative forefoot motion demonstrated a decrease in overall
motion in the coronal plane (valgus/varus) throughout the gait cycle compared to
preoperative and normal motion. Both sagittal and transverse excursion/positioning
of the forefoot more closely resemble normal motion postoperatively, and range of
motion in the transverse plane appears similar to normal.

16.11.6.4 Hallux

Preoperatively, the hallux maintained a position of dorsiflexion throughout the gait
cycle, which was greater than normal. Postoperative hallux motion demonstrates
similar range of motion to normal throughout the gait cycle in the sagittal, coronal,
and transverse planes.

TABLE 16.2
A.D. Temporal-Spatial Parameters

Visit Stance Duration Stride Length Cadence Walking Speed

Pre-op 60.45% 1.12 m 108.83 steps/min 1.01 m/sec
Post-op 31.65% 1.23 m 110.54 steps/min 1.12 m/sec
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16.12 CONCLUSION

The quantitative assessment of multisegmental foot and ankle motion during gait is
an important clinical tool for the outcomes’ assessment following treatment. As
illustrated in the case studies, the application of this methodology provides a detailed
evaluation of motion at the tibia, hindfoot, forefoot, and hallux. In our examination
of these two patients, we found a decrease in temporal-spatial parameters preoper-
atively, which was found to improve following surgery in both cases. Kinematically,
both subjects had similar triplanar motion alterations preoperatively. Postoperatively,
it appears that both subjects’ motion was improved, and that mode of treatment
(fusion or TAR) did not impact the magnitude of improvement overall. Noteworthily,
the subject that received a TAR demonstrated greater improvement in range of
motion of the hindfoot in the coronal plane. Further study will be required to clarify
the nature of this finding. 

This information may be clinically useful for preoperative assessment of disease
severity, as well as providing a means for quantifying progression of pathology.
Further investigation may lead to indications for the appropriate timing of surgical
intervention, similar to the application of lower extremity gait analysis techniques
to the pediatric cerebral palsy population. The integration of additional elements
such as electromyogram (EMG) and plantar pressure assessment may also provide
a more complete picture of foot and ankle biomechanics during gait and help relate
quantified measures to clinical presentation. Additional study of a larger patient
population should provide evidence as to the clinical utility of multisegmental foot
and ankle motion analysis as an objective clinical outcomes’ assessment tool.
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17.1 INTRODUCTION

 

Total ankle arthroplasty has been in a renaissance over the last decade. This second
generation of ankle replacement prostheses appears to be more successful in pro-
viding pain relief for arthritic conditions while maintaining at least some of the
function of the ankle joint (Figure 17.1 and Figure 17.2). Early and intermediate
results of second-generation prostheses have been promising, pointing to trends of
greater longevity than the earlier two generations of ankle arthroplasty, which were
plagued by subsidence and mechanical failures.

 

3,6,7,9

 

 

 

The mechanical demands on
the tibiotalar joint are tremendous. This is a function of the small size of the weight-
bearing surface of the talus, the complex motions of the ankle and the hindfoot, and
the mechanical effect of deformities and arthritis in the hindfoot and midfoot on the
ankle. The latter consideration is an important and complex influence and is
expressed primarily as deformities of some or all of the “triple joints” (subtalar,
calcaneocuboid, and talonavicular joints), or of fixed deformities of the midfoot.
Further mechanical difficulties of total ankle arthroplasty are related to the limited
anatomic structures available for balancing and correction of severe deformities.

 

* Disclaimer: The original work contained in this Chapter was submitted for publication to a peer-
reviewed journal prior to the publication of this book.
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(a)

(b)

 

FIGURE 17.1

 

(a) AP radiograph of patient with primary arthritis of the tibiotalar joint in a
position of varus deformity. (b) Lateral radiograph of this patient. Note the varus position of
the hindfoot as well.
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(a)

(b)

 

FIGURE 17.2

 

(a) AP radiograph of the patient postoperatively after a total ankle arthroplasty.
(b) Lateral postoperative radiograph.
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Recent studies

 

4,10

 

 have shown that large coronal plane deformities, i.e., varus or
valgus (greater than 12

 

°

 

), were more likely to result in early mechanical failure of
total ankle arthroplasty. Techniques for reconstruction have included balancing soft
tissue releases together with the use of a larger polyethylene spacer, or lateral ligament
reconstruction using the peroneal tendons.

 

8

 

The conventional clinical wisdom on total ankle arthroplasty has been that the
procedure can be effective for relief of pain, but that it does not produce improvement
in range of motion. Significant controversy still remains regarding the indications and
relative advantages and disadvantages of total ankle arthroplasty to ankle arthrodesis.
However, total ankle replacement is gaining in acceptance and popularity in Europe,
the U.S., and around the world. A number of new prosthetic designs have been
introduced in recent years. Most of these have employed a mobile bearing model, as
does the Scandinavian Total Ankle Replacement (STAR) prosthesis (Figure 17.3).
Mobile bearings are considered to reduce the strain on the polyethylene component
of the prosthesis.

 

2

 

 They have been used widely in total knee arthroplasty for the main
purpose of reducing polyethylene wear and enhancing range of motion.

Other complicating factors with regard to total ankle arthroplasty include existing
concomitant or secondary arthritis of the hindfoot and midfoot joints both before
and after replacement surgery. This prospective study was designed to investigate
the hypothesis that total ankle arthroplasty is effective in improving objective param-
eters of gait in patients with unilateral tibiotalar arthritis.*

 

17.2 MATERIALS AND METHODS

17.2.1 P

 

ATIENT

 

 D

 

EMOGRAPHICS

 

A prospective gait analysis study was performed on 49 patients (11 males and 38 females)
who were enrolled in a Food and Drug Administration (FDA) clinical trial of the STAR.

 

FIGURE 17.3

 

Model of STAR prosthesis. Note the mobile polyethylene bearing between
the tibial plate and talar component. Note also that the talar component covers medial and
lateral facets of the talar dome.

 

* This chapter presents the preliminary data of this study.
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Patients were recruited on a consecutive basis as they presented to the lead author’s clinic
and they met the inclusion criteria of the study. Patient inclusion criteria included:

Moderate or severe pain, loss of mobility, and loss of function of the ankle
(Buechel–Pappas Scale total score of less than 50 and Buechel–Pappas pain
score of 20 or less)

 

2

 

Primary arthritis, posttraumatic arthritis, or rheumatoid arthritis
At least 6 months of conservative treatment for severe ankle conditions,

confirmed by the patient’s medical history, radiograph studies, and medi-
cation record

Patients meeting any of the following criteria were excluded from the study:

Active or prior deep infection in the ankle joint or adjacent bones
Prior arthrodesis at the involved site
Obesity (weight greater than 250 lb)
Hindfoot malpositioned by more than 35

 

°

 

 or forefoot malalignment, which
would preclude a plantigrade foot

Avascular necrosis of the talus
Insufficient ligament tissue, which would preclude ligament reconstruction

when indicated
Motor dysfunction due to neuromuscular impairment, insulin-dependent

diabetes, peripheral neuropathy, or Charcot changes

Once each patient met the inclusion/exclusion criteria, they gave informed con-
sent before participation.

The 49 patients had an average height of 164.5 

 

±

 

 8.7 cm, weight of 79.7 

 

±

 

 19.8
kg, and age of 60.9 

 

±

 

 11.2 yr (range: 37–80 yr) at the time of surgery. Unilateral
STAR total ankle arthroplasty was performed on each patient. Three of the patients
had a diagnosis of rheumatoid arthritis, and the remainder had a diagnosis of advanced
primary osteoarthritis or posttraumatic arthritis of the tibiotalar joint. All had failed a
trial of nonoperative therapy of a minimum of 6 months, although the mean duration
of arthritic symptoms was 8 yr, with a range of 2 to 30 yr.

 

17.3 SURGICAL PROCEDURE

 

The surgical technique has been described and is basically as follows.

 

1

 

 The ankle
was approached through an anterior vertical incision, developing the interval between
the tibialis anterior and extensor hallucis longus tendons. The neurovascular bundle
was retracted laterally. A vertical, midline capsulotomy of the ankle joint was
performed. Subperiosteal dissection was performed on the distal portion of the
anterior tibia and continued over the ankle joint. The anterior tibial osteophytes were
removed with osteotomes.

Positioning of the tibial jigs for the arthroplasty was done under fluoroscopic
control in the anteroposterior (AP) and medial–lateral planes. The horizontal cuts
to remove the articular surface of the distal tibia and the top of the talar dome were
performed with a large straight power saw and osteotomes. Preparation for the talar
component was done by creating a series of chamfered cuts on the medial–lateral
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and anterior–posterior portions of the talar body. Both the tibial and talar saw cuts
are designed to remove a minimal amount of bone.

The talar component has a central fin that fits into a sagittally oriented slot
created in the body of the talus. The talar component is designed with a metallic
undersurface for bone ingrowth. It was inserted first. The tibial component has a
flattened metallic surface with a similar surface for bony ingrowth. It is inserted into
the distal tibia from the anterior aspect of the ankle and depends upon two parallel
barrel-shaped slots for fixation in the distal tibial metaphysis.

The last major step of the procedure requires the sizing and placement of the
polyethylene mobile bearing. This has a flat superior and curved inferior surface to
match the contour of the corresponding tibial and talar metallic components, respec-
tively. There is a groove in the undersurface of the mobile bearing to correspond
with a sagittally oriented, raised ridge in the center of the talar component.

A suction drain was placed after closure of the joint capsule. The lower limb was
placed in a bulky, soft, sterile dressing and fiberglass splint for the first 10 to 14 d
postoperatively. Cast immobilization was then continued for another 2 to 3 weeks.
The patient then was placed into a removable walking boot and allowed to weight-
bear, beginning at approximately 1 month after surgery. This was followed by a course
of physical therapy.

 

17.4 GAIT ANALYSIS

 

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
repeated on successive anniversaries of the original surgery up to 5 yr following
surgery. Gait analysis data are reported for the most recent postoperative findings
for each patient (average of 2.40 

 

±

 

 1.23 yr postoperatively, range: 0.71–5.13 yr),
comparing these to each patient’s preoperative values.

Pre- and postoperative gait analyses were collected at 100 Hz using a 12-camera
Vicon Motion Capture System (Vicon Peak, Lake Forest, CA). Kinetic parameters
were collected with 2 AMTI OR6-5 force platform (Advanced Medical Technology,
Inc., Newton, MA) recordings at 1000 Hz, which were embedded in the center of
a 12-m walkway. Inverse dynamics were used to derive kinetic information from
the kinematic and ground reactive force data. Prior to testing, 14-mm passive reflec-
tive markers were secured to anatomic locations with double-sided adhesive tape
using a modified Helen Hayes Marker configuration.

 

5

 

 Markers were placed bilater-
ally on the anterior superior iliac spine, posterior superior iliac spine, lateral thigh,
lateral epicondyle of the knee, anterior and lateral tibia, lateral malleolus, heel, and
second metatarsal head. Extra markers were placed during a static trial on the medial
knee epicondyle and the medial malleolus.

Subjects were requested to walk barefoot at a self-selected pace up and down this
walkway. Ten trials were collected for averaging and further statistical analysis.

 

17.4.1 G

 

AIT

 

 A

 

NALYSIS

 

 R

 

ESULTS

 

Temporal-spatial parameters collected, including velocity, cadence, stance phase per-
centage, stride length, and step width, are summarized in Table 17.1. On average, patient
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cadence, stride length, and, consequently, velocity significantly increased postopera-
tively (

 

p 

 

< .0001 for all). Total support time decreased significantly but step width was
unchanged postoperatively.

The most notable effects were demonstrated at the operated ankle itself. The
study patients preoperatively had an ankle range of motion during gait of 14.0 

 

±

 

4.9

 

°

 

, while at the last follow-up visit, ankle range of motion increased by an average
of over 3

 

°

 

 or 23% (

 

p

 

 < 0.0001; Figure 17.4). Most of this increase in range of

 

TABLE 17.1
Temporal-Spatial Parameters

 

Velocity 
(cm/sec)

Cadence 
(steps/min)

Support Time 
(% gait cycle)

Stride Length 
(cm)

Step Width 
(cm)

 

Pre-Op 81.2 ± 17.5 101.9 ± 11.2 63.1 ± 3.2 95.2 ± 16.8 14.3 ± 3.9
Post-Op 104.8 ± 16.4 112.9 ± 8.3 62.1 ± 2.1 111.2 ± 13.7 15.2 ± 4.8

 

p

 

-Value     < 0.0001

 

*

 

   < 0.0001

 

*

 

          0.017   < 0.0001

 

*

 

    .0.25

 

*

 

Statistically significant differences between pre- and postoperative values.

 

FIGURE 17.4

 

Average ankle sagittal range of motion pre- and postoperatively during the
gait analysis.
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motion came from an increase in plantar flexion motion near terminal stance and
initial swing.

Peak external ankle dorsiflexion moment significantly increased postoperatively
by 20% (

 

p 

 

=

 

 0.0002). Maximum sagittal ankle joint power (Figure 17.5) at push-off
also significantly increased by 75%, from 0.68 

 

±

 

 0.42 W before surgery to 1.19 

 

±

 

 0.43
W after surgery (

 

p

 

 < 0.0001).

 

17.5 DISCUSSION

 

The preliminary data of this study are presented. Although there is a relatively short
follow-up, the study showed a number of interesting and unanticipated results. The
unanticipated result was the unequivocal demonstration of improvement in sagittal
range of motion of the ankle following total ankle arthroplasty. As noted above, this
difference was statistically significant. Statistical significance, of course, does not
equate to clinical significance and the improvement of a few degrees of range of
motion may be of uncertain clinical meaning.

It is interesting to note that while a small amount of improvement occurred in
dorsiflexion, the majority of improvement in range of motion occurred in plantar
flexion. These are patients who had very limited range of motion preoperatively, with
the average being 14 

 

±

 

 5

 

°

 

 prior to surgery. The increase of 3

 

°

 

 was an increase of almost
25%, although even by this measure, this is still a rather limited range of motion.

The improvement in ankle power was less surprising. This clearly showed
improvement in the patient’s ability to push off in the later stages of the stance phase
of gait.

What is less certain is the relationship of the improved range of motion and
the increased ankle power with the other objective temporal-spatial parameters of
gait. The patients had increased gait velocity. Of course, velocity is the product
of stride length and cadence, both of which were independently increased at
statistically significant levels. The step width did not diminish, but the support

 

FIGURE 17.5

 

Average ankle push-off power pre- and postoperatively during the gait
analysis.
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time as a percentage of the gait cycle did decrease at a statistically significant,
although smaller, amount.

The most important unanswered question raised by this study regards the source
of the patient’s improved gait, i.e., pain relief vs. biomechanical change. These data
cannot afford a conclusive insight into this question. The improvement in gait could
be a function of the improved mechanical function of the ankle itself. On the other
hand, it would be highly likely to be influenced by the patient’s diminished pain.
All gait studies examining the ankle and foot in this fashion have faced this dilemma
to a greater or lesser extent. This is particularly true, given the past treatment of the
foot and ankle in gait analysis as a single unit or “black box.” Current and future
strides in segmental motion analysis of the foot and ankle, as discussed in other
chapters of this book, hold important promise for our understanding and discrimi-
nation of other factors that will hopefully help to address this question.

This study is also limited to a single surgical technique. Total ankle arthroplasty
addresses only one of the two major sets of joints, referred to in layman’s terms as
“the ankle region,” viz. the tibiotalar joint. But many patients have arthritic involve-
ment or sustain injury to both the tibiotalar and the “triple joints.”

In some of our patients, concomitant, persistent, or even worsening disease of
the hindfoot joints can occur. This limits subtalar function and may be a prominent
or dominant source of pain and thus could limit the clinical effectiveness of isolated
total ankle arthroplasty. On the other hand, while many of our patients did have
concomitant hindfoot arthritis, it is encouraging that objective gait improvement was
achieved even while addressing only the tibiotalar component of arthritis.

All photos and tables in this chapter are copyrighted by James W. Brodsky, MD.
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18.1 INTRODUCTION

 

Limb deformities and gait dysfunction are common consequences of the upper motor
neuron syndrome (UMNS), which is seen commonly after neurological injuries of
the central nervous system. Such injuries may result from a stroke, traumatic brain
injury, cerebral palsy, anoxia, spinal cord diseases, and other degenerative processes
of the brain or spinal cord. UMNS is characterized by impaired motor control in
the sensorimotor action system, in combination with impaired production and control
of voluntary movement due to muscle paresis and spasticity.

 

4, 18–20

 

A net imbalance of muscle forces across joints can lead to dynamic (muscle
overactivity), static (changes in rheologic features of viscous, elastic, and plastic
properties of muscle), and contractural changes (permanently shortened length of
a muscle-tendon system), resulting in ankle-foot joint deformities that produce an
equinovarus foot deformity and resulting gait dysfunction.

 

3–5,17

 

 Physiotherapy, brac-
ing, serial casting, chemodenervation, and surgery have been used to treat this foot
deformity and attempt to restore joint balance through stretching and muscle-
specific weakening and strengthening. Surgical procedures attempt to restore the
balance of forces across the joint through selective muscle lengthening, tendon
transfer, and release or selective denervation of the deforming muscles.

 

12,16

 

 Clinical
examination and observational gait analysis have been the mainstays of evaluation
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for most physicians treating this type of patient.

 

1

 

 However, these clinical techniques
provide limited and often insufficient diagnostic methods in the evaluation of
UMNS limb deformities and the resulting gait abnormalities. For example, an
equinovarus foot deformity results from the combined potential action of multiple
muscles crossing the ankle that may be spastic and/or weak. For this reason,
standard clinical examination and observational gait assessment have been identified
as inadequate diagnostic methods in the evaluation of gait abnormalities.

 

7–10,13–15,24

 

This is particularly important when treatments with botulinum toxin or surgery are
contemplated.

 

4,6,26

 

Instrumented gait analysis utilizes dynamic electromyographic, kinetic, and
kinematic data to help characterize movement disorders (Figure 18.1). The objective
of dynamic poly-EMG and gait analysis is 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 to predict the functional behavior after treatment
intervention.

Despite the logic behind instrumented gait analysis, its practical contribution
to surgical decision making is not well understood. Many authors are now
reporting the contributions of instrumented gait analysis in providing valuable
diagnostic information, altering treatment considerations, and improving out-
comes.

 

7–12,21,22,29

 

Multiple muscle agonists and antagonists acting for all the joint movements in
the upper and lower limbs exist. This redundancy of motor control is very valuable
in normal physiology, but when a central nervous system injury with resulting
UMNS takes place, the source of the functional impairment may be difficult to
localize.

 

4,27,28,31

 

The equinovarus ankle-foot posture may result from various sources. A muscle-
specific treatment approach that identifies the deformity-generating forces or the
presence of contracture produces the best outcomes when treating the equinovarus
spastic foot. Dynamic-EMG of the selected musculature is necessary to determine

 

FIGURE 18.1 

 

A patient’s abnormal ankle-foot posture during standing A–P and P–A.
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the muscles that produce the deformity and to appropriately implement treatment
strategies.

 

3,5,7,8,12

 

18.2 METHODOLOGY

 

At our institution, gait analysis is performed routinely for most patients with gait
dysfunction who are under consideration for treatment intervention (chemodener-
vation or surgical reconstruction) of complex ankle-foot deformities. Gait studies
for these patients utilize a standard protocol and are performed by experienced
staff. A physical examination is performed first to determine anthropometric mea-
surements, passive joint motion, muscle strength, motor control, muscle tone, and
spasticity.

 

3–5,7,9,11

 

Gait studies collect kinetic and kinematic data using a bilateral CODA mx1
optoelectronic active marker system (Charnwood Dynamics), two force platforms
(Bertec), and dynamic EMG data with recording surface and wire electrodes (Motion
Lab). Surface and wire electrodes are two practical means of obtaining skeletal
muscle electrical responses, which can determine the timing of activation during
gait. Surface electrodes are placed over the superficial leg muscles, while Teflon

 

®

 

coated bipolar wire electrodes made in our laboratory (as described by Basmajian

 

1

 

)
are inserted into the deeper leg muscles. Nine muscle-tendon units crossing the ankle
are commonly included in this clinical protocol: tibialis anterior and posterior,
extensor hallucis and digitorum longus, peroneus longus, flexor hallucis and digi-
torum longus, gastrocnemius, and soleus. The moment arms for the muscles crossing
the ankle have been described to help understand the contribution of each muscle
to equinovarus posturing. The patient completes at least ten gait cycles during the
examination, and at least five representative cycles are included in the printed report
and contrasted to velocity-matched normative data for analysis.

For each limb segment abnormality, the clinical questions of interest regarding
each muscle include the following: (1) Does the patient have voluntary control over
the given muscle? (2) Is the muscle activated dyssynergically (i.e., in antagonism
to movement or with cocontraction) when the patient attempts to move the relevant
joint? (3) Is the muscle resistive to passive stretch (i.e., spastic)? (4) Does the given
muscle have fixed shortening (i.e., contracture)?

 

5,7,10

 

 These questions are answered
in part by the dynamic poly-EMG data. Dynamic poly-EMG identifies which muscles
are causing or contributing to a deformity. Combined use of dynamic poly-EMG
with three-dimensional (3D) motion data can differentiate spasticity (an excessive
reaction to a quick stretch stimulus) from dyssynergy (a response in an antagonist
muscle to the action of an agonist muscle) by showing the timing of the muscle
activity in relation to the movements and forces across a joint. Motion and force
data (joint moments and powers) can help to identify muscle strength and weakness,
which is critical to planning surgical treatment.

In the equinovarus foot, over 20 possible muscle combinations are apparent and
can be considered for chemodenervation treatment with botulinum toxin (Botox

 

®

 

,
Allergan) or surgical intervention (tendon lengthening, transfer, or release). Soft
tissue reconstruction is considered possible, if the deformity has no restrictions to
bony motion and the forces can be rebalanced.

 

25,30,31
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18.3 EQUINOVARUS FOOT

 

The equinovarus foot deformity is the most common lower limb pathologic posture
seen in the UMNS. The foot and ankle are in a toe-down (equinus) and inverted
(varus) position. The patient frequently develops a painful bursa in the lateral aspect
of the foot, particularly in the area of the base of the fifth metatarsal. During
ambulation, initial contact of the foot with the ground occurs at the forefoot, and
weight is borne primarily on the lateral border. Toe flexion is typically present.

 

4,5,7

 

Equinovarus is frequently maintained throughout stance phase and inversion
may increase, causing ankle instability as weight bearing is applied. Limited dorsi-
flexion during early and midstance prevents the appropriate forward advancement
of the tibia over the stationary foot, which frequently promotes knee hyperextension.
Impairment in dorsiflexion range of motion in the late stance and preswing phases
interferes with push-off and forward propulsion, resulting in significant reduction
in ankle joint power generation. During swing phase, the equinus posture of the foot
may result in limb clearance impairment, whereas the lack of adequate posture of
the foot in stance phase may result in stance phase instability of the body as a whole.
Under these circumstances, correction of this problem is essential even for limited
ambulation (Figure 18.2).

 

4,5,7,9,16,19

 

Dynamic poly-EMG recordings often demonstrate prolonged activation of the
gastrocnemius and soleus complex as well as the long toe flexors as the most common
causes of plantar flexion. Occasionally, the gastrocnemius and soleus may activate
differentially, and treatment interventions must take this into consideration. Inversion
is the result of the overactivation of the tibialis posterior and anterior in combination
with the gastrocnemius, soleus, and, at times, the extensor hallucis longus (EHL).

 

FIGURE 18.2

 

Example of a patient with equinovarus ankle foot posture with abnormal force
application (A–P and P–A views).
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If the tibialis posterior and anterior are both contributing to the varus deformity, a
decision has to be made about which one of the two muscles is the main contributor.
Two approaches are possible. The first one is to use the joint powers obtained as
part of the kinematic data in routine gait analysis. The second consideration is a
diagnostic posterior tibial nerve block with lidocaine or other short-lasting local
anesthetic.

 

4,5,12,15–17,22

 

Surgical lengthening of the Achilles tendon is indicated when the patient’s foot
and ankle position is not adequately controlled by an orthosis, or when attempting
to make the patient brace-free. Because equinus and toe curling usually accompany
the varus deformity, a lengthening of the Achilles tendon should be performed first
and the toe flexor tendons divided. When calf weakness is evident by ankle plantar
flexor powers, the flexor digitorum longus (FDL) tendon can be transferred to the
heel to increase plantarflexion strength. When dynamic EMG has documented the
tibialis anterior to be the cause of varus, a split anterior tibial tendon transfer
(SPLATT) is done to correct the foot inversion. The SPLATT maintains half of the
tendon on the medial aspect of the foot and transfers the other half to the lateral
side of the foot (cuboid). When spasticity of the tibialis posterior muscle is present,
a myotendinous lengthening of the tendon is performed posterior and slightly prox-
imal to the medial malleolus.

In striated toe or hitchhiker’s toe, the great toe is held in extension throughout the
gait cycle. Ankle equinus and varus may accompany this foot posture. At times, lesser
toe flexion is also noted. Dynamic poly-EMG can elucidate the contribution of an
overactive gastroc–soleus group or underactive tibialis anterior to this deformity,
because the EHL may be overactive in an effort to compensate for the lack of dorsi-
flexion in swing phase. Many of these patients complain of shoe wear problems with
discomfort from pressure of the hallux against the top of the shoe box. An overactive
EHL muscle can be fractionally lengthened by transecting the tendon as it overlies
the muscle belly, or it can be transferred to the midfoot to assist in the balanced
dorsiflexion of the foot.

 

7,11,12,18,22

 

 Symptomatic plantar fasciitis may also become evi-
dent after interventions to reduce ankle plantar flexor spasticity are carried out and the
patient increases his or her walking. 

In a recent study, patients with equinovarus foot deformities were evaluated by
two surgeons before and after laboratory gait analysis, and a surgical plan was formu-
lated.

 

7

 

 Overall a change was made in 64% of the surgical plans after the gait study
was made available to them for review. The frequency of changing the surgical plan
was not significantly different between the more and less experienced surgeons. The
agreement between surgeons increased from 0.34 to 0.76 (

 

p

 

 = 0.009) after the gait
study data were made available to them. The number of surgical procedures planned
by each surgeon became more similar after the gait studies. In this study, correction
of the equinovarus foot deformity was seen in all patients who underwent surgical
treatment based on the gait analysis results.

Sample of the EMG recordings from selected muscles normalized to the gait
cycle is depicted in Figure 18.3. The vertical line approximately at 70% of the gait
cycle indicates the end of stance time and the beginning of swing phase.

Note the electromyographic representation of clonus in the FDC, gastrocnemius,
and soleus muscles for this case. Although the tibialis posterior has prolonged
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activation in stance phase, it is the abnormal activity of the tibialis anterior with
some overactivity of the EHL that are the likely culprits of the inversion in the swing
phase.

The clonus during stance represents a stretch response consistent with spasticity.
A sample of the kinematic and kinetic data normalized to the gait cycle is depicted
in Figure 18.4. The vertical line approximately at 70% of the gait cycle indicates
the end of stance time and the beginning of swing phase. Table 18.1 shows a sample
list of the potential deforming muscle combinations.

 

FIGURE 18.4 

 

Sample of kinematic and kinetic data normalized to the gait cycle. The vertical
line at approximately at 70% of the gait cycle indicates the end of stance time and the
beginning of swing phase.

 

TABLE 18.1
Sample List of the Potential Deforming 
Muscle Combinations for Equinovarus Foot
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G–S, FHL, EHL
G–S, TP

 

  

 

G–S, FHL, TA, TP
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G–S, TA, TP, EHL G–S, FHL, FDL, TA
G–S, TP, EHL G–S, FHL, FDL, TP
G–S, EHL G–S, FHL, FDL, TA, TP
G–S, FHL

 

  

 

, TA G–S, FHL, FDL, TA, EHL
G–S, FHL, TP G–S, FHL, FDL, TA, TP, EHL

 

Note:

 

G-S = gastrocnemius-soleus; TA = tibialis anterior; 
TP = tibialis posterior; EHL = extensor hallucis longus; 
FHL = flexor hallucis longus; FDL = flexor digitorum longus
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18.4 CONCLUSIONS

 

Gait dysfunction resulting from spasticity and contracture, and impaired motor
control after upper motor neuron injury can be quite complex. Dynamic poly-EMG
as a component of instrumented gait analysis is a necessary test to optimize some
of the available treatment interventions for the equinovarus foot deformity that results
from UMNS. It is important to clearly identify the muscles involved by a combina-
tion of focused clinical examination and evaluation in the Gait and Motion Analysis
Laboratory, with the intent to improve care of the patient with UMNS. Improved
knowledge of the causes of a limb deformity can only improve the outcome of
treatment in this patient population. 
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19.1 THE PROBLEM AND THE CHALLENGE

 

The American Diabetes Association estimates that over 60,000 lower extremity
amputations are performed yearly on the 16 to 18 million individuals with diabetes
in the U.S.

 

1–3

 

 Three to four percent of diabetic individuals will have a foot ulcer at
any point in time. Fifteen percent will develop a foot ulcer or foot infection at some
point in their lifetime. Eighty-five percent of diabetes-associated amputations are
preceded by the development of a foot ulcer. The development of a foot ulcer in
individuals with diabetes is currently appreciated as the risk-associated marker for
lower extremity amputation. 

The primary risk factor for the development of a diabetic foot ulcer is peripheral
neuropathy, as measured by insensitivity to the Semmes–Weinstein 5.07 (10 g)
monofilament (Figure 19.1).

 

4–8

 

 When diabetic patient populations are screened, one
in four is insensate to the monofilament.

 

9,10

 

 Other associated risk factors include
peripheral vascular disease; history of ipsilateral partial; contralateral partial or total
foot amputation; history or presence of foot ulcer or infection; and bony/mechanical
deformity, i.e., hammertoes, bony prominences, etc.

In an era of evidence-based medicine, it appears that programs that combine the
preventive strategies of foot-specific patient education, prophylactic skin and nail care,
and therapeutic footwear have become well-accepted methods capable of decreasing
the risk for the development of diabetic foot ulcers and lower extremity amputa-
tions.

 

3,9–12

 

 These health science data take on even more importance when one under-
stands that following lower extremity amputation, individuals with diabetes experience
a significant negative impact on health-related quality of life, are at increased risk for
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undergoing amputation of the contralateral limb, and have an accelerated risk for
death at an earlier age.

 

13–15

 

The pathophysiology responsible for the development of diabetic foot ulcers and
the design of preventive and protective devices present many challenges to the
bioengineering community. Paul Brand, in his studies of Hansen’s Disease (leprosy),
showed that repetitive shear forces applied to the skin overlying bony prominences
are responsible for the tissue failure/ulceration in insensate individuals.

 

16

 

 The normal
human foot is a remarkable terminal organ of weightbearing, which is composed of
26 linked bones and a cushioned underlayer composed of muscle, uniquely differ-
entiated connective tissue, and durable skin. The linked motion between these small
bones is minimal and occurs in multiple planes. Engineering load transmission
between and through the individual bones is also very complex and difficult to
measure (Figure 19.2). The goal of this discussion is to present the beauty and the
challenge of the adult diabetic foot to the bioengineering community. The disciplines
of medicine and bioengineering will need to work together to develop methods, both
internal and external, to tackle this epidemic problem that faces our community.

 

19.2 THE NORMAL ADULT FOOT

 

Inman’s classic studies in the 1950s gave us a model of foot biomechanics that has
been scientifically substantiated over time.

 

17,18

 

 The axis of motion of the ankle joint
is directed approximately 15

 

°

 

 (5 to 25

 

°

 

) outward from the forward line of walking
progression (Figure 19.3). The arc of normal motion at the ankle joint is from

 

FIGURE 19.1

 

The Semmes–Weinstein 5.07 (10 g) monofilament is applied to areas at risk
for the development of a diabetes-associated foot ulcer (under the pulps of the toes or the
plantar surface underlying the metatarsal heads) with sufficient force to deform the filament
(corresponding to 10 g of direct pressure). Individuals who are incapable of identifying the
10 g of applied pressure have lost protective sensation and are at substantially increased risk
for developing diabetes-associated foot morbidity.
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(a)

(b)

(c)

 

FIGURE 19.2

 

The positions of the joints of the foot and the loads applied to the bones and
joints are appreciably different, depending on the period of the gait cycle: (a) heel strike, or
initial loading response, (b) foot flat, or (c) push-off, propulsion phase. Within each of these
phases, the loading forces change appreciably during the deceleration associated with initial
loading or the acceleration during push-off.
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approximately 30 to 40

 

°

 

of dorsiflexion to 30

 

°

 

 of plantarflexion. The plane of motion
of the hindfoot (talocalcanealnavicular and subtalar joint complex) occurs at an angle
of approximately 45

 

°

 

 to the plane of motion of the ankle joint (Figure 19.4). The arc
of motion in this joint complex is substantially less, and rotates about a central axis
during the stance phase of gait. The motion of these two important joint complexes is
linked, so that the normal foot assumes a preload position of supination coupled with
dorsiflexion of the ankle at heel-strike (initial loading). As loading progresses from
heel-strike to foot-flat to push-off, the foot rotates, i.e., pronates about a central axis.

 

(a)

 

FIGURE 19.3

 

The axis of motion of the ankle joint is directed approximately 15

 

° 

 

outward
from the line of walking progression. (a) Neutral ankle position that occurs during midswing
phase and foot-flat segment of stance phase. (b) External rotation plane of ankle motion
achieved with ankle dorsiflexion.
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While this complex-linked motion is occurring during the stance phase of gait, an
intricate load shift occurs at the tarsal–metatarsal joint. It has long been held that the
medial three metatarsals are stable, with motion occurring at the more mobile fourth
and fifth tarsal–metatarsal joints. It appears that the kinetic activity at this joint complex
is much more complex than earlier understood. The arc of dorsiplantar flexion, which
occurs at this joint complex, is approximately 6

 

°

 

. During the early stance phase, there
is a shift of load from the stable medial tarsal–metatarsal junction laterally to the fourth
and fifth tarsal–metatarsal joints. This allows the efficient transfer of a great deal of
loading force during midstance, without the necessity of a great deal of motion
(Figure 19.5).

 

19

 

 

 

(b)

 

FIGURE 19.3

 

(Continued).
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The coordinated muscle activity that controls this highly tuned load transfer
apparatus acts to provide a mechanically locked (pronated) and stable foot at terminal
stance. This allows the quadriceps muscle complex of the thigh to extend the knee
against a stable foot and ankle complex to achieve push-off/walking propulsion. 

Another unique loading characteristic of the foot and ankle is the eccentric loading
of the foot. The weightbearing loading vector of the hip is directly applied across the
hip joint from the acetabulum to the femoral head. Likewise, the tibia is directly loaded
by the femur, and the talus by the tibia. This is not true with the talocalcaneal joint,
where the talus overlies the medial aspect of the calcaneus, creating eccentric loading
of the calcaneus (Figure 19.6).

In summary, normal walking requires a complex coordination of joint motion
and bony stability, complex load transfer, and dynamic motor control. The magnitude

 

(a)

 

FIGURE 19.4

 

 The plane of motion of the hindfoot (subtalar joint complex) occurs approx-
imately 45

 

°

 

 to the plane of motion of the ankle joint.
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(b)

 

FIGURE 19.4

 

(Continued).

 

(a)

 

FIGURE 19.

 

5

 

(a) There is only a 6

 

°

 

 vertical arc of motion at the tarsal–metatarsal joint. (b)
During this small arc of motion that occurs as the foot is positioned in plantarflexion for
push-off, the load is shifted from the medial side of the five joint complex to the lateral joints. 
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of each of these kinetic activities is small, and current available technology is
relatively cumbersome and inadequate to determine the small magnitudes of change. 

 

19.3 PATHOPHYSIOLOGY OF DIABETIC FOOT ULCERS

 

The development of diabetes-associated foot ulcers is due to multiple related factors.
The objective designation of risk status is based on lack of protective sensation as
measured by insensitivity to the Semmes–Weinstein 5.07 (10 g) monofilament
(Figure 19.1). It has long been thought that sensory peripheral neuropathy simply
identified a loss of protective sensation. If this were true, other individuals with a
simple lack of protective sensation would develop tissue breakdown/ulceration at

 

(b)

 

FIGURE 19.

 

5

 

(Continued).
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the same rate as the diabetic. This is simply not the case. Identification of sensory
peripheral neuropathy highlights the associated presence of both motor and vaso-
motor peripheral neuropathies.

Peripheral neuropathy affects smaller motor nerves before it affects larger motor
nerves. Foot and ankle dorsiflexor muscles are smaller; hence their efferent motor
nerves are smaller and are affected earlier in the disease process than the larger
plantarflexor muscles and nerves. This leads to dynamic ankle equinus/plantarflexion
loading during stance phase. Not surprisingly, it has been shown that this increased
loading leads to increased forefoot loading under the heads of the metatarsals, and
bony failure at the midfoot leading to the development of Charcot foot arthropa-
thy.

 

20,21

 

 As the sensory and motor neuropathies are developing, a concurrent vaso-
motor neuropathy affects vessel tone and the ability to return venous fluid. This
development of chronic soft-tissue swelling makes the tissues less able to tolerate

 

FIGURE 19.6

 

Most joints are directly loaded by the joint above. In the ankle, the force of
body mass is loaded through the tibia, but is accepted by the calcaneus. This creates a bending
moment in the linkage between tibia and calcaneus.
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the shear and pressure forces applied during walking. Morbid obesity appears to
magnify these loads, increasing the potential for tissue failure.

 

22

 

 In addition, there
are differences in the quality and durability of the connective tissues covering the
bones, which possess differences in stiffness (elastic modulus). This multitude of
factors leads to tissue failure and skin ulceration.

Once the skin fails and ulcerates, the ability of the diabetic to mount an immune/heal-
ing response is impaired by the disease process.

 

23

 

 The end result of the associated effects
of diabetes is cumulative shear and pressure loading of tissues with underlying static
bony and dynamic motor deformities that are not capable of withstanding these otherwise
normally applied forces. Hence, the affected diabetic individual host is not capable of
withstanding the normally applied loads that occur during walking.

 

19.4 PREVENTION OF DIABETIC FOOT ULCERS

 

The current strategy for preventing the development of diabetic foot ulcers is a com-
bination of foot-specific patient education, prophylactic professional skin and nail care,
and the use of therapeutic/protective footwear. Current technology allows us simply
to accommodate for the structural deficiencies of the foot with footwear that attempts
to dissipate the pathologic loading forces. These devices are very restrictive and do
not allow for altered accommodation during high-stress periods of walking
(Figure 19.7). When the deformities become worse, our current solution is to add more
structural immobility with cumbersome protective orthoses (Figure 19.8).

 

FIGURE 19.7

 

Commercially available therapeutic footwear used to prevent the development
of diabetes-associated foot morbidity. The depth inlay shoe is composed of soft leather that
will accommodate for deformity with its high toe box and accommodate volume fluctua-
tion/swelling by its lacing capacity. The custom accommodative foot orthosis is composed
of pressure-dissipating materials that dissipate point loading to bony prominences over a large
surface area, as well as lessening the shear forces applied to the foot.
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When these devices become incapable of protecting the diabetic foot with
deformity due to Charcot arthropathy, we attempt surgical correction (Figure 19.9).
While generally successful in correcting the deformity, surgical successes are
achieved by corrective osteotomy and fusion. While a stable and plantargrade foot
can be achieved, this “success” is achieved at the cost of motion. This now makes
the role of accommodative/protective footwear even more crucial.

 

19.5 THE CHALLENGE OF THE DIABETIC FOOT

 

In this discussion, the factors that contribute to the development of diabetes-associ-
ated foot morbidity and the current low-tech strategies that are used in treatment
have been highlighted. The challenges to the bioengineering community are great.
The motion segments that need to be evaluated are anatomically small and their
motion segment excursions are of a very small magnitude. The transmission of
loading force is very complex and is intimately related to the position of the foot

 

FIGURE 19.8

 

Charcot Restraint Orthotic Walker (CROW). This device is custom fabricated
and lined with pressure and shear-dissipating materials. It tends to be very cumbersome but
affords some element of protection. (From Morgan, JM, Biehl III, WC, and Wagner, FWW
Jr. 

 

Clin Orthop

 

 1993; 296:58–63.)
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and the temporal timeline of the gait cycle. The greatest challenge may be in
evaluating the actual forces that lead to tissue breakdown, with shear being the
greatest culprit and the most difficult force to measure. 

Our current methods of treatment afford protection to the diabetic foot externally
by accommodative immobilization or internally by surgical stabilization, and are

 

(a)

 

FIGURE 19.9 

 

(a,b) Radiographs of a patient who failed at nonoperative accommodative
care. (d) Radiograph following successful surgical stabilization (c).
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(b)

(c)

(d)

 

FIGURE 19.9 

 

(Continued).
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both achieved at the cost of eliminating normal motion. The challenge issued to the
bioengineering community is to develop methods to measure the small motion
segments of the foot, better understand the method of force transmission therein,
and measure the pathologic forces leading to tissue failure.
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20.1 INTRODUCTION

 

Diabetes mellitus is a progressive disease that can have deleterious effects on the foot
and ankle, most notably ulceration, infection, and subsequent amputation. Ulcers can
be neuropathic, vascular (ischemic), or mixed (neuroischemic) in etiology.

 

79

 

 Compli-
cations of diabetes in the lower extremity include arterial insufficiency or peripheral
vascular disease, peripheral neuropathy, and musculoskeletal abnormalities, each of
which has been associated with the development of foot ulcers.

 

13,73

 

 Reduced blood
flow can lower tissue oxygenation and decrease wound healing, both of which can
contribute to ulceration. However, increasingly the role of foot biomechanics in the
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development of ulcers is being appreciated. Peripheral neuropathy can result in an
insensitive foot with altered structure and function, and musculoskeletal abnormalities
(including foot deformities, stiffer soft tissue, and reduced joint range of motion) can
lead to aberrant loading conditions (compression or shear) on the soft tissues of the
foot. The resulting neuropathic ulcer is caused by mechanical insult to the insensate
foot.

 

20.

 

 A critical triad of neuropathy, minor foot trauma, and foot deformity has been
found to occur in greater than two thirds of the causal pathways to ulceration.

 

64

 

The purpose of this chapter is to explore the effect of diabetes mellitus on the
biomechanics of the foot. We will begin with an overview of the etiology of diabetic
neuropathic foot ulcers, which are more common than ischemic ulcers.

 

20,79

 

 We will
also review the effects of diabetes on soft-tissue characteristics, gait patterns, joint
range of motion, Ground Reaction Force (GRFs), and foot deformities. Finally, we
will describe how foot structure relates to plantar pressure and ulceration, and how
aberrant loading (normal and shear) is related to plantar ulceration. 

 

20.2 ETIOLOGY OF DIABETIC NEUROPATHIC 
ULCERATION

20.2.1 P

 

ERIPHERAL

 

 V

 

ASCULAR

 

 D

 

ISEASE

 

Among people in the U.S. older than 40 yr of age, peripheral vascular disease is more
than twice as prevalent in people with diabetes than without (10 vs. 5%).

 

59

 

 Lack of
an adequate blood supply decreases tissue resilience, causes rapid tissue death, and
interferes with normal wound healing.

 

73

 

 Wound healing is disrupted because the
tissues are not receiving enough oxygen, nutrients, or soluble mediators critical to
the repair process.

 

71

 

 Multifactorial studies have found that arterial insufficiency was
a positive risk factor for the development of ulcers.

 

13,79

 

 However, despite the clear
role in ulcer development, arterial insufficiency is not often sufficient in and of itself
for diabetic neuropathic ulceration; rather, other factors must be present as well.

 

20.2.2 P

 

ERIPHERAL

 

 N

 

EUROPATHY

 

Although it is well accepted that peripheral neuropathy consists of deficits in all
three components of the peripheral nervous system (sensory, motor, and autonomic),
it is often the case that sensory neuropathy is emphasized.

 

17

 

 While sensory neur-
opathy plays a very important role in the development of neuropathic ulcers, there
are also motor and autonomic neuropathic components that should be considered
as well.

Peripheral 

 

sensory neuropathy 

 

can lead to loss of light-touch feeling, vibration
perception, and protective sensation.

 

27

 

 Indications of sensory neuropathy to the
patient can be paresthesia (tingling), thermal and touch insensitivity, and numbness.

 

27

 

Sensory neuropathy can be disastrous to the diabetic patient; due to absent protective
sensation, accidental mechanical or thermal trauma to the foot may occur unbe-
knownst to the patient. This trauma can lead to inflammation, tissue breakdown,
ulceration, and infection.

 

22
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Sensory neuropathy

 

, as quantified using several different measures, has been
found to be an independent predictor of ulcers in several multifactorial studies.

 

1,13,66,79

 

Rith-Najarian et al

 

.

 

 and Boyko et al

 

.

 

 found positive relationships between insensitivity
to Semmes–Weinstein 5.07 mm (10 g) monofilament and ulcers

 

13,66

 

 Abbott et al

 

.

 

determined that there was a positive relationship for both vibration perception
threshold and a reflex/muscle strength score and ulcers,

 

1

 

 while Walters et al. asso-
ciated absent light-touch sensation with ulceration.

 

79

 

Motor neuropathy

 

 can affect both the intrinsic and extrinsic musculature of the
lower extremity. Andersen et al. found a significant decrease in muscle strength when
comparing 56 Type 1 diabetic neuropathic patients with gender-, age-, and BMI (body
mass index)-matched healthy controls.

 

6

 

 The diabetic patients had a 21% reduction in
both ankle dorsiflexor and ankle plantar flexor strengths. In 1997, the same group also
examined 8 diabetic neuropathic patients, 8 diabetic nonneuropathic patients, and 16
healthy subjects matched for age, gender, and BMI using magnetic resonance imaging
(MRI).

 

4

 

 They found that the neuropathic patients had 41% of the ankle dorsiflexor and
plantar flexor strengths of the nonneuropathic patients. Furthermore, using stereological
imaging techniques, the neuropathic patients had a 32% reduction in the volume of the
nonneuropathic patients. Bus et al

 

.

 

 used MRIs of frontal plane sections to explore how
diabetic neuropathy affects the intrinsic musculature.

 

17

 

 They determined that there was
a 73% decrease in the muscle cross-sectional area between the diabetic neuropathic
subjects and the controls. Intrinsic muscle weakness can lead to extrinsic muscles that
function earlier and for a longer period of time without the stabilizing influence of the
intrinsics; this results in ‘‘extensor substitution,” also known as the ‘‘intrinsic minus
foot.” This imbalance has been associated with toe deformities (claw and/or hammer
toes), prominent metatarsal heads, equinus contractures, and/or a varus hindfoot

 

11,73

 

although some recent studies have contradicted this notion (see below).

 

17,77

 

 Motor
neuropathy can also lead to an altered gait pattern that may lead to aberrant pressures
and subsequent ulcer formations.

 

22

 

Loss of autonomic control can indirectly lead to ulceration. The process begins
by simply causing a loss of sweating in the foot, which can lead to dry, cracked skin
that serves as an entry point for infection.

 

27,67

 

 This is often the key symptom for
indicating autonomic neuropathy. 

 

20.2.3 M

 

USCULOSKELETAL

 

 A

 

BNORMALITIES

 

Since this chapter deals with the biomechanics of the diabetic foot, musculoskeletal
abnormalities are a central component of this review. As such, we will go into much
greater detail on how diabetes causes altered tissue properties (e.g., stiffer plantar
soft tissue), aberrant foot mechanics (e.g., reduced joint range of motion), and
specific deformities (e.g., hammer/claw toes) later in the chapter. For now, suffice
to say that diabetes greatly alters the lower extremity musculoskeletal system.

 

20.2.4 A

 

BERRANT

 

 L

 

OADING

 

The musculoskeletal abnormalities discussed in this chapter all result in increased
loading through the soft tissue in the foot. Aberrant loading can be normal to the skin
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surface (compressive) or tangential (shear); both types of forces have been associated
with ulcer development.

 

12,25,78

 

 Mechanical stresses are closely related to the development
of neuropathic ulcers as diabetic neuropathic foot trauma may occur in three ways.

 

11

 

Constant pressure over a period of hours may exacerbate vascular problems and lead
to ischemic ulcers. High, localized pressure due to a foreign body (a nail or a stone) in
a shoe can cause immediate damage. Lastly, repetitive moderate stress (probably the
most common cause in neuropathic patients) can lead to inflammatory autolysis. 

Brand recognized that most wounds to insensitive feet are not caused by ischemia
from continuous pressure or traumatic injury, but rather due to moderate stresses
repeated again and again on the same location on the foot.

 

14

 

 As such, he studied the
effect of repetitive moderate loading levels by conducting animal experiments. Rat
feet were stimulated with repetitive pressures of 137 kPa; the footpads could with-
stand 10,000 repetitions a day without apparent damage. Hyperemia, edema, and
an increased temperature were noted, but all subsided with rest. If, however, the
same test were repeated the next day on the same foot, the swelling occurred earlier
and subsided slower. After a week, the inflamed areas of the footpad became
ulcerated and necrotic. In additional experiments, with less cycles (8000) and with
weekends to rest, the loading patterns did not lead to ulcer development, but the
footpad became hypertrophic.

Peripheral vascular disease, peripheral neuropathy (sensory, motor, and auto-
nomic), foot deformity, and aberrant soft-tissue loading are all important etiologic
considerations in the development of diabetic neuropathic foot ulcers.

 

20.3 THE EFFECT OF DIABETES ON SOFT-TISSUE 
CHARACTERISTICS

20.3.1 P

 

LANTAR

 

 S

 

OFT

 

 T

 

ISSUE

 

Several studies have demonstrated that diabetes mellitus can alter the mechanical
characteristics of the plantar soft tissue. This is important because stiffer, less compliant
tissue will not properly distribute loads, which can lead to abnormally high normal
and shear stresses. Hsu et al. compared 20 age-matched healthy subjects with 21
patients with Type 2 diabetes.

 

37,38

 

 Using an ultrasound-based device, the authors loaded
and unloaded the plantar tissues and generated stress–strain plots (Figure 20.1). They
found that diabetic tissue had increased energy absorption and a decrease in the rate
of tissue recovery in diabetic heel pads. Also using an ultrasound device, other research-
ers have shown that the plantar soft tissues were stiffer and thinner in four older diabetic
subjects, as compared to four young, nondiabetic tissues.

 

81

 

 It should be noted that the
effects of age and diabetes could not be easily separated in this study. Another group
has used an indentor system (consisting of a load cell mounted on a three-dimensional
measurement device) to study the plantar tissue beneath the metatarsal heads of 20
diabetic subjects with peripheral neuropathy and a history of ulcers and 20 control
subjects matched for age, gender, and BMI.

 

44

 

 They determined that the diabetic tissue
was stiffer than the control tissue. It has also been demonstrated that the plantar soft
tissue of diabetic neuropathic patients is harder than the tissue of age-matched diabetic
nonneuropathic or control subjects.

 

62

 

 Diabetic plantar soft tissue has been shown to
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be thinner beneath the heel and the first and second metatarsals (Table 20.1).

 

33

 

 Others
have shown that in the high-risk diabetic neuropathic foot peak plantar pressure at
the metatarsal heads is inversely proportional to soft-tissue thickness.

 

2

 

The alterations in diabetic plantar soft-tissue characteristics seen at the macro-
scopic level also have corresponding changes that occur at a cellular/microscopic
level as well. Dysvascular plantar soft tissue has been shown to have decreased
adipose cell size as well as more numerous, thicker, and fragmented elastic septa.

 

39

 

FIGURE 20.1

 

The stress–strain curve for the plantar soft tissue of a 60-yr-old healthy person
(dashed line) and a 58-yr-old patient with Type 2 diabetes (solid line). The difference between
the area under the loading curve and the area under the unloading curve is the energy
absorption. Diabetic subjects have increased energy absorption. (Reproduced from Hsu TC,
Lee YS, Shau YW. 

 

Clin Biomech

 

 (Bristol, Avon) 17(4):291–296, 2002. With permission.) 

 

TABLE 20.1
The Thickness of the Plantar Soft Tissue beneath the Heel and Metatarsal 
Heads

 

Heel 
(

 

n 

 

=

 

 48/76)
Met 1

(

 

n 

 

=

 

 48/75)
Met 2 

(

 

n

 

 

 

=

 

 48/76)
Met 3 

(

 

n 

 

=

 

 48/76)
Met 4 

(

 

n

 

 

 

=

 

 46/76)
Met 5 

(

 

n

 

 

 

=

 

 47/76)

 

Control 
subjects

18.62 

 

±

 

 0.36 12.92 

 

±

 

 0.42 14.17 

 

±

 

 0.26 13.56 

 

±

 

 0.29 12.91 

 

±

 

 0.34 11.47 

 

±

 

 0.27

Diabetic 
subjects

17.33 

 

±

 

 0.29

 

a

 

11.60 

 

±

 

 0.29

 

a

 

12.70 

 

±

 

 0.29

 

a

 

13.06 

 

±

 

 0.24 12.10 

 

±

 

 0.26 10.70 

 

±

 

 0.23

 

a

 

Statistically significantly different from control subjects.

Met 

 

=

 

 metatarsal head; 

 

n

 

 

 

=

 

 number of controls/number of diabetic subjects.

 

Source:

 

 Reproduced from Gooding GA, Stess RM, Graf PM, Moss KM, Louie KS, and Grunfeld C.

 

Invest Radiol

 

 21:45–48, 1986. With permission.
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These morphometric changes were quantified in a later study that found a 30%
smaller mean cell area, a 16% smaller mean cell diameter, and septal walls that were
75% wider than normal.

 

18

 

 Collagen fibrils in septal walls of diabetic heel pads appear
distorted and fragmented, as they are no longer arranged in parallel with band
periodicity.

 

37

 

 Biochemical changes have been found with diabetic tissue as several
parameters obtained via MRI have demonstrated differences between older, diabetic
and younger, nondiabetic tissue that are consistent with increased amounts of col-
lagen in diabetic tissue.

 

41

 

 (Note that it is possible that the effects of diabetes were
compounded with changes due to specimen age.)

 

20.3.2 P

 

LANTAR

 

 F

 

ASCIA

 

Researchers have explored how diabetes can alter the characteristics of the plantar fascia
using both ultrasound

 

24,32

 

 and computer tomography (CT) scans (Table 20.2A, B).

 

10

 

When compared to 21 healthy controls, diabetic patients without neuropathy (

 

n

 

 

 

=

 

27), diabetic patients with neuropathy (

 

n

 

 

 

=

 

 19), and diabetic patients with neuropathy
and a history of ulceration (

 

n

 

 

 

=

 

 15) were found to have significantly thicker plantar
fascia.

 

24,32

 

 Similarly, Bolton et al. examined the plantar aponeurosis of 16 diabetic
neuropathic subjects in contrast with the plantar aponeurosis of ten age-matched
healthy subjects.

 

10

 

 As with the other study, the plantar fascia was significantly thicker
with the diabetic subjects.

The plantar fascia has an important role in the biomechanics of the foot, in
particular, the windlass mechanism first described by Hicks, whereby the arch height
can be increased when the great toe extends and pulls on the hallux.

 

35

 

 It was thought

 

TABLE 20.2A
The Demographics and Plantar Fascia Thickness (

 

n

 

 or Mean 

 

±

 

 SD) of 
Control Subjects, Diabetic Subjects, Diabetic, Neuropathic Subjects, 
and Diabetic Neuropathic Subjects with a History of Ulcers

Control (n = 21)
Diabetic 
(n = 27)

Diabetic 
Neuropathic (n = 19)

Diabetic 
Neuropathic 
with Ulcer 

History 
(n = 15)

Gender (M/F) 13/8 19/8 10/9 10/5
Age (yr) 56.6 ± 11.8 52.7 ± 12.7 53.7 ± 10.4 57.3 ± 9.6
BMI (kg/cm2) 25.0 ± 3.1 25.3 ± 3.4 27.0 ± 4.9 27.5 ± 4.1
Plantar fascia 
thickness (mm)

2.0 ± 0.5 2.9 ± 1.2a 3.0 ± 0.8a 3.1 ± 1.0a

aSignificantly different (p < .05) from control subjects.

M/F = male/female; BMI = body mass index.

Source: Reproduced from D’Ambrogi E, Giurato L, D’Agostino MA, Giacomozzi C, Macellari
V, Caselli A, and Uccioli L. Diabetes Care 26:1525–1529, 2003. With permission. 
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that alterations in the mechanics of the plantar aponeurosis can affect the function of
the windlass mechanism; specifically, a thicker plantar fascia can result in an early onset
of the windlass mechanism, resulting in a stiffer foot with reduced range of motion.23

Diabetic plantar soft tissue has been found to be stiffer, absorb more energy,
recover more slowly, and be harder and thinner than healthy tissue. These macro-
scopic characteristics are also manifested with changes at the cellular level. These
alterations in the plantar soft tissue can lead to the aberrant distribution of force
beneath the foot. The plantar fascia is another lower extremity soft tissue that is
affected by diabetes in a manner that can have biomechanical consequences. This
tissue has been shown to be thicker in diabetic subjects and is thought to result in
an early onset of the windlass mechanism, resulting in a stiffer foot.

20.4 THE EFFECT OF DIABETES ON THE KINEMATICS 
AND KINETICS OF GAIT

20.4.1 GAIT PATTERNS 

Research has shown that changes in sensory perception due to peripheral neuropathy
could cause changes in gait patterns.42,51,52,65 Katoulis et al. studied 20 healthy controls,
20 diabetic non-neuropathic subjects, and 20 diabetic neuropathic subjects who were
matched for age, gender, and BMI.42 They found that diabetic neuropathic subjects
walked slower than the other groups, which they acknowledge could potentially con-
found their results. They also found that the diabetic neuropathic subjects had smaller
sagittal plane knee angles and a larger frontal plane ankle joint moment. Meier et al.
compared 15 subjects with Type 2 diabetes and polyneuropathy with 15 control
subjects who were matched for age, gender, and BMI.51 They investigated gait termi-
nation and found that the diabetic neuropathic patients approached the stopping line

TABLE 20.2B  
The Demographics and Plantar Fascia Thickness (n or Mean ± SD) 
of Control and Diabetic Subjects

Control (n = 10)
Diabetic Neuropathic

(n = 16)

Gender (M/F) 8/2 12/4
Age (yr) 53.8 ± 9.1 55.2 ± 10.5
BMI (kg/cm2) 37.0 ± 8.6 31.7 ± 7.6
Plantar fascia thickness (mm) 3.6 ± 0.8 4.2 ± 0.9a

aSignificantly different (p < .05) from control subjects.

M/F = male/female; BMI = body mass index

Source: Reproduced from Bolton NR, Smith KE, Pilgram TK, Mueller MJ, and Bae KT.
Clin Biomech (Bristol, Avon) 20:540–546, 2005. With permission. 
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with less velocity (Figure 20.2), had a weaker braking force, and took longer to develop
the force. Using three-axis accelerometers mounted to the head and pelvis, Menz
et al. studied the gait of 30 diabetic neuropathic patients and 30 age-matched controls.52

The diabetic neuropathic patients walked slower and had a reduced cadence and step
length. Those subjects also had decreased peak accelerations and a less rhythmic gait
pattern than the control subjects. Richardson et al. conducted comparisons between
older women matched for age and BMI (n = 12) with and without neuropathy
(n = 12) while walking in standard and ‘‘challenging” environments.65 The authors
demonstrated that a challenging environment affected both control and neuropathic
subjects, but that the neuropathic subjects’ gait was slower, less efficient, and more
variable than the control subjects’.

Alterations in gait patterns could also be generated in healthy subjects by sim-
ulating neuropathy. Eils et al. examined the effect of reduced plantar sensation via
an ice immersion technique on plantar pressure during gait for 40 healthy subjects.29

(Since they employed a first-step protocol, gait velocity was not reported.) Their
results indicated a shift in the plantar pressure distribution from the heel and toes
to the central and lateral forefoot and the lateral mid-foot. In 2004, the same group
also found that simulated sensory neuropathy via an ice immersion technique on 20
healthy subjects caused a ‘‘cautious” walking pattern with significant changes in
lower limb electromyography (EMG) patterns and ankle, knee, and hip kinematics
and kinetics.28 The specific changes included a delay in the timing of the braking
force (Figure 20.3); a decreased push-off vertical force (Figure 20.3); and reduced
ankle, knee, and hip angles, particularly in push-off, all indicative of an apropulsive,
‘‘cautious” walking pattern.

FIGURE 20.2 The mean anterior/posterior (A/P) center of mass (COM) velocity profile
during the approach and stop phase. The bottom axis is normalized from the first heel contact
(HC1) to velocity < 0.05 m/sec. The dashed curve is the elderly mean, while the solid line
is the diabetic mean. The vertical lines represent heel contact. Diabetic subjects had a reduced
velocity when approaching the stopping line. (Reproduced from Meier MR, Desrosiers J,
Bourassa P, and Blaszczyk J. Diabetologia 44(5):585–592, 2001. With permission.) 
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It is not clear that all of the changes in gait are due to loss of sensation.26,61 Dingwell
and Cavanagh examined 14 patients with severe peripheral neuropathy and compared
them to 12 gender-, age-, and BMI-matched controls.26 They found that neuropathic
patients were slower and exhibited increased locomotion variability. However, they
determined that the increased variability was linked to decreased self-selected velocity
rather than neuropathy. The importance of velocity rather than neuropathy is supported
by a recent study that compared the gait characteristics of 16 controls and 15 Type 2
diabetic subjects without neuropathy during linear walking and in turns of 0.33 and
0.66 m in diameter.61 They found that compared to the control group, the diabetic non-
neuropathic subjects walked at a slower velocity with a wider base of support for both
linear walking and turning. Furthermore, the diabetic subjects also had increased
flexion/extension and lateral movement at the hip, knee, and ankle compared to the
control group.

Whether the changes in gait patterns seen in diabetic patients are caused by
diabetic neuropathy or by the decreased velocity of the diabetic neuropathic subjects
is a point of contention. Nevertheless, the data demonstrate that diabetic neuropathic
patients walk differently than age-, gender-, and BMI-matched controls. Specifically,
the diabetic subjects walked slower, stopped moving differently, had altered lower
extremity joint kinematics, and had gait patterns that were more cautious, less
efficient, and more variable.

20.4.2 JOINT RANGE OF MOTION

Researchers have shown that the ankle joint’s passive characteristics are altered
with diabetes.75 Trevino et al. used a single degree of freedom device to measure
ankle torque while rotating the foot through dorsiflexion and plantar flexion. They
used this device to study the passive ankle joint motion of 42 diabetic adults and

FIGURE 20.3 The GRF of normal and iced (simulating neuropathy) subjects; the peak
braking force was delayed and the propulsive force was decreased with the iced subjects.
(Reproduced from Eils E, Behrens S, Mers O, Thorwesten L, Volker K, and Rosenbaum D.
Gait Posture 20:54–60, 2004. With permission.) 
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41 age-matched subjects without diabetes. The diabetic feet had an increased hys-
teresis (i.e., they absorbed more energy) and were stiffer in the terminal regions of
both dorsiflexion and plantar flexion (Table 20.3).

Furthermore, limited joint mobility has been associated with plantar pressures in
subjects with diabetic neuropathy.24,30,32,69,82 Fernando et al. examined diabetic patients
with and without joint mobility, along with control subjects who were matched for
age and gender.30 The authors determined if limited joint mobility was present in the
foot by examining the subtalar joint and first metatarsophalangeal joint. Plantar pres-
sure was significantly higher in patients with limited joint mobility, and there was a
strong negative correlation between joint mobility and plantar pressure. Sauseng and
Kastenbauer explored the relationship between the range of motion at the ankle joint
and first metatarsophalangeal joint, and the pressure beneath the metatarsal heads for
50 Type 1 diabetic subjects and 44 age-matched nondiabetic controls.69 They found a
significant correlation between the ankle joint range of motion and the pressure beneath
the second to fifth metatarsal heads, as well as between the first metatarsophalangeal
joints and the pressure beneath the fourth and fifth metatarsal heads. Zimny et al.
examined ankle and first metatarsophalangeal joint mobility in 70 Type 1 or Type 2
diabetic subjects, half with neuropathy, and 30 controls subjects who were matched
for age, gender, and BMI.82 The authors found that joint mobility was severely reduced
for the diabetic neuropathic patients compared to the diabetic controls and the healthy
controls, and that joint mobility was strongly inversely related to the pressure time
integral (a measure of pressure dosage). Another group studied the relationship
between plantar fascia thickness, Achilles tendon thickness, and flexion/extension of
the first metatarsophalangeal joint for 61 diabetic subjects and 21 age-, gender-,
occupation-, and BMI-matched controls.24,32 (The results of the soft-tissue thickness
analysis are discussed elsewhere in this chapter.) They found that the first metatar-
sophalangeal joint range of motion was significantly reduced in diabetic neuropathic
patients, and that this parameter was strongly related to increased vertical force.

TABLE 20.3
The Ankle Joint Passive Characteristics (Mean ± SD) for 
Control and Diabetic Subjects

Control (n = 41) Diabetic (n = 42)

Range of motion (°) 64 ± 14 65 ± 12
Hysteresis (Nm-°) 91 ± 47 162 ± 66a

Stiffness, plantar flexion (Nm/°) 0.3 ± 0.1 0.7 ± 0.33a

Stiffness, dorsiflexion (Nm/°) 0.4 ± 0.1 0.9 ± 0.33a

asignificantly different (p < 0.05) from control subjects.

Source: Reproduced from Trevino SG, Buford WL, Jr., Nakamura T, John
Wright A, and Patterson RM. Foot Ankle Int 25:561–567, 2004. With
permission.
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Diabetic subjects have been found to have altered joint mechanics compared to
healthy subjects. These changes included increased ankle joint hysteresis and stiffness
in plantar flexion as well as dorsiflexion. It has also been shown that patients with
diabetes have limited joint mobility at the ankle, subtalar, and first metatarsal joints,
and that limited joint mobility was strongly associated with increased plantar pressure
or increased vertical force.

20.4.3 GRFS AND PRESSURES

In addition to motion analysis, several groups have also examined the effect of
diabetes on the vertical and shear GRFs and pressures. Shaw et al. examined a wide
cross section of 181 subjects, found that a subset (diabetic neuropathic subjects with
previous ulcers) had increased GRFs when compared to speed-, gender-, age-, and
weight-matched controls, primarily due to increased weight acceptance.70 Con-
versely, Katoulis et al. (see above for study details; subjects were age-, gender-, and
BMI-matched, and diabetic neuropathic patients walked slower) found that diabetic
neuropathic patients had a decreased vertical component of the vertical GRF when
compared to healthy controls or diabetic controls.42 They also found that diabetic
neuropathic patients had a decreased anteroposterior shear force compared to the
diabetic controls. Despite this apparent discrepancy, it should also be noted that both
of these studies employed force plates and reported the resultant GRFs. In other
words, there was no understanding of how the forces were distributed to the various
areas of the foot.

Two groups have addressed this issue by developing force platforms that were
able to measure vertical and shear forces distributed beneath the foot.31,60,76 Perry et
al. employed a custom built 16 transducer array based on strain gage technology; the
4 × 4 array includes sensors that were 2.5 cm2 and flush with the floor.60 They
examined 12 subjects with diabetes mellitus and loss of protective sensation. The
sensor array was large enough to capture the metatarsal heads and toes. The largest
vertical pressure (189 kPa) was found beneath the medial metatarsal heads, while the
greatest shear (33 kPa) was located at the lateral metatarsal heads. However, no direct
comparison to healthy subjects was provided. A second group examined the distrib-
uted vertical and shear forces beneath the feet of diabetic neuropathic patients and
controls by rigidly attaching a pressure platform to a force plate.31,76 This allowed for
the measurement of the resultant GRF (vertical, shear, free moment, and center of
pressure) and the pressure distribution, from which the local shear forces can be
calculated by assuming that the local normal and shear forces are proportional.
Diabetic neuropathic patients with a history of ulcers had decreased heel and big toe
pressures, but increased metatarsal head pressures when compared to the controls
(Table 20.4A, B, and C and Figure 20.4). Comparing diabetic neuropathic patients
with a history of ulcers to controls, the anterior shear forces were smaller at the heel,
while posterior, medial, and lateral forces were smaller at the hallux. However, lateral
forces were greater beneath the metatarsals for diabetic neuropathic patients with a
history of ulcers. The authors also found that the diabetic neuropathic patients had a
significantly longer loading pattern and a reduced center of pressure excursion. 
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TABLE 20.4A
The Vertical GRF (Mean ± SD) of Control Subjects, Diabetic Subjects, 
Diabetic Neuropathic Subjects, and Diabetic Neuropathic Subjects 
with a History of Ulcers

Control 
(n = 21)

Diabetic 
(n = 27)

Diabetic 
Neuropathic (n = 19)

Diabetic 
Neuropathic 
with Ulcer 

History 
(n = 15)

Total foot (%BW) 108.8 ± 5.2 106.8 ± 5.3 107.4 ± 5.7 107.0 ± 9.1
Heel (%BW) 93.8 ± 8.4 91.3 ± 9.0 87.3 ± 8.4a 83.1 ± 11.1 a,b

Metatarsals (%BW) 89.9 ± 6.3 93.9 ± 6.7 96.0 ± 7.0 a 97.5 ± 7.0 a

Hallux (%BW) 21.9 ± 9.2 17.1 ± 7.7 a 14.0 ± 6.2 a 10.7 ± 6.4 a,b

aSignificantly different (p < 0.05) from control subjects.

bSignificantly different (p < 0.05) from diabetic subjects.

Source: Reproduced from Uccioli L, Caselli A, Giacomozzi C, Macellari V, Giurato L, Lardieri L,
and Menzinger G. Clin Biomech (Bristol, Avon) 16:446–454, 2001. With permission.

TABLE 20.4B
The Anteroposterior GRF (Mean ± SD) of Control Subjects, Diabetic 
Subjects, Diabetic Neuropathic Subjects, and Diabetic Neuropathic 
Subjects with a History of Ulcers 

Control 
(n = 21)

Diabetic 
(n = 27)

Diabetic 
Neuropathic (n = 19)

Diabetic 
Neuropathic 
with Ulcer 

History 
(n = 15)

Forward Peak
Total foot (%BW) 15.9 ± 3.9 15.2 ± 3.3 13.3 ± 3.9a 13.3 ± 3.8a

Heel (%BW) 15.3 ± 3.6 14.8 ± 3.4 12.5 ± 3.5a,b 11.8 ± 3.7a,b

Metatarsals (%BW) 3.3 ± 1.5 2.6 ± 1.4 2.7 ± 1.9 3.0 ± 1.5
Hallux (%BW) 0.4 ± 0.7 0.5 ± 0.6 0.4 ± 0.5 0.7 ± 1.2

Backward Peak
Total foot (%BW) 18.5 ± 3.1 16.6 ± 3.7 15.3 ± 3.7a 15.2 ± 3.5a

Heel (%BW) 0.5 ± 0.9 0.4 ± 0.8 0.9 ± 1.3 1.0 ± 1.0
Metatarsals (%BW) 13.4 ± 2.5 13.2 ± 3.3 12.6 ± 3.2 13.5 ± 3.4
Hallux (%BW) 5.3 ± 2.4 3.8 ± 2.0a 3.1 ± 1.9a 2.4 ± 1.7a

aSignificantly different (p < 0.05) from control subjects.

bSignificantly different (p < 0.05) from diabetic subjects.

Source: Reproduced from Uccioli L, Caselli A, Giacomozzi C, Macellari V, Giurato L, Lardieri L,
and Menzinger G. Clin Biomech (Bristol, Avon) 16:446–454, 2001. With permission.
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TABLE 20.4C
The Mediolateral GRF (Mean ± SD) of Control Subjects, Diabetic 
Subjects, Diabetic Neuropathic Subjects, and Diabetic Neuropathic 
Subjects with a History of Ulcers

Control 
(n = 21)

Diabetic 
(n = 27)

Diabetic 
Neuropathic (n = 19)

Diabetic 
Neuropathic 
with Ulcer 

History
(n = 15)

Medial Peak
Total foot (%BW) 4.4 ± 2.4 3.4 ± 1.6 3.3 ± 1.7 3.9 ± 1.8
Heel (%BW) 4.4 ± 2.4 3.4 ± 1.7 3.3 ± 1.7 3.9 ± 1.8
Metatarsals (%BW) 0.5 ± 0.6 0.4 ± 0.5 0.4 ± 0.6 0.4 ± 0.7
Hallux (%BW) 0.8 ± 0.7 0.4 ± 0.5 a 0.2 ± 0.3 a 0.3 ± 0.4 a

Lateral Peak
Total foot (%BW) 5.0 ± 2.3 5.0 ± 2.2 5.2 ± 2.3 6.2 ± 3.1
Heel (%BW) 3.4 ± 1.8 3.5 ± 1.9 3.6 ± 1.7 3.5 ± 1.6
Metatarsals (%BW) 3.9 ± 2.1 4.3 ± 2.0 4.4 ± 2.1 5.8 ± 3.0 a

Hallux (%BW) 0.9 ± 0.6 0.7 ± 0.5 0.7 ± 0.5 0.5 ± 0.4 a

aSignificantly different (p < 0.05) from control subjects.

bSignificantly different (p < 0.05) from diabetic subjects.

Source: Reproduced from Uccioli L, Caselli A, Giacomozzi C, Macellari V, Giurato L, Lardieri
L, and Menzinger G. Clin Biomech (Bristol, Avon) 16:446–454, 2001. With permission.

(a)

FIGURE 20.4 The (a) vertical (hallux), (b) anteroposterior (heel), and (c) mediolateral
(metatarsals) GRFs for control (C), diabetic (D), diabetic neuropathic (DN), and diabetic
neuropathic with previous ulceration (DPU). For the vertical hallux force, the GRF was
significantly reduced for DPU, DN and D vs. C and DPU vs. D; for the anteroposterior heel
force, the GRF was reduced for DPU and DN vs. D and C; for the mediolateral metatarsal
force, the lateral GRF was greater for the DPU compared to C. b.w. = body weight. (Repro-
duced from Uccioli L, Caselli A, Giacomozzi C, Macellari V, Giurato L, Lardieri L, and
Menzinger G. Clin Biomech (Bristol, Avon) 16:446–454, 2001. With permission.)
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Other researchers have used plantar pressure measurement devices to study the
normal pressure distribution without considering shear stresses.68,72 Sarnow et al.
used an F-Scan system to measure in-shoe pressures of 44 diabetic neuropathic
patients and 65 controls who were matched for age, weight, race, and gender to
determine the effect of wearing shoes on foot pressure.68 They found significantly
lower pressures on the foot for all groups when shoes were worn as compared to
when walking with socks alone. They also determined that diabetic subjects exhibited
higher peak pressures than the control group for all regions of the foot when socks
were worn alone. Stess et al. used an EMED pressure platform to measure the peak
pressures in the forefoot.72 They considered diabetic patients without neuropathy
(diabetic controls), diabetic patients with neuropathy but no history of ulcers, and
diabetics with neuropathy along with a history of ulcers; the diabetic ulcer group
was statistically significantly heavier than the diabetic control group. Compared with
the diabetic controls, the diabetic ulcer group had higher peak pressures beneath the
fourth and fifth metatarsal heads and increased pressure time integrals (a measure
of pressure dosage) at all the metatarsal heads. As with Sarnow et al., this work
indicates diabetic neuropathic subjects have aberrant plantar pressures.

There seems to be some debate as to whether changes in the distributed force
are due to diabetes or neuropathy. A recent study by Pataky et al. compared the
plantar pressure beneath the heel, first, third, and fifth metatarsals, and the great toe
between 15 diabetic nonneuropathic patients and 15 nondiabetic controls who were
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FIGURE 20.4 (Continued).
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matched for age, gender, and BMI.58 They found that peak force decreased for the
diabetic subjects beneath the heel but increased beneath the fifth metatarsal and the
big toe, while remaining unchanged at the first and third metatarsals. These data seem
to indicate that neuropathy is not necessary to see changes in the distributed GRF.

While analyses comparing vertical GRFs using just force plates have conflicting
results, others have used specialized sensors to measure distributed pressure and
shear stresses. They have found diabetic neuropathic patients with a history of ulcers
had decreased plantar pressure and shear stresses beneath the heel and hallux, but
increased plantar pressure and shear stresses beneath the metatarsal heads.

20.5 THE EFFECT OF DIABETES ON FOOT 
DEFORMITIES

There are many foot deformities that have been associated with musculoskeletal
imbalances (i.e., either overpulling or underpulling on a particular muscle tendon).
Some of these imbalances and their possible etiologies include: the pes planus defor-
mity caused by posterior tibial tendon dysfunction;49 the pes cavus deformity related
to a tight Achilles tendon; a weak tibialis anterior and a normal tibialis posterior and
peroneus longus;50 the clawed hallux deformity, which is caused by overactive extensor
hallucis longus, flexor hallucis longus, and/or peroneus longus;57 and the hammer/claw
toe deformity, which can be due to an imbalance between the foot extrinsic muscles
(which have normal strength) and foot intrinsic muscles (which are weak).56 Although
all of these deformities can arise with diabetic subjects, it is the hammer/claw toe
deformity that we will emphasize.

The plantar surface of the foot is well protected with thick fat pads that normally
dissipate applied forces; problems arise, however, when these pads are displaced or
atrophied.73 One common musculoskeletal imbalance seen with diabetic subjects,
which can cause displacement of the fat pads, is the hammer/claw toe deformity.15

(Hammer toes are defined as extended metatarsophalangeal joints, flexed proximal
interphalangeal joints, and extended distal interphalangeal joints, while claw toes
are defined as extended metatarsophalangeal joints, flexed proximal interphalangeal
joints, and flexed distal interphalangeal joints; the two have similar etiologies and
are often lumped together in the literature as one deformity of the lesser toes. In the
hallux, a claw toe is possible extended metatarsophalangeal joints and flexed inter-
phalangeal joint, but a hammer toe is not; hence, the term ‘‘clawed hallux” is used,
but ‘‘hammer hallux” is not.) The primary cause for this deformity has been thought
to be imbalance11,43,56,74 between the intrinsic foot muscles (the lumbricals and
interosseus muscles), which are normally responsible for holding the proximal
phalanx against the ground, and the extrinsic foot muscles that insert on the distal
phalanx (the extensor digitorum longus and the flexor digitorum longus), which
extend and flex the toes, respectively. Although all lower extremity muscles are
affected by motor neuropathy in the diabetic neuropathic foot, the more distally
located intrinsic muscles are affected before the extrinsic muscles are;5 when the
intrinsic muscles are weakened, it is theorized that they are overpowered by the
extrinsic muscles. This is exacerbated by dorsiflexion of the metatarsophalangeal
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joint, which causes the moment arm of the interosseous tendons to decrease, further
reducing their ability to keep the proximal phalanx plantar flexed.9

However, two recent studies using MRI to quantify intrinsic muscle atrophy in
diabetic neuropathic subjects have raised important questions with this hypothesis.5,17

Bus et al.’s work has been summarized elsewhere in this chapter; briefly, they found
a 73% decrease in muscle cross-sectional area when comparing diabetic neuropathic
patients to controls.17 Similarly, Andersen et al. conducted a study to examine intrinsic
muscle volume.5 They considered 15 neuropathic diabetic patients, 8 non-neuropathic
diabetic patients, and 23 control subjects matched for age, gender, and BMI. They
found that neuropathic patients had a little more than 50% of the intrinsic muscle
volume of the non-neuropathic diabetic or the control subjects. However, Bus et al.
noted that only two of the eight neuropathic patients that they studied had toe defor-
mities. They concluded that the lack of toe deformity in a representative diabetic
neuropathic population suggested that intrinsic muscle atrophy may not be the primary
causative factor as once thought.17 None of Andersen et al.’s 15 diabetic neuropathic
patients had a significant foot or toe deformity, which they stated ‘‘supports the notion
that loss of foot muscles precedes development of toe abnormalities.”5

In support of Bus et al. and Andersen et al.’s conclusions, Van Schie et al. pointed
out ‘‘while it is commonly accepted that specific foot deformities in diabetes are
the result of a muscle imbalance between intrinsic and extrinsic musculature, the
relationship has not received much scientific attention to date.”77 They aimed to
address this potential shortcoming in the literature by studying nerve conduction
velocity, muscle weakness, and foot deformity in diabetic men, as well as the
relationship between muscle weakness, foot deformities, and sensory neuropathy in
diabetic men with or without motor neuropathy or foot ulceration. While the authors
found a relationship between motor nerve conduction deficit and muscle weakness,
they were unable to determine if muscle weakness caused foot deformities or if foot
deformities caused muscle weakness. They noted that prominent metatarsal heads
and toe deformities have similar etiologies and that deficiencies in the plantar
aponeurosis, joint capsules, and intrinsic musculature are all likely to lead to an
extended proximal phalanx. 

Regardless of the specific etiology of hammer/claw toes, other research has
shown that the fat pads of diabetic neuropathic subjects are displaced distally15 and
that subjects with hammer/claw toes have elevated plantar pressures.16 Bus et al.
examined 13 diabetic neuropathic subjects with toe deformity, 13 age- and gender-
matched neuropathic subjects without deformity, and 13 age- and gender-matched
control subjects.15 They found that neuropathic patients with deformities had signif-
icantly thinner plantar soft tissue beneath the metatarsal heads but thicker soft tissue
beneath the phalanges, indicating a distal displacement of the fat pad. In 2005, the
same group also reported the plantar pressure from diabetic neuropathic subjects
with (n = 13) and without (n = 13) toe deformities.16 It was determined that feet
with toe deformities had higher pressures beneath the metatarsal heads, in addition
to the thinner fat pads (Figure 20.5).

The hammer/claw toe deformity is often seen with diabetic subjects. The cause
is thought to be a muscle imbalance between the extrinsic and intrinsic muscles of
the foot. However, recent work has shown that subjects with intrinsic muscle atrophy
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do not have hammer/claw toes, calling the well-accepted etiology into question. It
has been shown that hammer/claw toes (regardless of etiology) do have higher plantar
pressures due to displaced fat pads beneath the metatarsal heads.

20.6 THE RELATIONSHIP BETWEEN FOOT STRUCTURE 
AND PLANTAR PRESSURE

Cavanagh et al. measured various x-ray parameters and peak plantar pressures from
50 healthy adult subjects.21 From standard lateral and anterior/posterior radiographs,
27 measurements, i.e., static parameters, were obtained. The peak plantar pressures
during walking from regions beneath the same feet were taken as dynamic functional
measures. A stepwise regression was employed to determine what percentage of the
variability in the peak pressure at the heel and first metatarsal head could be explained
with the radiographic parameters. Only 31 and 38% of the variance in plantar
pressure beneath the heel and first metatarsal, respectively, were explainable with

(a)

(b)

FIGURE 20.5 The peak plantar pressures and corresponding sagittal plane MRI scans for
two matched subjects, one with a normally aligned toe and one with a hammer/claw toe. The
foot with the deformity has a much higher pressure and a reduced fat pad thickness. (Repro-
duced from Bus SA, Maas M, de Lange A, Michels RP, and Levi M. J Biomech 38:1918–1925,
2005. With permission.) 

1000.0 kPa

1000.0 kPa
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the radiographic parameters. The authors concluded that the dynamics of gait are a
major influence on plantar pressures.

Morag and Cavanagh broadened the above study by correlating both structural
and functional parameters to the functional outcome of peak plantar pressure.53 The
potential predictor variables included physical characteristics, anthropometric data,
passive joint ranges of motion, radiographic parameters, plantar soft-tissue mechan-
ical properties, stride parameters, three-dimensional foot motion, and EMG data.
Peak pressure values were obtained for the heel, midfoot, first metatarsal head, and
hallux. A best subset regression was performed in order to limit the number of
variables in the regression and to preserve physical meaning for the final models.
For each of the four areas, approximately 50% of the variance could be explained
by the measured structural and functional parameters, indicating that there are
additional parameters that the authors have not yet considered. Nevertheless, this
represented an improvement from static radiographic parameters considered alone.
It should be noted that neither of the studies from Cavanagh’s group concentrated
on diabetic feet. However, these papers are germane to the topic because of the
importance of foot structure and plantar pressure on ulcer development.

Ahroni et al. conducted an extensive study of diabetic foot pressures and their
relation to a large number of possible factors, including, but not limited to, weight,
neuropathic status, various foot deformities, insulin use, and history of ulceration.3

They performed 1017 pressure recordings from 517 subjects using an F-scan in-
shoe pressure sensor. Both univariate and multiple regression analyses were per-
formed on the data; the discussion here will be limited to the parameters relevant
to foot architecture. The specific foot deformities studied were hallux valgus,
hallux limitus, hammer/claw toes, prominent metatarsal heads, and Charcot foot.
With the univariate analysis, there was significantly increased hallux pressure with
hallux valgus or hallux limitus, and significantly decreased pressure with ham-
mer/claw toes or prominent metatarsal heads. The metatarsal head peak pressure
was significantly higher with hammer/claw toes or prominent metatarsal heads,
and significantly lower with hallux limitus. Finally, the peak pressure at the heel
was significantly larger when hallux limitus was present. When a multivariate
analysis was conducted, the peak hallux pressure was proportional to hallux limitus
and hallux valgus and inversely related to hammer/claw toes; the peak metatarsal
head pressure was related to prominent metatarsal heads and inversely related to
hallux limitus; the peak heel pressure was not related to any biomechanical
variables. These results demonstrate a relationship between foot structure and peak
plantar pressure.

To determine which structural parameters best predicted forefoot plantar pres-
sure, Mueller et al. enrolled 20 diabetic subjects with peripheral neuropathy and 20
people without diabetes who were age-, gender-, and BMI matched.54 Their measures
of foot structure were taken primarily from a CT scan of the foot (Figure 20.6),
while plantar pressure was obtained with an F-Scan system. They used a hierarchical
multiple regression analysis to predict peak plantar pressure at the great toe and five
metatarsal heads. There were able to account for 47 to 71% of the variance for the
diabetic group, with the metatarsophalangeal joint being the most important variable.
For the healthy subjects, they were able to predict 52 to 83% of the variance, with
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soft-tissue thickness, hallux valgus angle, and forefoot arthropathy having the most
influence.

With increasing sophistication, researchers have used various static and some
dynamic measurements to predict the variance of peak plantar pressures. Recently,
approximately three quarters of the plantar pressure variance has been predicted
beneath the metatarsal heads of diabetic and healthy subjects.

20.7 THE RELATIONSHIP BETWEEN FOOT STRUCTURE 
AND ULCERATION

Several studies have either directly or indirectly investigated the relationship between
foot structure and ulcer development.8,46,55 Mueller et al. explored the relationship
between foot deformity and ulcer location by retrospectively examining 42 feet with
existing ulcers and foot deformity, which were classified as: (1) Charcot foot, (2)
compensated forefoot varus, or (3) uncompensated forefoot varus or forefoot valgus.55

By dividing the plantar mid-foot and forefoot into three regions, they were able to
demonstrate that Charcot feet were more likely to have mid-foot ulcers (six of seven),
feet with compensated forefoot varus had ulcers under the second, third, or fourth
metatarsal heads (9 of 18), while feet with uncompensated forefoot varus or forefoot
valgus had ulcers under the first or fifth metatarsal heads (15 of 17), thus demon-
strating that ulcer location is related to the structure of the foot (i.e., foot deformity).

Bevans has demonstrated that diabetic neuropathic ulcerations may be related
to biomechanical foot alignment by studying the relationship between static calca-
neal stance position and the location of ulcers in diabetic subjects.8 In this study, 28
feet from 19 patients with either active or recently healed neuropathic ulcerations
were examined. All were associated with abnormal hindfoot alignment. He also
noted that an everted calcaneus was associated with ulcers under the medial meta-
tarsal heads and an inverted calcaneus was associated with ulcers under metatarsal

FIGURE 20.6 A lateral CT scan through the second metatarsal of a subject with diabetes
mellitus. Angle ABC was a measure of calcaneal inclination, line CD was a measure of soft-
tissue thickness, and angle EFG is a measure of hammer/claw toe deformity. (Reproduced
from Mueller MJ, Hastings M, Commean PK, Smith KE, Pilgram TK, Robertson D, and
Johnson J. J Biomech 36:1009–1017, 2003. With permission.)
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heads 4 and 5 (r = .87, p < .001). This investigation indicates that biomechanical
foot alignment may play a major role in the development (i.e., occurrence and
location) of diabetic foot complications. 

More recently, Ledoux et al. examined the relationship between foot type,
foot deformity, and ulceration in a group of high-risk diabetic subjects.46 Foot
type was associated with foot deformity (pes planus feet and hallux valgus or
hallux limitus and pes cavus feet and hammer/claw toes), but not with ulcer
outcome (Table 20.5). However, fixed hammer/claw toes and hallux limitus were
associated with ulcer occurrence, affirming the relationship between foot defor-
mity and ulceration. 

Several groups have explored how foot structure is related to ulceration by
demonstrating that certain foot deformities are more likely to develop ulcers in
specific locations.

TABLE 20.5
Demographic, Foot Type, and Foot Deformity Variables (Mean ± SD or 
Percentage) by Ulcer Outcome and Odds Ratios and p-Values Calculated 
from Logistic Regressions of Ulcer Outcome on These Variables

No Ulcer (n = 722) Ulcer (n = 26)
OR (95% CI): 
Ulcer vs. None p-Value

Gender (%Male) 76.3 88.5 2.38 (0.71, 7.99) 0.2
Mean age (yr) 62.3 ± 10.1 65.8 ± 10.5 1.43a (0.95, 2.16) 0.09
Mean BMI (kg/m2) 33.0 ± 7.0 30.9 ± 6.3 0.78b (0.56, 1.07) 0.1
Duration of DM >10 y (%) 42.9 53.9 1.55 (0.71, 3.38) 0.3
Neuropathy (%) 55.0 88.5 6.28 (1.88, 21.0) 0.003
Foot type (%) 0.7

Neutrally aligned 51.0 50.0 1.00
Pes planus 29.2 34.6 1.25c,d (0.53, 2.98) 0.6
Pes cavus 19.8 15.4 0.77c,d (0.25, 2.37) 0.7

Hallux valgus (%) 23.6 42.3 1.97c (0.90, 4.31) 0.09
Hammer/claw toes (%) 0.001

None 53.2 38.5 1.00
Supple 36.8 23.1 0.68c,e (0.25, 1.87) 0.5
Fixed 10.0 38.5 3.91c,e (1.57, 9.71) 0.003

Hallux limitus (%) 23.1 53.9 3.02c (1.37, 6.66) 0.006

aPer 10-yr increase.
bPer 5 kg/m2 increase.
cAdjusted for neuropathy.
dVs. neutrally aligned foot type.
eVs. none

Source: Reproduced from Ledoux WR, Shofer JB, Smith DG, Sullivan K, Hayes SG, Assal M, and
Reiber GE. J Rehabil Res Dev 42(5):665–672, 2005. With permission.
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20.8 THE RELATIONSHIP BETWEEN PLANTAR 
PRESSURE AND ULCERATION

Boulton et al. studied 41 diabetic neuropathic subjects with and without a history
of ulceration (n = 22 feet and n = 59 feet, respectively), 41 diabetic subjects
without neuropathy (n = 81 feet), and 41 nondiabetic controls (n = 82 feet).12 All
groups were matched for age and gender. The authors noted that 100% of the
neuropathic feet with previous ulcers had aberrant peak pressures (defined as
greater than 11 kg/cm2) underneath the metatarsal heads at the site of ulceration
(Table 20.6). In comparison, high plantar pressures were found in 31% of the
diabetic neuropathic feet without a history of ulceration, 17% of the diabetic
controls, and 7% of the nondiabetic subjects. This retrospective study indicates
a strong link between plantar pressure and ulcer development.

In a prospective study, Veves et al. studied diabetic patients (n = 86) who were
neuropathic (n = 58) or non-neuropathic (n = 28).78 They measured plantar pressures
during walking as a baseline and followed the subjects for a mean period of 30
months (range of 15 to 34 months) and noted the incidence of neuropathic ulceration.
Of all the patients, 43 subjects (31 neuropathic and 12 non-neuropathic) exhibited
high pressures (defined as greater than 12.3 kg/cm2) at baseline. Fifteen (35%) of
the diabetic patients (14 of 31 neuropathic and 1 of 12 non-neuropathic) developed
plantar ulcers (Table 20.7); all of these patients had aberrantly high pressures at
baseline. In contrast, none of the patients with normal baseline pressures developed
ulcers. These results demonstrate that plantar pressure is highly predictive of sub-
sequent plantar ulceration. However, it should be noted that 17 out of 31 diabetic
neuropathic patients who had high foot pressures did not develop neuropathic ulcer-
ation, suggesting that while both abnormal peak plantar pressure and insensitivity
are necessary for ulceration to occur, these factors in and of themselves are not
sufficient to predict ulcer development. Also, the authors did not explore if the
location of the high baseline pressure was related to the location of the eventual ulcer.

Recently, a prospective study on the relationship between plantar pressure and
ulceration was completed by Ledoux et al. as part of the Seattle Diabetic Foot

TABLE 20.6
Percentages of Feet with Abnormally High Pressures for the Four 
Groups

No. Feet % Abnormal

Diabetic subjects with neuropathy and a history 
of foot ulceration

22 100

Diabetic subjects with neuropathy 59 31
Diabetic subjects 81 17
Control subjects 82 7

Source: Reproduced from Boulton AJ, Hardisty CA, Betts RP, Franks CI, Worth RC, Ward
JD, and Duckworth T. Diabetes Care 6:26–33, 1983. With Permission.
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Study.45 Diabetic subjects (n = 549) were enrolled from a single VA hospital and
five trials of in-shoe plantar pressure were collected on both feet using an F-Scan
system. A mask was applied to each trial to separate pressure data into eight areas:
heel, lateral mid-foot, medial mid-foot, first metatarsal head, second through fourth
metatarsal heads, fifth metatarsal head, hallux, and other toes. During follow-up
(2.5 ± 1.7 yr), 42 subjects developed plantar ulcers. Without adjusting for ulcer site,
the peak pressure was significantly higher (mean ± standard error) in sites where ulcers
developed (214.7 ± 18.2 kPa) than in sites where there were no ulcers (193.9 ± 1.2,
p = .0001). In the analyses that considered whether plantar pressure differed within
each foot site by foot ulcer occurrence, no significant differences were seen for peak
pressure (mean difference –3.1 kPa, p = .6). If, however, only the metatarsal ulcers
were considered, then there was a strongly significant relationship, i.e., the locations
that ulcerated experienced higher pressures (333.7 ± 43.0 vs. 242.7 ± 2.0, p < .0001).
This analysis demonstrates the importance of accounting for ulcer location when
associating plantar pressure and diabetic foot ulceration.

Studies have shown retrospectively and prospectively that high-peak plantar pres-
sure 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. 

20.9 THE RELATIONSHIP BETWEEN SHEAR STRESS 
AND ULCERATION

Several authors have postulated that shear stress is an important component of ulcer
development.14,34,40 While it is known from force plate analyses that there are medial/
lateral and anterior/posterior shear components of the GRF, there is little known about

TABLE 20.7
Foot Pressure Measurements and Plantar Ulceration

Diabetic (n = 86)
Neuropathic Subgroup 

(n = 58)
Non-Neuropathic 
Subgroup (n = 28)

Baseline peak 
pressure (mean ± SD, 
kg/cm2)

11.2 ± 5.4 12.2 ± 5.8 9.0 ± 3.9

Number of patients 
with high foot 
pressures at baseline

43 (50%) 31 (53%) 12 (43%)

Number of patients 
with plantar 
ulceration and high 
pressures at baseline

15 (35%) 14 (45%) 1 (8%)

Source: Reproduced from Veves A, Murray HJ, Young MJ, and Boulton AJ. Diabetologia
35:660–663, 1992. With permission.
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the actual distribution of this force during daily activities, nor about the role that shear
plays in causing plantar ulceration.19 It has been suggested that the effects of shear and
pressure on damaging deeper soft tissue are additive.47 In the mid-thigh region, pressure
and shear components, resulting in internal compressive stress of deep tissue, have been
shown to have equal effects on reducing blood flow.80 Elsewhere, at the thenar eminence,
blood flow occlusion has been shown to be affected by shear stress.7 

Unlike vertical pressure, which has been linked both retrospectively and pro-
spectively to ulceration,12,45,78 shear stress has not been clearly associated with
ulcer development. Only one study retrospectively measured shear forces at the
location of recently heeled ulcers. Pollard and Le Quesne studied seven ulcerated
feet from six diabetic subjects and found that ulcers occurred at the areas of highest
vertical and shear stress.63 However, positioning and holding the sensor in place
was accomplished by taping the sensor to the subject’s skin. This method of
transducing shear forces could have caused elevated forces while attempting to
measure them. Further study with a larger number of subjects and a less obtrusive
sensor is required.

Recently, Lord and Hosein have employed a magnetoresistive-type shear sensor
to study ten asymptomatic (mean 34.3 yrs of age) and six not age-matched diabetic
(mean 65.3 yrs of age) subjects.36,47 Peak vertical pressure was also measured with
an F-Scan system. The shear sensors, which are embedded in a Plastazote–Poron
insole, have been described and used previously.48 Due to size constraints, only the
heel and two metatarsal heads could be measured at one time. Therefore, two insoles
were made; one measured the heel and the second and fourth metatarsals, while the
other measured the heel and the first and third metatarsals. Over all areas, the
maximum shear stress of the asymptomatic (87 kPa) did not differ from the diabetic
(73 kPa). The diabetic subjects did demonstrate lower magnitudes on the third and
fourth metatarsal heads (51/39 vs. 86.5/71 kPa, respectively) as well as higher
magnitudes on the first and second metatarsal heads (73/64 vs. 35/31 kPa, respec-
tively), indicating a medial shift of the loading. A corresponding relationship was
not seen with the pressure data. Additionally, the six diabetic patients had nine
previous ulcers, eight beneath the first or second metatarsal heads, and one beneath
the fifth. Although not a direct correlation, the location of the ulcers is suggestive
of a relationship between increased shear and ulceration. It should be noted that the
study groups were not age matched nor was foot architecture considered. Thus, the
medial shift in loading could possibly be explained by the fact that the older group
may have had flatter feet.

High-shear stress is thought to play a role in plantar ulcer development, but the
evidence is not as direct as with peak pressure. Higher shear stresses have been
found after ulcers have healed, but the sensor itself may have contributed to the stress.

20.10 SUMMARY

Peripheral vascular disease, peripheral neuropathy (sensory, motor, and autonomic),
foot deformity, and aberrant soft-tissue loading are all important etiologic consid-
erations in the development of diabetic neuropathic foot ulcers. 
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Diabetic plantar soft tissue has been found to be stiffer, absorb more energy,
recover more slowly, and be harder and thinner than healthy tissue. These macro-
scopic characteristics are also manifested with changes at the cellular level. These
alterations in the plantar soft tissue can lead to the aberrant distribution of force
beneath the foot. The plantar fascia is another lower extremity soft tissue that is
affected by diabetes in a manner that can have biomechanical consequences. This
tissue has been shown to be thicker in diabetic subjects and is thought to result in
an early onset of the windlass mechanism, resulting in a stiffer foot.

Whether the change in gait patterns seen in diabetic patients is caused by
diabetic neuropathy or by the decreased velocity of the diabetic neuropathic
subjects is a point of contention. Nevertheless, the data demonstrate that diabetic
neuropathic patients walk differently than age-, gender-, and BMI-matched con-
trols. Specifically, the diabetic subjects walked slower; stopped moving differently;
had altered lower extremity joint kinematics; and had gait patterns that were more
cautious, less efficient, and more variable. Diabetic subjects have been found to
have altered joint mechanics compared to healthy subjects. These changes included
increased ankle joint hysteresis and stiffness in plantar flexion as well as dorsi-
flexion. It has also been shown that patients with diabetes have limited joint
mobility at the ankle, subtalar, and first metatarsal joints, and that limited joint
mobility was strongly associated with increased plantar pressure or increased
vertical force.

While analyses comparing vertical GRFs using just force plates have conflicting
results, others have used specialized sensors to measure distributed pressure and
shear stresses. They have found diabetic neuropathic patients with a history of ulcers
had decreased plantar pressure and shear stresses beneath the heel and hallux, but
increased plantar pressure and shear stresses beneath the metatarsal heads.

The hammer/claw toe deformity is often seen with diabetic subjects. The cause
is thought to be a muscle imbalance between the extrinsic and intrinsic muscles of
the foot. However, recent work has shown that subjects with intrinsic muscle atrophy
do not have hammer/claw toes, calling the well-accepted etiology into question. It
has been shown that hammer/claw toes (regardless of etiology) do have higher plantar
pressures due to displaced fat pads beneath the metatarsal heads. With increasing
sophistication, researchers have used various static and some dynamic measurements
to predict the variance of peak plantar pressures. Recently, approximately three-
quarters of the plantar pressure variance has been predicted beneath the metatarsal
heads of diabetic and healthy subjects.

Several groups have explored how foot structure is related to ulceration by
demonstrating that certain foot deformities are more likely to develop ulcers in
specific locations. 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. Higher shear stresses have been found after ulcers have healed, but the
sensor itself may have contributed to the stress.
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21.1 INTRODUCTION

 

Fractures of the fifth metatarsal (MT) of the human foot are among those most
commonly observed by orthopedic surgeons.

 

1–3

 

 Fracture occurrence is associated
with running and sports activities such as recreational basketball. One anatomical
characteristic of the fifth MT is the strong ligamentous capsule surrounding the base,
which binds it to the cuboid and fourth MT. This coupling makes it easier to fracture
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the fifth MT than to rupture the powerful ligaments.

 

1

 

 Both proximal metaphyseal
avulsion-type fractures and Jones fractures occur near the base of the fifth MT

 

4,5

 

(Figure 21.1). Jones fractures occur typically at the junction of the metaphysis with
the diaphyseal segment of the proximal fifth MT at least 1.5 cm distal to the styloid
process. By definition, these fractures do not enter the tarsometatarsal joint.

 

6–10

 

 
Jones fractures can occur when the forefoot experiences high loads, creating an

acute injury, or it can develop from repetitive loading, resulting in a stress fracture.

 

10–12

 

Conservative (nonoperative) treatment is reported to be more successful when subjects
do not weight bear until clinical evidence of union is achieved.

 

13,14

 

 This period may
take from 2 to 12 months. This delay makes surgical treatment more desirable for

 

FIGURE 21.1 

 

Anatomy of the foot and fractures of the fifth MT. (Illustration by Sally
Cummings, Shriners Hospitals for Children, Chicago, IL.)
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some patients, including athletes who want to return to their sports more rapidly.
Operative treatment includes bone grafting and intramedullary screw fixation. With
operative treatment, over 80% of the patients achieved union within 6 to 12 weeks.

 

13–16

 

The Jones fracture is thought to result from forcible inversion of the foot, with
the ankle in plantar flexion. This places a medial force over the base of the fifth
MT.

 

4,6,10

 

 Activities associated with Jones fractures include falls, jumping, turning or
pivoting, and stepping on uneven surfaces.

 

8–10,17–19

 

 There have been a lot of postula-
tions on the causation of Jones fractures, but disagreement exists on whether inversion
is necessary and what role the muscle forces play on the fracture.

 

3,6,8,12,19

 

 These studies
have focused on observations, cadaveric testing, and investigating the means of injury.
Only two studies have investigated the internal stresses in the fifth MT in regard to
Jones fractures. Roca et al

 

.

 

, in 1980,

 

20

 

 provided evidence (with a photoelastic model)
that the peroneus brevis (PB) contributes to stresses that may result in Jones fractures.
However, this model could only describe the changes in stress qualitatively and not
quantitatively. Arangio et al., in 1997,

 

21

 

 conducted a quantitative analysis of stress
distribution on the fifth MT using beam theory. They found that the fifth MT is most
susceptible to fracture when the foot is inverted 30 to 60

 

°

 

 and the forces are above
the levels of normal walking, suggesting Jones fractures are stress fractures. This
study, however, was limited to a simplified loading condition (a single force at the
fifth

 

 

 

MT head) and did not include muscle forces or accurate real-life ground reaction
forces (GRFs). Further comprehensive models, which incorporate muscle forces,
ligament forces, bone density, and dynamic analysis of normal locomotion, are needed
to better understand the biomechanical conditions that result in a stress fracture in
the proximal fifth MT, and how these affect the condition that may lead to difficulties
in healing Jones fractures. Recently, the finite element (FE) approach has been
employed to simulate the motions, forces, and stresses of the foot,

 

22–24

 

 but no studies
have been reported on the Jones fracture.

As a preliminary approach toward the comprehensive and systematic investigation,
we developed a hypothesis that Jones fracture location correlates with the von Mises
stress concentration in an anatomic model to an accuracy of 1 mm. The objectives of
the present work were to develop an anatomically correct three-dimensional (3-D) FE
model of the fifth MT that accurately incorporates muscular forces, GRFs, and liga-
mentous attachments. An analysis of stress distribution throughout the bone is done
to determine where the fifth MT is most susceptible to fracture. The model is also
used to systematically alter muscular forces to determine their sensitivity and contri-
bution in the development of stress concentrations throughout the fifth MT.

 

21.2 MATERIALS AND METHODS

21.2.1 S

 

UBJECT

 

 S

 

ELECTION

 

 

 

A case-specific analysis of the bare right foot was conducted in this study. Magnetic
Resonance Imaging (MRI) were obtained, according to Institutional Review Board
(IRB) approval and informed consent procedures. The subject was an adult male
(age 23, height 175 cm, and weight 78 kg) and had no history of injury or pain to
the extremities. Scans were obtained using a General Electric (GE) 1.5 T whole-body
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MRI scanner (General Electric Medical Systems, Milwaukee, WI), with the follow-
ing protocol: 256 

 

× 

 

256 acquisition matrix, 9 cm field of view, and 70

 

° 

 

flip angle. A
slice interval of 1 mm resulted in approximately 70 slices containing information
on the fifth MT. The scan was limited to the foot from mid-calcaneus to a point
approximately 2 cm distal to the head of the fifth MT.

 

21.2.2 FE M

 

ODELING

 

A custom edge detection program

 

25

 

 was used to process the MRI and to identify the
outer boundary of the bone and the cortical–cancellous interface, as shown in
Figure 21.2.

The model consisted of an outer layer of cortical bone covering the interior
cancellous bone, with the intramedullary canal being modeled as cancellous bone.
This assumption was necessary, as the MRI could not clearly identify the canal. The
effect of this assumption (i.e., cancellous vs. hollow canal) was not tested. Using
ANSYS FE software (ANSYS Inc., Houston, PA) the cortical and cancellous bone
were meshed with 20-node, solid brick elements (Solid95). Due to the irregular shape
of the bone, refinement of the mesh is difficult. Therefore, the ANSYS p-method
analysis was performed to determine the convergence of the model. This method does
not require a refined mesh, as it solves the model at increasing polynomial levels of
the FE element shape functions to better approximate the real solution. Global strain
energy and displacement were used with a tolerance of 5% to determine convergence
criteria. Based upon the results of the convergence tests on the mesh size and the
mesh order, the final mesh consisted of 3072 elements (Figure 21.3). 

Both the cortical and the trabecular bones were modeled as homogenous, linear
elastic materials with isotropic properties. The values of Young’s modulus and Poisson’s

 

FIGURE 21.2 

 

Identifying the outlines of the cortical and cancellous bone from MRI scans
using an edge detection program.
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ratio assigned to the bone were obtained from the literature.

 

26–28

 

 The cortical bone was
modeled with a Young’s modulus of 15,000 MPa and Poisson’s ratio of 0.3, while the
cancellous bone used a Young’s modulus of 300 MPa and Poisson’s ratio of 0.3. 

 

21.2.3 M

 

OTION

 

 A

 

NALYSIS

 

 

 

A six-camera VICON (Oxford, England) motion analysis system was used to obtain
foot and ankle motion data (kinematic and kinetic).

 

29

 

 A force plate was used to measure
the GRF, and a Tekscan pressure mat (87 

 

×

 

 70 array) of force sensors (Tekscan Inc.,
Boston, MA) was used to obtain the plantar pressure data. These systems were syn-
chronized to quantify the 3-D of the bare right foot and ankle and GRFs throughout
the gait cycle.

The subject underwent 15 trials, in which the right bare foot and ankle were
analyzed. The subject ambulated at a normal cadence while traversing the capture
volume and walking over the force plate and pressure mat. The force plate was used
to determine the normal forces and the medial–lateral and anterior–posterior shear
forces. The pressure mat was used to measure the plantar pressure distribution under
the foot. The maximum pressure under the head of the fifth MT was identified to
determine the frame of interest for the foot position and force generation. Using the
pressure mat data, the total vertical force and the force of the fifth MT head were
calculated, to determine what percentage of the overall force occurred at the fifth
MT head. 

This percentage was multiplied by the measured force plate data to determine
the force at the fifth MT head: 

(21.1)

 

FIGURE 21.3

 

Plantar view of the meshed right fifth MT and the constraint system used.
Four additional constraints were applied symmetrically over the joint surface, but are not
shown, as they were located on the back side of the model (dorsal surface).
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The shear forces generated by the fifth MT were determined using the same index.
The average values of the vertical and shear forces over the 15 trials were used in the
FE model.

The four-segment Milwaukee Foot Model (MFM)

 

29

 

 was used to determine the
kinematic foot position. Using the frame of interest determined by the pressure mat,
the orientation of the fifth MT was determined. As two markers were placed on the
fifth MT (base and head), the sagittal and transverse plane orientations were calculated.
As only two markers were placed on this rigid body, the rotation had to be assumed.
The assumption supported by cadaveric dissection and literature was that the apex of
the styloid process was orientated at an angle of 35

 

°

 

 from the horizontal plane.

 

30

 

Furthermore, the markers at the ankle and over the foot were used to determine the
line of action of the muscle forces. 

 

21.2.4 A

 

NATOMIC

 

 M

 

USCLE

 

 F

 

ORCE

 

 M

 

ODEL

 

 

 

The muscle force model uses five muscles that insert into or originate from the fifth
MT: PB, peroneus tertius (PT), dorsal interosseous (DI), plantar interosseous (PI),
and flexor digiti minimi brevis (FDMB). The muscle and GRFs were modeled as
distributed forces over their insertion or origin sites. 

MRI was used to define the origin and insertion sites of these muscles and
ligaments on the fifth MT using bony landmarks. The line of action was determined
using the MFM markers to determine the orientation of the muscle bodies. The PB
and PT muscles are multijoint muscles and were modeled with their forces acting from
their insertion to their wraparound points at the ankle. The lines of action for the
FDMB, DI, and PI were modeled as straight lines from origin to insertion. 

The physiologic cross-sectional area (PCSA) of each muscle was determined
from the literature and used to estimate the maximum muscle force.

 

31–34

 

 A force-
generating capacity of 25 N/cm

 

2

 

 was multiplied by the PCSA to obtain the muscle
forces. The magnitudes of muscle forces are listed in Table 21.1, while muscle forces
and GRFs are illustrated in Figure 21.4.

The current model does not include the lateral band of the plantar fascia that
inserts into the base of the fifth MT. While the lateral band may contribute to stress
development, the stresses of the fascia during normal walking are assumed to be
small when compared to the GRFs.

 

TABLE 21.1
Magnitudes of the Muscle Forces Used in the FE Model

 

Muscle PCSA (cm

 

2

 

) Force (N)

 

FDMB 2.00 50.0
PI 1.38 34.5 
DI 2.72 68.0
PB 11.5 287.5 
PT 3.10 77.5 
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In performing the static FE analyses, the GRFs and muscle forces were applied
to the fifth MT. The analyses applied the measured GRFs, and each muscle was
maximally activated to present a worst case scenario.

 

21.2.5 B

 

OUNDARY

 

 C

 

ONDITIONS

 

The FE model of the fifth MT was constrained at the tarsometatarsal joint to prevent
rigid body motion. Eight nodes at the base of the fifth MT were fixed in all three
degrees of freedom (Figure 21.3). These constraints were based on physiologic
criteria and simulated the interaction between the bordering bones and ligamentous
attachments that limit the motion of the bone. The joint reaction forces were calcu-
lated in the FE solution. 

These eight nodes were selected for constraints after a perturbation study was
conducted using 2, 4, 5, 8, and 14 nodal constraints. The study indicated that the
rigid fixation did not effect the computed stress distribution over the region of the
Jones fracture site. 

 

21.2.6 FE A

 

NALYSIS

 

The fifth MT was analyzed with an FE model using ANSYS. The model was used
to systematically alter muscle forces to determine their influence on the stress
distribution throughout the fifth MT. Simulations were done to monitor the effect
of altered magnitude (

 

±

 

25%) and orientation (

 

±

 

15

 

°

 

) of muscle forces. A total of 33
simulations were conducted in the current model. 

The von Mises stress and principal stresses were studied. The von Mises stress is
an equivalent stress that combines the effects of the stress in all directions, and is used
to determine failure probability and fracture propagation. Therefore, a von Mises stress
concentration indicates a possible fracture location. The principal stresses reveal the
local stress state, where tensile stress is more deleterious to osseous structures.

 

FIGURE 21.4

 

The five muscle forces and resultant GRFs as applied to nodes corresponding
to their respective insertion, origin, or contact areas (GRFs). The forces are applied as 

 

x

 

, 

 

y

 

,
and 

 

z

 

 force components in the FE model coordinate system at each node of interest.
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21.3 RESULTS

21.3.1 K

 

INEMATIC

 

/K

 

INETIC

 

 C

 

ALCULATIONS

 

Figure 21.5 provides an illustration of the GRFs from the force plate and the force
curve from the pressure mat for a typical trial. The vertical line represents the frame
where the maximum force over the fifth MT head was recorded. This point was
selected for the FE model. The average peak values of measured and calculated
parameters from 15 trials are summarized in Table 21.2. These values were selected
and applied to the FE model to describe the maximum force that the fifth MT
experienced in the gait cycle as a worst case scenario.

The maximum force on the head of the fifth MT occurred at 40.2% of the gait
cycle when the foot was in stance phase and single limb support (Figure 21.5).
Terminal stance occurred from 30 to 50% of the gait cycle beginning with heel rise
and continuing until the other foot struck the ground. From the pressure mat mea-
surements, the total foot vertical force was 841.3 N, while the vertical force at the

 

FIGURE 21.5

 

The normal and shear forces calculated by the pressure mat and force plate
for a typical trial. The vertical line indicates the frame where the maximum force on the fifth
MT was recorded.
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fifth MT was 101.8 N. This resulted in 12% of the GRF acting on the head of the
fifth MT. Thus, the calculated vertical force from the force plate at the fifth MT
head was 97.2 N, the A–P shear force was 3.9 N in the aft direction and the M–L
shear was 4.8 N in the lateral direction (Table 21.2).

The orientation of the fifth MT was determined at 40.2% of the gait cycle using
the MFM, specifically the markers placed on the head and base of the fifth MT. A
transformation matrix was then calculated to transform the motion analysis orien-
tation into the FE model orientation, which was determined by the MR images.
Using the transformation matrix and the other markers of the MFM, the muscle
orientations were calculated to apply the muscle forces to the FE model along the
muscles line of action.

 

21.3.2 FE M

 

ODEL

 

 E

 

VALUATION

 

To evaluate the performance of the FE model, the effect of the mesh density was
analyzed using the p-method convergence criteria. The global strain energy and
displacement with a tolerance of 5% were chosen. In both cases, the model converged
at the third iteration (third-order polynomial). In comparing the stress development,
the patterns of stress concentration did not change and the magnitude of the stress
over the fracture region changed by less than 2%. This indicated that the mesh
density used in this study was sufficient to perform the analysis.

In addition, the constraint system was perturbed to understand its overall influ-
ence on the stress distribution of the model. Models in which 2, 4, 5, and 14 nodes
were constrained over the articulation surface of the base of the fifth MT were
compared to the model with 8 nodes constrained. When only two constraints were
chosen, the fifth MT was not rigidly constrained, and no solution was possible. The
remaining models showed that the overall stress distribution pattern did not change
throughout the bone, except at the nodes directly surrounding the constraints. At
these nodes, the stress decreased as more constraints were applied. The only place
the stress changed due to the constraints over the Jones fracture region occurred on

 

TABLE 21.2
Average Maximum GRFs and Pressures

 

Instrument Parameter Mean Standard Deviation 

 

Pressure mat Percentage of gait cycle 40.2% 3.5%
Pressure mat Total foot vertical force 841.3 N 91.7 N
Pressure mat Vertical force at fifth MT 101.8 N 27.5 N
Calculated Percentage of GRF at fifth MT 12.0% 2.6%
Force plate Foot vertical force 802.4 N 59.9 N
Force plate A–P foot shear force –32.0 N 15.3 N
Force plate M–L foot shear force –39.9 N 5.8 N
Calculated Vertical force at fifth MT 97.2 N 25.2 N
Calculated A–P shear force at fifth

 

 

 

MT (N) –3.9 N 2.2 N
Calculated M–L shear force at fifth MT (N) –4.8 N 1.2 N

 

3971_C021.fm  Page 355  Thursday, June 28, 2007  2:04 PM



 

356

 

Foot Ankle Motion Analysis

 

FIGURE 21.6

 

Von Mises stress distribution for the right fifth MT on (a) plantar surface; (b)
medial surface; (c) lateral surface; and (d) dorsal surface. The vertical black line indicates
the predicted location where Jones fractures occur, while the dotted band represents the
reported location in which Jones fractures occur according to the literature. (From Jones, R.

 

Ann Surg

 

, 35, 697–701, 1902; Byrd, T. 

 

South Med J

 

, 85, 748–750, 1992; Kavanaugh, J.H.,
Brower, T.D., and Mann, R.V. 

 

J Bone Joint Surg

 

, 60-A, 776–782, 1978; Sammarco, G.J. 

 

Phys
Sportsmed

 

, 113, 353–360, 1991; Carp, L. Fracture of the fifth metatarsal bone. With special
reference to delayed unions, 

 

Ann Surg

 

, 86, 308–320, 1927.)
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the dorsal surface when 4 or 5 nodes were constrained. Under these conditions, an
increase in the stress concentration of approximately 18% developed, when com-
pared to models in which 8 and 14 nodes were constrained. Using eight constraints
was a conservative choice as it produced a smaller stress over the region than a less-
constrained model, and provided the same stress distribution pattern as that of the
other three models. 

 

21.3.3 A

 

NALYSIS

 

 

 

OF

 

 

 

VON

 

 M

 

ISES

 

 S

 

TRESS

 

The von Mises stress distribution over the fifth MT is shown in Figure 21.6. The
stress was plotted along a path over the plantar, dorsal, medial, and lateral surfaces.
The vertical black line is 16 mm from the proximal joint surface of the fifth MT,
and the red lines mark the region in which Jones fractures can occur. The error of
the exact point in which Jones fractures occur (15 mm distal from the proximal joint
surface) is approximately 1 mm as the actual joint surface identification can be off
by at least 1 mm due to the spacing of the MR slices.

The high stress concentrations in the plantar and medial surfaces occurring
between 58 and 66 mm occur at a constrained node or a node bordering a constraint.
As constraints produce a discontinuity in the stress, this high stress is considered
insignificant. Of interest are the peak stresses that occur on the lateral and dorsal
surfaces over the region in which Jones fractures occur. This stress concentration
indicates a vulnerable location for fracture initiation and propagation.

 

21.3.4 P

 

RINCIPAL

 

 S

 

TRESSES

 

 

 

ON

 

 

 

THE

 

 C

 

ROSS

 

 S

 

ECTION

 

 

 

Contour plots as shown in Figure 21.7 demonstrate the cross section in which Jones
fractures occur. The maximum principal stress (principal stress 1) ranged from 9 to
18 MPa, with the highest stresses located over the lateral and dorsal surfaces. The
medium principal stress (principal stress 2) demonstrated tensile stresses of 3 to 9
MPa existing over the plantar surface near the tip of the styloid process. The
minimum principal stress (principal stress 3) was primarily compressive, as shown
in Figure 21.7, with a region over the plantar surface measuring a small tensile stress
of 2 MPa. All three stress components produced a tensile stress over the plantar and
lateral surfaces of the fifth

 

 

 

MT (denoted by arrows in Figure 21.7). However, the
greatest tensile stress state is noted over the dorsal and lateral regions in the fifth
MT (depicted in Figure 21.7, principal stress 1), which is in agreement with the
maximum von Mises stress state, and indicates a region in which the fifth MT is
susceptible to fracture initiation and propagation.

 

21.3.5 E

 

FFECT

 

 

 

OF

 

 MUSCLES

Individual muscle forces were increased or decreased by 25%, while the remaining
muscles were held constant to investigate the parametric effects each muscle has
on the stress contribution. The maximum von Mises stress over the fracture site
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for the normal FE model occurred along the dorsal surface and was 45% of the
stress necessary to fracture the fifth MT. Over the lateral surface, a stress of 42%
of the ultimate stress was recorded (Figure 21.8). Alterations to the PB force
resulted in the most prominent changes to the stress distribution throughout the
proximal half of the fifth MT along the lateral surface (Figure 21.8). The maximum
increase in the von Mises stress was 11% and occurred 16 mm distal to the styloid
process. This is the location where the Jones fracture has been described.6–10 The
FDMB, PT, DI, and PI muscles had no obvious influence on the stress distribution
along the lateral surface (Figure 21.8). Over the dorsal surface, an increase in the
PB muscle force resulted in a 7% increase in stress over the Jones fracture region
(data not shown). Alterations in the other muscle force magnitudes were either
insensitive or created a smaller influence on the change of the stress concentration.
Alterations of the muscle force line of action were also smaller and then the
magnitude changed; therefore, only the lateral influence of the PB muscle magni-
tude was shown in these results. 

FIGURE 21.7 Contour plots of the three principal stresses through the cross section in
which Jones fractures occur. The black arrow points to the site where a 3-D tensile stress
state occurs.
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21.4 DISCUSSION

Since Sir Robert Jones first discovered the Jones fracture in 1902,6 numerous cases
have been reported.10–12,19,35 Jones fractures can occur when the forefoot experiences
sufficient loads in the region of the fifth MT. Injuries generally occur in persons older
than 21 yr and are equally prevalent in males and females.9 Jones fractures are clinically
noted with increased activity levels.9,17,18 The fractures are difficult to treat due to a

FIGURE 21.8 Ratio of the von Mises stress along the lateral surface of the fifth MT to the
ultimate stress of the femur. The black vertical line represents the prediction of the current
FE model, while the dotted band represents the reported location where the Jones fracture
occurs. (From Jones, R. Ann Surg, 35, 697–701, 1902; Byrd, T. South Med J, 85, 748–750,
1992; Kavanaugh, J.H., Brower, T.D., and Mann, R.V. J Bone Joint Surg, 60-A, 776–782,
1978; Sammarco, G.J. Phys Sportsmed, 113, 353–360, 1991; Carp, L. Fracture of the fifth
metatarsal bone. With special reference to delayed unions, Ann Surg, 86, 308–320, 1927.)
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high incidence of delayed union, nonunion, and refracture, if treated conservatively
(nonoperatively).10–12 Eighty percent of the fractures occur in athletes.9 It has been
noted, in some studies, that nonoperative treatment can be successful if the subject
does not bear weight until clinical evidence of union is achieved.13,14 This period may
take from 2 to 12 months, again making surgical treatment an attractive option.
Operative techniques include bone grafting, intramedullary screw fixation, and com-
binations of both, where success rates in excess of 80% are noted.13–16

The results of this work demonstrated stress concentration at the fifth MT base
approximately 1.5 cm distal to the styloid process.6 The study also demonstrated
that with normal gait GRFs and reasonable muscle forces, a stress concentration
existed with a localized 3D tensile stress state in the region of reported Jones
fractures. This study advanced previous knowledge as it shows that muscular activity
along with GRFs can act together to form regions of stress concentrations deleterious
to fracture over the Jones region. 

The hypothesis of this project has been shown to be true. That is, von Mises
stress distribution correlated with known locations of the Jones fracture. In our study,
we found von Mises stress concentrations on the lateral and dorsal regions of the
fifth MT in the areas of reported Jones fractures. It should be noted, however, that
this study did not conduct a combinational examination of alterations to these forces.
Each individual change in the model inputs (force magnitude and orientation) dem-
onstrated a change to the stress concentration. Examining a combinational effect may
produce a more detrimental stress distribution not investigated in this study. Further-
more, a less rigorous constraint system where bordering bones and ligaments are
modeled may produce a better understanding of what the stress distribution is due to
muscular and GRFs. Also, it is still not understood whether inversion is a necessary
element in fracture development; so future work investigating this effect is necessary.
Finally, the findings of this study suggest that the PB muscle is a primary contributor
to this fracture; however, this study focused on loads associated with walking. If
activities such as running, turning, or pivoting along with inversion control are
analyzed, greater understanding of what causes Jones fractures may be evident.

We have also noted a 3D tension stress state that may suggest a delay in fracture
union without appropriate activity level controls. Persistent tension stress at the
fracture site will delay healing.36 Surgical intervention employs intramedullary screw
fixation and bone grafting to promote compression at the fracture site. The degree
and magnitude of change from tension to compression with fixation, however, are
beyond the scope of this study.

Control of the rehabilitative activity environment offers one means for reducing
fracture occurrence. Results from the current study demonstrated the influence of
the GRF and muscle forces (PB) and supported the results of Roca et al. that PB
increased the stress concentration in the fifth MT.20 

ACKNOWLEDGMENT

We gratefully acknowledge the support from the Orthopaedic and Rehabilitation
Engineering Center at the Medical College of Wisconsin and Marquette University.

3971_C021.fm  Page 360  Thursday, June 28, 2007  2:04 PM



Three-Dimensional Finite Element Analysis of the Fifth Metatarsal Jones Fracture 361

REFERENCES

1. Watson-Jones, R. Fractures and Joint Injuries, Churchill Livingstone, New York,
1982.

2. Clapper, M.F., O’Brien, T.J., and Lyons, P.M. Fractures of the fifth metatarsal. Anal-
ysis of a fracture registry, Clin Orthop Relat Res, 315, 238–241, 1995.

3. Morrison, G.M. Fractures of the bones of the feet, Am J Surg, 38, 721–726, 1937.
4. Dameron, T.B. Fractures and anatomical variations of the proximal portion of the

fifth metatarsal, J Bone Joint Surg, 57-A, 788–792, 1975.
5. Torg, J.S. et al. Fractures of the base of the fifth metatarsal distal to the tuberosity.

Classification and guidelines for non-surgical and surgical management, J Bone Joint
Surg, 66-A, 209–214, 1984.

6. Jones, R. Fracture of the base of the fifth metatarsal bone by indirect violence, Ann
Surg, 35, 697–701, 1902.

7. Byrd, T. Jones Fracture: relearning an old injury, South Med J, 85, 748–750, 1992.
8. Kavanaugh, J.H., Brower, T.D., and Mann, R.V. The Jones fracture revisited, J Bone

Joint Surg, 60-A, 776–782, 1978.
9. Sammarco, G.J. Be alert for Jones fractures, Phys Sportsmed, 113, 353–360, 1991.

10. Carp, L. Fracture of the fifth metatarsal bone. With special reference to delayed
unions, Ann Surg, 86, 308–320, 1927.

11. Lichtblau, S. Painful nonunion of a fracture of the 5th metatarsal, Clin Orthop Relat
Res, 59, 171–175, 1968.

12. Peltier, L.F. Eponymic Fractures: Robert Jones and Jones’s fracture, Surgery, 71,
522–526, 1972.

13. Zelko, R.R., Torg, J.S., and Rachun, A. Proximal diaphyseal fractures of the fifth
metatarsal — treatment of the fractures and their complications in athletes, Am J
Sports Med, 7, 95–101, 1979.

14. Josefsson, P.O. et al. Jones fracture: surgical versus nonsurgical treatment, Clin
Orthop Relat Res, 299, 252–255, 1994.

15. Mann, R.A. and Coughlin, M.J. Surgery of the Foot and Ankle, Mosby, St. Louis,
1993.

16. Pearson, J.R. Combined fracture of the base of the fifth metatarsal and the lateral
malleolus, J Bone Joint Surg, 43-A, 513–516, 1961.

17. Spector, F.C. et al. Lesser metatarsal fracture. Incidence management and review,
J Am Podiatry Assoc, 74, 259–264, 1984.

18. Delee, J.C., Evans, J.P., and Julian, J. Stress fracture of the fifth metatarsal, Am J
Sports Med, 11, 349–353, 1983.

19. Stewart, I.M. Jones’s fracture: fracture of base of fifth metatarsal, Clin Orthop Relat
Res, 16, 190–198, 1960.

20. Roca, J. et al. Stress fractures of the fifth metatarsal, Acta Orthop Belg, 46, 630–636,
1980.

21. Arangio, G.A., Xiao, D., and Salathe, E.P. Biomechanical study of stress in the fifth
metatarsal, Clin Biomech, 12, 160–164, 1997.

22. Camacho, D.L.A. et al. A three-dimensional, anatomically detailed foot model: a
foundation for a finite element simulation and means of quantifying foot-bone posi-
tion, J Rehabil Res Dev, 39, 401–410, 2002.

23. Asai, T. and Murakami, H. Development and evaluation of a finite element foot model,
in Proceedings of Proc. of the 5th Symposium on Footwear Biomechanics,
Zurich/Switzerland, 2001, 10–11.

3971_C021.fm  Page 361  Thursday, June 28, 2007  2:04 PM



362 Foot Ankle Motion Analysis

24. Beillas, P. et al. Foot and ankle finite element modeling using CT-scan data, in
Proceedings of 43rd STAPP Car Crash Conference, San Diego, CA., 1999, 217–242.

25. Todd, B.A. and Wang, H. A visual basic program to pre-process MRI data for finite
element modeling, Comput Biol Med, 26, 489–495, 1996.

26. Reilly, D.T. and Burstein, A.H. The elastic and ultimate properties of compact bone
tissue, J Biomech, 8, 393–405, 1975.

27. Tannous, R.E. et al. A three-dimensional finite element model of the human ankle:
development and preliminary application to axial impulsive loading, Aerosp Eng,
1996.  

28. Van Buskirk, W.C. and Ashman, R.B. The elastic moduli of bone, Transaction of
American Society of Mechanical Engineering, 45, 131–143, 1981.

29. Kidder, S.M. et al. A system for the analysis of foot and ankle kinematics during
gait, IEEE Trans Rehabil Eng, 4, 25–32, 1996.

30. Seireg, A. and Arvikar, R. Biomechanical Analysis of the Musculoskeletal Structure
for Medicine and Sports, Hemisphere Publishing Corporation, New York, 1989.

31. Wickiewicz, T.L. et al. Muscle architecture of the human lower limb, Clin Orthop
Relat Res, 179, 275–283, 1983.

32. Brand, R.A., Pedersen, D.R., and Friederich, J.A. The sensitivity of muscle force
predictions to changes in physiologic cross-sectional area, J Biomech, 19, 589–596,
1986.

33. Friederich, J.A. and Brand, R.A. Muscle fiber architecture in the human lower limb,
J Biomech, 23, 91–95, 1990.

34. Kura, H. et al. Quantitative analysis of the intrinsic muscles of the foot, Anat Rec,
249, 143–151, 1997.

35. Wilson, E.S. and Katz, F.N. Stress Fractures: an analysis of 250 consecutive cases,
Radiology, 92, 481–486, 1969.

36. Carter, D.R. et al. Mechanobiology of skeletal regeneration, Clin Orthop, 355S,
S41–S55, 1998.

3971_C021.fm  Page 362  Thursday, June 28, 2007  2:04 PM



 

Part 2

 

Technical Developments 
and Emerging Opportunities

 

3971_S004.fm  Page 363  Monday, January 15, 2007  5:49 PM



 

3971_S004.fm  Page 364  Monday, January 15, 2007  5:49 PM



 

Section C

 

Foot and Ankle Modeling

 

3971_S005.fm  Page 365  Monday, January 15, 2007  5:49 PM



 

3971_S005.fm  Page 366  Monday, January 15, 2007  5:49 PM



 

367

 

22

 

A System for the Analysis 
of Foot and Ankle 
Kinematics during Gait*

 

Steven M. Kidder, Faruk S. Abuzzahab, 
Gerald F. Harris, and Jeffrey E. Johnson

 

CONTENTS

 

22.1 Introduction...............................................................................................367
22.2 Materials and Methods .............................................................................368

22.2.1 Subject Test Protocol..................................................................374
22.3 Results.......................................................................................................375
22.4 Discussion.................................................................................................378
22.5 Summary...................................................................................................379
References..............................................................................................................380

 

22.1 INTRODUCTION

 

The foot is the final segment in the locomotor chain, providing support to the body
by distributing gravitational and inertial loads. Abnormalities of the foot and ankle can
cause irregular loading and pain in more proximal parts of the body.

 

[1]

 

 Current methods
of foot and ankle analysis include a combination of physical exam, observation, and
radiographs. Clinical studies frequently model the foot as a single rigid body.

 

[2–8]

 

 More
descriptive models require recognition and definition of the major segments and artic-
ulations. Although these methods have been used to describe motion of the pelvis, hip,
knee, and ankle, there are no reports of foot segment tracking during the stance and
swing phases of gait.

 

[3,4,7,9]

 

 
Many of the articulations of the foot do not act as simple hinge joints, but rather

possess more complex characteristics reflective of the multiplanar contact at the joint
surfaces.

 

[10,11]

 

 Scott and Winter have reported that a single-axis characterization of the
ankle in the sagittal plane lacks accuracy at initiation and termination of stance
phase.

 

[11]

 

 A series of cadaveric motion studies by Engsberg

 

[12]

 

 and later by Siegler
et al.

 

[13]

 

 also concluded that ankle and subtalar joint motion was multiplanar.

 

[12,13]

 

 These
results were again confirmed by Lundberg

 

[5]

 

 in studies of adult humans with
implanted ratioopaque markers using stereoradiography and a stationary test apparatus.

 

[5]

 

* ©

 

 

 

1996 IEEE. Reprinted, with permission, from 

 

IEEE Trans

 

 

 

Rehab Eng.,

 

 4:1, 25–32, 1996.
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The talonavicular joint was also examined by Lundberg and shown to possess multiplanar
motion characteristics.

 

[5]

 

 Rotation of the foot from a plantarflexed to neutral position has
demonstrated shape changes in the longitudinal arch affecting the position between the
hindfoot and forefoot, as well as changes in the transverse plane orientation.

 

[5]

 

In order to better describe the complex intersegmental motion patterns of the
foot during gait, an analysis system should accurately capture multisegmental data
during both swing and stance phases.

 

[14]

 

 A video-based system capable of capturing
intersegmental foot motion during stance phase was described by Alexander and
Campbell.

 

[15]

 

 It was used to track motion between the tibia, calcaneus, forefoot, and
hallux.

 

[15]

 

 D’Andrea et al.

 

[16]

 

 reported on three-dimensional (3-D) motion patterns
of a single adult subject during stance using a video-based system.

 

[16]

 

 In this study,
we report on a system designed to track 3-D motion of the tibia, hindfoot, forefoot,
and hallux segments during both stance and swing phases of the gait cycle.

 

[17–22]

 

22.2 MATERIALS AND METHODS

 

A five-camera Vicon (Oxford Metrics, Oxford, England) motion analysis system was used
to collect and process foot and ankle motion analysis data. Stereophotogrammetric meth-
ods were employed to describe the positions of markers placed on the foot and ankle.

 

[23,24]

 

 
A rectangular capture volume was defined with appropriate dimensions for

obtaining stance and swing phase data.

 

[25]

 

 It measured 0.5 m (width) by 0.6 m (height)
by 2.4 m (length). For calibration, brass spheres (15.9 mm diameter) were attached
to lengths of brass ball-chains suspended at the corners of the capture volume. Four
markers were mounted to each chain at 200 mm intervals. A fifth identification
marker was affixed at a 30 mm interval to the lower end of three of the chains and
at the upper end of the fourth. This ensured unique camera views of the volume.
Calibration marker positions were measured with a vernier micrometer (accuracy 

 

±

 

0.02 mm). An average of three measurements was used to determine the marker
positions within 

 

±

 

 0.1 mm of tolerance. The tolerance was established by the index
gradation spacing on the micrometer scale (0.02 mm per division). A plumb bob
was used to accurately locate the point of intersection between each vertical corner
of the capture volume and the horizontal walkway. The four intersection points were
remeasured in the horizontal plane of the floor to assure that each corner of the
capture volume was accurately positioned. The intersection points were measured
and cross-checked trigonometrically to lie within 0.5 mm of their design locations.

A linearization process reduced error due to system characteristics, including
lens curvature and deformation, focal length, aperture setting, changes due to thermal
expansion/contraction, and nonlinearities inherent in video scanning.

 

[26]

 

 The known
locations of a matrix of 600 discs (12 mm diameter) were compared to those
measured by the video system and used to construct a correction matrix. Each disc
was 12 mm in diameter and was placed in a linear pattern separated from adjacent
discs by 7 cm in the vertical and horizontal directions.

System resolution was calculated from the results of both static and dynamic
testing.

 

[9,26]

 

 In the static tests, two 15.9 mm diameter target markers were mounted
to the ends of a rigid steel rod at a distance of 132.80 

 

±

 

 0.02 mm. Marker separation
was measured with a vernier micrometer (

 

±

 

 0.02 mm tolerance). The static test
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marker separation corresponded approximately to the intersegmental distances of
the biomechanical foot model. The rod was oriented along the laboratory 

 

X

 

-axis at
one corner of the capture volume as marker images were sampled for a period of 4
sec (240 images of each marker). This procedure was repeated with alignment along
the 

 

Y-

 

 and 

 

Z

 

-axes as well, and at each corner and at the center of the capture volume.
System resolution was calculated as

(22.1)

where 

 

D

 

 

 

=

 

 measured (empirical) distance; 

 

di

 

 

 

=

 

 computed distance; 

 

n

 

 

 

=

 

 total number
of samples; 
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 sample standard deviation; 
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t

 

-test coefficient; 

 

ε

 

r

 

 

 

=

 

 round-off
error; and 

 

ε

 

m

 

 

 

=

 

 measurement error, based on micrometer resolution (

 

±

 

 0.02 mm).

 

T

 

-test coefficients were obtained from statistical tables.

 

[27]

 

Roundoff error was computed as

(22.2)

where 

 

m

 

 

 

=

 

 the number of significant digits.
In application, values were rounded to 0.01 nm, resulting in 

 

ε

 

r

 

 

 

=

 

 0.05.
Accuracy was determined as

(22.3)

where 

 

A

 

 

 

=

 

 system accuracy as a percentage; 

 

x

 

w

 

 

 

=

 

 “worst” data point.

Because of measurement error, the average value of the computed distances was
used as an estimate of the true distance.

 

[28]

 

In order to define dynamic resolution and accuracy, a pendulum was developed
using two brass spheres covered with reflective tape and connected by a thin cable
at a distance of 

 

±

 

 594.0 mm. The physical characteristics of the pendulum were
chosen to provide a known output displacement as a function of time. This infor-
mation was then used to cross-check displacement obtained with the system against
known (calculated) displacements. The pendulum was placed in the center of the
capture volume for independent testing of sagittal (

 

XZ

 

) and coronal (

 

YZ

 

) plane
motion. For each test, the lower marker was perturbed from a rest position and
allowed to swing freely in the plane of interest. Data were captured for 4 sec at a
sampling rate of 60 Hz, yielding 240 total samples, which were analyzed to determine
dynamic resolution and accuracy.
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Spectral analysis of static marker position data was performed with a single
marker placed in the center of the capture volume on a wooden stand. The center
of the capture volume was chosen because this position is equally distant from the
defining outer surfaces of the capture volume. Cartesian vector components defining
the position of the center marker were spectrally analyzed after acquiring 4 sec of
data at 60 sp/sec (240 samples). A Fast Fourier Transform (FFT) was performed on
the mean difference between the magnitude of each vector component and the overall
mean vector magnitude (where the 

 

i

 

th vector component of vector 

 

X

 

q

 

 

 

is described
as 

 

x

 

qi

 

). In order to eliminate offset factors corresponding to the time average of the
signal, the mean difference is computed at each sample point as

(22.4)

where 

 

i

 

 

 

=

 

 1, 2, 3; 

 

q

 

 

 

=

 

 1…

 

N

 

.

A four-segment rigid body model without joint constraints was developed to
describe the kinematics of the foot and ankle during ambulation. The segments were
(Figure 22.1) (1) tibia and fibula (segment #1); (2) calcaneus, talus, and navicular

 

FIGURE 22.1

 

Four model segments: hindfoot (2), forefoot (3), hallux (4), and tibia/fibula
(1), not depicted.
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(segment #2); (3) cuneiforms, cuboid, and metatarsals (segment #3); and (4) proximal
phalanx of the hallux (segment #4). A total of 12 markers were required for the four-
segment model (Figure 22.2, Table 22.1). Lightweight nylon markers covered with
reflective tape were used in this study. A 15.9 mm marker diameter was selected because
it offered an adequate reflective surface for identification without obscuring neighboring
markers. Due to the small size of the hallux, a marker triad was constructed to achieve
adequate marker separation. To minimize motion errors from inertial artifacts, the triad
was constructed of a small metal base with three 1.60 mm diameter wires fixed to the
markers (Figure 22.2). It should also be noted that other deviations from the rigid body
assumptions can result in error (skin motion, segment distortion, etc.).

A clinical method for expressing a distal segment orientation relative to the next
proximal segment was used in this study.

Partly due to widespread clinical acceptance in whole body gait applications,
and following analysis of other methods of 3-D orientation description (Grood and
Suntay, helical axis, direction cosines),

 

[29,30]

 

 an Euler system was selected for this
study.

 

[29]

 

 The order of rotations selected was sagittal, coronal, and then transverse.

 

FIGURE 22.2

 

Twelve retroreflective marker positions.
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The assembled rotation matrix 

 

R

 

 was expressed as 
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=
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:

(22.5)

where 
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i

 

 is the cosine of the rotation about the 
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th axis and 

 

si

 

 is the sine of the
rotation about the 

 

i

 

th axis.
The three Eulerian angles, 
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, 

 

x

 

, and 

 

z

 

, were calculated using arcsin terms to
return angular values, 

 

−

 

π

 

/2 

 

≤

 

 

 

θ ≤ π/2.
Segment rotation matrices are described with respect to the global laboratory

system. For a given vector q, referenced to the global coordinate system, the fol-
lowing relationship can be demonstrated:

(22.6)

where A and B are 3 × 3 rotation matrices, and rA and rB are vectors of q expressed
in their relative coordinate systems.

Therefore

or

TABLE 22.1
Anatomic Marker Positions with AMASS Designations

Segment # Marker #
AMASS 

Designations Anatomical Location

1 1 MSAT Medial surface of the anterior tibia
1 2 MAL Medial malleolus
1 3 LMAL Lateral malleolus
2 4 TCAL Tuberosity of the calcaneus
2 5 MCAL Medial calcaneus
2 6 LCAL Lateral calcaneus
3 7 T5ML Tuberosity of the 5th metatarsal laterally
3 8 MH1M Medial head of the 1st metatarsal
3 9 LH5M Lateral head of the 5th metatarsal
4 10 XHAL Anteriorly directed hallux marker
4 11 YHAL Laterally directed hallux marker
4 12 ZHAL Superiorly directed hallux marker
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where 

ATA = [I]. (22.7)

Marker coordinates were used to construct segment rotation matrices referenced
to the lab coordinate system. The method of construction for the tibial body coor-
dinate system is described below. Similar constructions are used for the other seg-
ments. The origin of the tibial body coordinate system is located midway between
markers 2 and 3, with vector (t) defined

(22.8)

The unit vector, t′2 , is defined as pointing laterally from the origin of t to marker
3 for the left foot (marker 2 for the right):

 

                (left foot) (right foot) (22.9)

The unit vector t ′1 is formed by crossing t ′2 with the unit vector from the origin
of t to marker 1:

(22.10)

Unit vector t ′3 is formed by t ′1 crossed with t ′2:

t ′3 = t ′1  × t ′2 (22.11)

The rotation matrix (T) for the tibial segment is constructed from the three unit
vectors

(22.12)
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The initial orientation of embedded model segment coordinate systems is deter-
mined by the location of the target markers. Consequently, without correction for
anthropometric considerations, the relative orientations of the model segments would
not be correlated with the position of the underlying bony structures. To provide this
correlation by aligning the marker-based coordinates with underlying bony anatomy,
a correction rotation matrix was determined with the use of radiographic data.

22.2.1 SUBJECT TEST PROTOCOL

The subject was instrumented and instructed to assume a comfortable, stable stance
near the center of the capture volume. Several frames of data were captured to
determine the original position of the markers. The position and loading conditions
of the foot and ankle during the “snapshot” were not intended to simulate loading
conditions during gait. The rigid body model used in this study to represent the foot
and ankle structure is sensitive to loads as they affect the orientation of the various

FIGURE 22.3 Procedure for calculation of matrices to realign marker-based coordinate sys-
tems with radiographic alignment. S: Segment counter, 0 to 4 (0 is the lab, 1-tibia, 2-hindfoot,
3-forefoot, and 4-hallux). Cs: Correction matrix for model of S. Cx, Cy, Cz: Euler rotations,
which make up C. Ms: Uncorrected rotation matrix for the Sth model segment. N: Relative
rotation matrix between the Sth and (S − 1)th segment. Nx, Ny, Nz: Euler rotations determined
by N. Rsx, Rsy, Rsz: Relative rotations between segments S and S − 1 as determined from
radiographs. α: Error term, maximum absolute difference accepted between the calculated
angle, Cq, and the desired angle, Rq (q = x, y, or z). I: Identity matrix. max_iter: Maximum
number of iterations allowed.
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segments. Although indexed during quiet standing at body weight, the system will
track the markers and the underlying bony anatomy of the rigid body model during
dynamic foot loading and unloading. Foot position was recorded on graph paper
and used to duplicate the foot position during the subsequent radiographic session.
This allowed measurement of the maker positions relative to the underlying bony
anatomy in a stable, repeatable posture. Three radiographic views were taken:
anterior–posterior view, lateral view, and a hindfoot alignment view. An iterative
process was used to construct correction matrices based upon x-ray measurements.
The correction matrix procedure is detailed in a flowchart, as shown in Figure 22.3.
Before calculation of relative segment orientation, segment coordinate systems (as
determined from marker positions) are rotated into anatomical positions using the
correction matrices.

Some measurements are difficult to obtain even with radiographic views. Coronal
plane rotations of the hallux and forefoot are difficult to determine radiographically
or clinically. No radiographic view exists, which would allow determination of
coronal forefoot angle. Transverse plane tibial and hindfoot rotations are determined
clinically.

An adult male subject (25-yr-old, 175 cm height, 60 Kg mass) without any prior
surgery or pathology was tested at a freely selected cadence.[4] Data were acquired
during five to ten unilateral walking trials. The exclusion criterion eliminated any
trials with ten or more successive (60 Hz) frames of missing data. These usually
occurred on the medial side of the foot during contralateral foot swing. Marker
dropout was minimized through adherence to the linearization and calibration pro-
tocols and by optimizing camera position.

22.3 RESULTS

The residual was defined as the difference between the least-squares average of
the measured and computed marker locations. While large residual values may
indicate errors in the calibration procedure or faulty instrumentation, zero-value
residuals reflect quixotic conditions. Commercial system residual values usually
do not exceed 0.1% of the largest dimension of the capture volume.[31] Residual
values in this study were under 2.0 mm or 0.083% of the largest capture volume
dimension, 2400 mm.

Static computations required identification of the least accurate (computed)
separation distance between target markers. This was accomplished through an
automated sorting routing, which examined the computed target marker distances,
di. Accuracy was expressed as a percentage in Equation 22.3. A synopsis of results
is provided in Table 22.2. For statistical comparison, the t-test coefficient used in
the static resolution expression was computed at the 0.05 and 0.01 levels of signif-
icance. Marker separation distance for the dynamic tests was determined within 0.5 mm
of accuracy (εm) as shown in Table 22.3.

The most notable frequency component observed in the spectral analysis was
found at 30 Hz. The x-component position vector demonstrated a uniform spectral
appearance. The y-component was characterized by several spectral peaks, most
notably at 30 Hz. This frequency was also noted in the z-component spectral analysis.
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Data from a normal adult subject are illustrated in Figure 22.4, depicting relative
orientations of the hindfoot, forefoot, and hallux model segments. Tibial orientation
is presented relative to the global laboratory coordinate system. Hindfoot, forefoot,
and hallux segment motions are presented relative to the next most proximal model
segment. Mean data plus and minus one standard deviation are presented for three
trials collected for the sagittal plane hindfoot motion as shown in Figure 22.5.

TABLE 22.2
Static Resolution and Accuracy Results 
Computed at the p = .05 and p = .01 Levels 
of Significance

Plane Resolution (mm) Accuracy p-Value

Sagittal 0.1 ± 0.89 99.4% .05
0.1 ± 1.20 99.4% .01

Coronal 0.6 ± 0.82 99.5% .05
0.6 ± 1.10 99.5% .01

TABLE 22.3 
Dynamic Resolution and Accuracy Results Computed at the (a) p = 0.05 
and (b) p = 0.1 Levels of Significance

Location

X-Axis Y-Axis Z-Axis

Resolution 
(mm)

Accuracy 
Percentage

Resolution
(mm)

Accuracy 
Percentage

Resolution 
(mm)

Accuracy 
Percentage

1 0.43 ± 0.06 99.1 0.88 ± 0.06 98.8 1.27 ± 0.08 99.3
2 0.78 ± 0.08 99.1 1.11 ± 0.08 99.0 0.13 ± 0.18 98.7
3 0.64 ± 0.07 99.0 0.81 ± 0.10 98.8 1.42 ± 0.15 98.3
4 0.47 ± 0.08 98.8 0.44 ± 0.08 98.8 0.73 ± 0.04 99.7
5 0.92 ± 0.06 98.7 1.49 ± 0.10 98.8 1.33 ± 0.05 99.2

Location

X-Axis Y-Axis Z-Axis

Resolution 
(mm)

Accuracy 
Percentage

Resolution
(mm)

Accuracy 
Percentage

Resolution 
(mm)

Accuracy 
Percentage

1 0.43 ± 0.08 99.1 0.88 ± 0.08 98.8 1.27 ± 0.11 99.3
2 0.78 ± 0.10 99.1 1.11 ± 0.10 99.0 0.13 ± 0.23 98.7
3 0.64 ± 0.09 99.0 0.81 ± 0.13 98.8 1.42 ± 0.19 98.3
4 0.47 ± 0.10 98.8 0.44 ± 0.10 98.8 0.73 ± 0.05 99.7
5 0.92 ± 0.08 98.7 1.49 ± 0.13 98.8 1.33 ± 0.07 99.2
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FIGURE 22.4 Kinematic data for a single trial. Data are presented from heelstrike to heel-
strike (0 to 100% gait cycle). The vertical dashed lines indicates foot-off. Columns represent
sagittal, coronal, and transverse motion, respectively.

FIGURE 22.5 Sagittal plane hindfoot motion. Data presented for three trials, mean ± 1 STD.
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22.4 DISCUSSION

Error in marker location reconstruction was reduced through cameral linearization,
which provided a contour map of lens distortion for each camera. This process also
reduced incidence of marker dropout. Poorly reflecting markers were replaced prior
to each data-capture session. Slight changes in marker separation occurred during
dynamic tests due to elastic properties of the pendulum. Thus, there was some error
in assuming a constant marker separation. The use of a rigid foot frame is suggested
for further system validation (static and dynamic). The double-edge detection routine
used to calculate the centroid of each marker required a spherical marker. The
markers may have the double edge located at different scan lines between cameras,
adding variability to the computed marker location.

Resolution in the sagittal plane exceeded that of the coronal and transverse
planes. This effect could be altered through reorientation of one or more cameras.
Television video screens consisting of 525 horizontal lines are normally scanned at
30 Hz to compose a single frame. Each 30 Hz frame is composed of two alternating
60 Hz “half frames.” The system alternatively scans half of the horizontal lines (the
odd field) and then a second set of horizontal lines (the even field). Although close,
these fields do not lie exactly between one another, which results in an image
vibration seen in the vertical component of the camera image plane, coupled to the
alternating scan rate (30 Hz). The spectral peak at 30 Hz was likely due to the
interlace characteristic (odd/even frame), which was most prominent along the
vertical plane of the camera.

During periods of marker dropout, an interpolation algorithm was used. This
procedure used prior and subsequent curve histories and was effective for all stance
and swing phase events except heel strike (initial contact) and foot-off (initial swing).
These events present high accelerations and rapid displacement slope reversals,
which cannot be accurately interpolated. If data were missing during these events,
the trial was discarded.

Clinical results from system application are illustrated in Figure 22.4. The range
of motion of knee flexion of 55 to 70° reported in previous work is similar to the
change in tibial angle from toe-off to heel strike of approximately 75° (+ 55 to
20°).[3,32] The coronal plane motion of the tibia demonstrates an increase in abduction
during swing phase. Shortly after heel strike and through stance, there is a return to
a more neutral position and a period of adduction shortly before toe-off. Direct
comparison to other work is difficult, but these motions seem to correlate with the
current understanding of the events of the gait cycle.[9,32] The tibia remains externally
rotated throughout the gait cycle and does not reach a neutral position even during
early stance phase. This pattern agrees with previously reported motion of the tibia
with relative internal rotation of the entire limb beginning at toe-off and continuing
through the loading response.[9]

The sagittal plane hindfoot motion pattern shows dorsiflexion during swing
phase. The hindfoot begins to plantarflex during late swing and this plantarflextion
increases after heel strike. At the beginning of midstance, the hindfoot motion
reverses and begins to dorsiflex until late stance, when the hindfoot plantarflexes
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during toe-off. The patterns and ranges of motion obtained for the sagittal plane in
this study agree with previous work.[3,9,33–36] Motion of the hindfoot in the coronal
plane shows an increase in inversion at toe-off, which moves to a relative neutral or
slightly everted position shortly before heel strike. Through most of the stance phase,
a relatively neutral position is maintained. These patterns and ranges agree with
reported normal data.[16,33,34] Transverse plane hindfoot motion shows a steady move-
ment into internal rotation throughout the swing phase to the beginning of midstance.
At midstance, the hindfoot begins external rotation, which continues through toe-
off. There are no reports for direct comparison of transverse hindfoot patterns.

Sagittal plane forefoot motion demonstrates relative plantar flexion at toe-off,
which changes to a more dorsiflexed position approaching heel strike. The total range
of motion of this segment is small, measuring less than 10°. Little data are available
for this motion segment. D’Andrea et al. reported a similar motion pattern but recorded
greater ranges of motion.[16] Coronal plane forefoot motion shows forefoot varus
rotation at toe-off, with rotation toward a forefoot valgus position occurring steadily
to midstance. A sudden increase in forefoot varus rotation occurs at toe-off. There are
no known reports of this motion for comparison. Transverse plane forefoot motion
demonstrates a near-neutral position at toe-off with an abduction motion occurring in
early swing followed by adduction of the forefoot that increases through heel strike.
There are no known reports of this motion for comparison.

Sagittal plane hallux motion shows dorsiflexion at toe-off with a progressive
plantarflexion movement to a more neutral position at midstance. A rapid transition
back to dorsiflexion is seen in the late stance phase and toe-off. These data correlate
well with Delozier et al.[34] and D’Andrea et al.[16] Coronal plane hallux motion
shows that from midswing to heel strike, there is an increase in hallux supination.
At heel strike, the motion changes to pronation, increasing gradually throughout the
stance phase. Transverse plane hallux motion is in a varus direction from heel strike
through midstance, with a rapid movement back to valgus at toe-off. The hallux
remains in a relative valgus position throughout the swing phase. There are no known
reports of these motions for direct comparison.

22.5 SUMMARY

We have presented a system designed to track and quantify 3-D motion characteristics
of the tibia, hindfoot, forefoot, and hallux segments of the distal lower extremity. The
system requires the use of radiographs to index the reflective markers and underlying
bony anatomy. Clinical data gathered during the testing phase of our study were
collected from a single adult subject, which limits the clinical significance of these
findings. Further work will be necessary to characterize the clinical reliability of the
system. Normal kinematic patterns could then be examined in a large population to
better understand the dynamic characteristics of the foot and ankle structure during
ambulation. Possible rehabilitative and clinical/surgical applications could include
treatment of diabetic neuropathy, characterization of pathological motion patterns,
hallux valgus, posterior tibial tendon insufficiency, calcaneal reconstruction, pedothic
management, prosthetic design and application, and therapeutic treatment.
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23.1 INTRODUCTION

 

The foot and ankle is a complex structural system. Motions at joints during gait are a
function of bony repositioning. The foot serves to support and propel the body, transfer
forces from the ground, and provide rotation for adaptations on uneven terrain. Dys-
functions of the foot have numerous origins, which are broadly categorized as either
injury or pathology. It is crucial to properly treat foot and ankle anomalies, as they
may lead to pain, further dysfunction, and erosion of proximal ability.

A currently accepted approach to quantifying foot and ankle kinematics during
gait is to represent the entire foot as a single rigid body with a revolute ankle joint.

 

1

 

Although useful for overall sagittal plane studies, this method is inadequate for
portraying true three-dimensional (3D) motion. More sophisticated models that
segment the foot further and provide multiplanar rotation offer valuable insight into
the segmental foot kinematics.

Few models include multisegmental kinematics for both the stance and the swing
periods of gait. More typically, the biomechanical foot model is constrained to a
limited number of segments and includes rotational limitations that restrict joint
motion to a single axis of rotation.

 

2–5

 

 Such rotational limitations lead to the inability
to track well-documented, multiaxis joint rotations.

 

3,5–8

 

There are many noteworthy, recently developed, biomechanical models that
include multiple segments (three or more) to describe foot and ankle kinematics.
Carson et al. document a four-segment foot model with rigorously defined segments
using surface markers. However, no data are presented with regard to the accuracy,
reliability, or validity of the biomechanical model.

 

10

 

 Udupa et al. introduced a novel
approach to kinematic foot analysis with the use of magnetic resonance (MR)
imaging for 3D reconstruction of the foot and ankle segments.

 

11

 

 Accurate and
reproducible results were obtained. This MR method is particularly advantageous
over the classical marker stereophotogrammetry methods, because the actual bone
movements can be tracked as opposed to external landmarks. Unfortunately, this
practice cannot be applied directly to gait. Rattanaprasert et al. provided a four-
segment foot and ankle model. Each segment was assumed to have three degrees-
of-freedom motion between the adjacent segments, with the exception of the hallux
segment, which was limited to two degrees of freedom.

 

12

 

 The developed model was
tested for static accuracy and subject repeatability, and reported satisfactory results.
The subjects included adults, and gait analysis was limited to the stance phase.
Another model that was limited to the stance phase of gait was that of Leardini et al.
This study segmented the foot and ankle into five parts: tibia/fibula, calcaneus,
midfoot, first metatarsal, and hallux.

 

7

 

 Repeatability measures were assessed, but a
validation protocol was absent. Cornwall and McPoil used an electromagnetic system
to develop a four-segment model to analyze the stance phase of gait.

 

13

 

 All angular
displacements were expressed relative to the leg segment, which does not correspond
with the traditional method of graphical presentations,where segments are measured
relative to the proximal segment. Additionally, there is no mention of model vali-
dation or accuracy testing. A study by Simon et al. complements the conventional
segments by also defining functional segments that give insight into the combined
motions of the foot.

 

14

 

 The talus is defined as an individual segment in this model,
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although it cannot be defined with the use of surface markers alone.

 

15

 

 In this case, a
mathematical minimization problem has been deduced based on the positioning of
adjacent segments. Thus assumptions are made assuming the joint’s center location
and its ability to be accurately traced during the gait cycle.

 

14,15

 

 Many studies that
present foot and ankle models include detailed development of the 3D segment but
do not elaborate on validation procedures, including reliability and accuracy testing.

 

15,16

 

With regard to the pediatric population, there are only limited biomechanical
models to assess foot and ankle motion.

 

18,19

 

 As with the adult populations, pediatric
models of the foot and ankle strive to accurately describe the complex kinematics of
foot motion in order to better understand kinematics and pathology and to improve
treatment. Challenges in developing appropriate pediatric foot models include small
foot sizes and close marker spacing, which frequently exceed the technical capabilities
of the motion analysis system. Although reliability tests show good results for pediatric
models, validation protocols are lacking in biomechanical model development.

 

18

 

To date, there is no biomechanical model with pediatric applications that has
demonstrated validity, accuracy, and reliability. The objective of this study was to
develop an accurate biomechanical foot and ankle model to describe the kinematics
of pediatric gait during both stance and swing. It was hypothesized that this pediatric
system could function with equivalent or greater resolution, accuracy, and reliability
when compared to existing adult foot and ankle model systems.

 

23.2 METHODOLOGY

23.2.1 F

 

OOT

 

 

 

AND

 

 A

 

NKLE

 

 M

 

ODEL

 

The pediatric biomechanical model defines the foot and ankle as four distinct seg-
ments: (1) tibia and fibula, (2) talus and calcaneus, (3) distal tarsals and metatarsals,
and (4) hallux (Figure 23.1). An unrestricted 3D joint to the next distal segment
couples each rigid body segment.

 

FIGURE 23.1

 

Bones of the foot and ankle with their associated model segment. (© 2004 IEEE)

Segment 1: Tibia and fibula
Segment 2: Talus and calcaneus
Segment 3: Distal tarsals and metatarsals
Segment 4: Hallux

1

2
3

4
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The biomechanical model used a series of Euler rotations to determine the angle
of the distal segment rotating with respect to the proximal segment. The order of
rotations is sagittal, coronal, and then transverse planes of motion. This particular
order was chosen with clinical applications in mind and realizing that as consecutive
rotations are made, the accuracy of the model decreases.

 

6

 

 Taking into account camera
electronics, arrangements, and geometry, as well as planar motion of each of the
segments, the derotation order was established as mentioned above. Each segment
was assigned its own axis system. For instance, the left tibia segment is defined as:

(23.1)

(23.2)

(23.3)

 

(23.4)

 

(23.5)

 

T

 

 is the 3 

 

×

 

 3 rotation matrix for the left tibia segment comprising the three unit
vectors, 

 

t

 

′

 

1

 

, 

 

t

 

′

 

2

 

,

 

 

 

and 

 

t

 

′

 

3

 

. One segment is expressed relative to the adjacent segment
by multiplying the transposed 3 

 

×

 

 3 rotation matrix of the proximal segment by that
of the distal segment. Therefore, the tibia segment is expressed relative to the global
or lab coordinate system. The hindfoot is measured relative to the tibia, the forefoot
to the hindfoot, and the hallux to the forefoot.

 

23.2.2 I

 

NSTRUMENTATION

 

A 15 camera VICON 524 (Oxford Metrics, Oxford, England) motion analysis system
was used to acquire 3D

 

 

 

marker data at 120 frames/sec (fps). The capture volume was
defined with dimensions of 1.3 m (height) by 1.0 m (width) by 4.9 m (length). This
volume ensured collection of complete stance and swing phase gait data. Three markers
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were placed on bony landmarks (Figure 23.2) to define each segment of the model
(Table 23.1). At a minimum, three noncollinear markers define a segment in space.
The markers are small (

 

d

 

 

 

=

 

14.5 mm), lightweight, and covered with reflective tape.
To compensate for the small size of the hallux segment, which does not allow room
for the placement of three markers, a hallux triad was used (Figure 23.2). A rotation
matrix was developed for the hallux segment based on the geometry of the triad, so
that the segment axis could be oriented more closely with the anatomical axes.

For the dynamic testing procedures, a Biodex System 3 (Biodex Medical Systems,
Inc., New York, New York) was used to generate defined angular rotations. A Biodex
machine uses a programmable rotational shaft in conjunction with a dynamometer. It
can be positioned in multiple orientations to move through various ranges of motions.
Biodex outputs that are of interest in this study include time, angular position (range

 

=

 

 330

 

°

 

 and accuracy 

 

=

 

 

 

±

 

1

 

°

 

 of rotation), and angular velocity (range 

 

=

 

 1 to 500

 

°

 

/sec
and accuracy 

 

=

 

 

 

±

 

1

 

°

 

/sec).

 

23.2.3 S

 

UBJECT

 

 P

 

OPULATION

 

Three normal children, between the ages of 6 and 11, made up the subject population
of this study. They had no history of gait abnormalities or any previous orthopedic

 

FIGURE 23.2

 

Marker locations of the pediatric foot and ankle model. (© 2004 IEEE)
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surgeries. Upon completion of instrumentation, each subject was asked to walk at
a self-selected pace (approximately 1.10 m/sec) a distance of 5 m. No less than nine
trials were collected for each subject, according to standard clinical protocol. This
ensured enough trials to provide for more reliable estimates of gait patterns.

 

23.2.4 V

 

ALIDATION

 

 P

 

ROTOCOL

 

23.2.4.1 Linear Testing

 

Resolution and accuracy of the foot and ankle system were determined both statically
and dynamically.

 

6,21,22

 

 For static linear testing, four markers were placed on a dummy
segment representing the approximate shortest and longest intermarker distances of
the pediatric foot and ankle model (Figure 23.3). The short and long distances
measured 39.9 and 140.7 mm, respectively. A midpoint distance was also explored
(70.5 mm). The marker positions were measured with a vernier caliper (±0.02 mm
tolerance). The dummy segment was placed in the capture volume and oriented
along the 

 

x

 

, 

 

y

 

, or 

 

z

 

 global reference system axis. Data were collected for six trials
of 3-sec duration for each orientation. To assess reliability, the testing procedures
were repeated 2d later. Taking the same dummy segment and moving it through the
capture volume at the average pediatric gait speed fulfilled dynamic linear testing.

 

23.2.4.2 Angular Testing

 

Dynamic angular testing used the Biodex System 3 to rotate through a known range
of 305

 

°

 

. A dummy segment with three markers, representative of a proximal foot
segment, was mounted onto the stationary Biodex, representing the distal segment
(Figure 23.4). The Biodex was programmed to rotate through 305

 

°

 

 at 180

 

°

 

/sec.

 

TABLE 23.1
Marker Locations of the Pediatric Foot and Ankle Model

 

Segments Marker Number Marker Name Anatomical Location

 

1 M1 (R/L)MSAT Medial surface of the anterior tibia
1 M2 (R/L)MMAL Medial malleolus
1 M3 (R/L)LMAL Lateral malleolus
2 M4 (R/L)TCAL Calcaneal tuberosity
2 M5 (R/L)MCAL Medial calcaneus
2 M6 (R/L)LCAL Lateral calcaneus
3 M7 (R/L)T5ML Tuberosity of the 5th metatarsal laterally
3 M8 (R/L)MH1M Medial head of the 1st metatarsal
3 M9 (R/L)LH5M Lateral head of the 5th metatarsal
4 M10 (R/L)XHAL Anteriorly directed hallux marker
4 M11 (R/L)YHAL Laterally directed hallux marker
4 M12 (R/L)ZHAL Superiorly directed hallux marker
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FIGURE 23.3

 

Dummy segment used in linear validation testing. (© 2004 IEEE)

 

FIGURE 23.4

 

Biodex orientation for angular validation testing. (© 2004 IEEE)
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The system provided the required angular output over time and was compared to
the biomechanical model’s output at various positions in the range. This procedure
was repeated for 

 

x

 

, 

 

y

 

, and 

 

z

 

 orientations.

 

23.2.4.3 Accuracy and Resolution Equations

 

System resolution was calculated from the following equation

 

6

 

:

(23.6)

 

D

 

 

 

=

 

 measured distance

 

n

 

 

 

=

 

 total number of samples

 

d

 

i

 

 

 

=

 

 computed distance

 

t

 

 

 

=

 

 

 

t

 

-test coefficient (from statistical tables

 

23

 

)

 

s

 

 

 

=

 

 sample standard deviation

 

ε

 

r

 

 

 

=

 

 round-off error 

 

= (5/10m)
εm = measurement error, based on micrometer resolution (−0.02 mm)
m = number of significant digits.

System accuracy was computed as6:

(23.7)

A = percentage system accuracy
xw = “worst” data point.

23.2.5 KINEMATIC DATA ANALYSIS

3D marker data were run through two separate biomechanical foot and ankle models.
The first was the pediatric model developed in this study. Secondly, the same trial data
set was processed with the Milwaukee adult foot and ankle system. Marker data were
labeled in VICON motion capture software, and gait events such as foot contact and
toe-off were identified. The marker coordinates were processed with a Woltring filter,
with a mean square error value of 20. Data were then processed with the VICON Body
Builder for Biomechanics software. The marker data were also processed with the
Milwaukee adult foot and ankle model.6 Each model output was 12 joint rotation
angles, one for each foot segment in each of the three anatomical planes.

The data were exported to MATLAB for graphical processing. Data sets were
interpolated to 150 data points and normalized to percentage of gait cycle (0 to 100%)
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for comparison. A cross-correlation function was used to compare the two models.
The cross-correlation was calculated with the following equation24:

(23.8)

x(t) = adult Milwaukee model kinematic output
y(t) = pediatric model output
τ = frame lag.

Each cross-correlation curve was normalized, so that perfect correlation
would equal 1. The point of maximal correlation was labeled and recorded for
statistical purposes.

23.3 RESULTS

23.3.1 VALIDATION PROTOCOL

23.3.1.1 Linear Testing Results

The results of the static linear testing are shown in Table 23.2. Markers placed at
140.7 mm represent the long distance, at 70.5 mm the mid-distance, and at 39.9 mm
the shortest distance. For comparative statistical purposes, t-test coefficients were
selected at the 0.05 and 0.01 levels of significance. Accuracy was exceptional in all

TABLE 23.2
Linear Static Resolution and Accuracy Testing Results (© 2004 IEEE)

Orientation Marker Position Accuracy (%) Resolution (mm) p-Value

x-axis

Short- 100 0.30 − 0.14 0.05
0.30 − 0.23 0.01

Mid- 100 0.50 − 0.14 0.05
0.50 − 0.23 0.01

Long- 99.98 0.41 − 0.17 0.05
0.41 − 0.29 0.01

y-axis

Short- 100 0.60 − 0.14 0.05
0.60 − 0.23 0.01

Mid- 99.90 0.53 − 0.18 0.05
0.53 − 0.30 0.01

Long- 100 0.10 − 0.14 0.05
0.10 − 0.23 0.01

z-axis

Short- 99.95 0.18 − 0.17 0.05
0.18 − 0.29 0.01

Mid- 99.88 0.31 − 0.17 0.05
0.31 − 0.29 0.01

Long- 99.94 0.48 − 0.17 0.05
0.48 − 0.29 0.01

R
T

x t y t dt
xy T

T

( ) lim ( ) ( )τ τ= +
→∞ ∫1

0
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three orientations, with the highest percentage of accuracy in the x-axis orientation
followed by the y- and z-axes. The mean average accuracies of the short-, mid-, and
long-distances (s, m, and l, respectively) were 99.99%, 99.96%, and 99.92% for the x-,
y-, and z-orientations, correspondingly. The greatest resolution was documented in the
s-, l-, and s-distances in the x-, y-, and z-orientations, respectively. The poorest resolution
was seen at the m-, s-, and l-distances in the x-, y-, and z-orientations, respectively. The
worst resolution was 0.53 − 0.18 mm at 0.05 level of significance, m-distance, and
99.90% accuracy. The greatest resolution was seen in the y-orientation with the l-distance
at 0.10 − 0.14 mm and 0.05 level of significance.

Table 23.3 summarizes the results of the dynamic linear testing. The markers
were oriented along the z-axis for the trials. The markers that represent distance l
demonstrate both the highest percentage of accuracy (99.91%) and the greatest
resolution (0.23 − 0.23 mm at 0.05 level of significance). The resolution is second
greatest at distance m (0.43 − 0.23 mm at 0.05 level of significance) followed by
the poorest resolution at s-distance (0.53 − 0.14 at 0.05 level of significance).

23.3.1.2 Angular Testing Results

Table 23.4 shows the computations of resolution and accuracy for the angular testing.
The Biodex was programmed to rotate at a rate of 180°/sec. The x-, y-, or z-axis
given is the axis in which the Biodex arm rotates around (i.e., the z-axis is analogous
to transverse plane motion). The range of motion was set from 0° to 305°; however,
the positions of rotation were measured with a constant angular velocity of 180°/sec.
Consequently, there is a window of 200° at the center of the range of motion where
the velocity of the arm is 180°/sec. The five positions where measurements were
taken are equally distributed throughout this window. The mean accuracy of the
dynamic angular test results was the highest with rotation about the x-axis (99.69%),
followed by the y-axis (99.57%), and then the z-axis (99.51%). The resolution was
the greatest with rotation about the z-axis (0.78 − 1.23 mm), then the x-axis (0.86 −
0.34 mm), and then the y-axis (0.89 − 0.83 mm).

TABLE 23.3
Linear Dynamic Resolution and Accuracy Testing Results 
(© 2004 IEEE)

Marker Position Accuracy Resolution (mm) P-Value

Short- 99.84% 0.53 − 0.18 0.05
0.53 − 0.31 0.01

Mid- 99.81% 0.43 − 0.23 0.05
0.43 − 0.39 0.01

Long- 99.91% 0.23 − 0.23 0.05
0.23 − 0.39 0.01
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23.3.2 KINEMATIC DATA ANALYSIS

The kinematic output data of the foot and ankle model are shown in Figure 23.5.
The trial presented is best representative of the pediatric walking trials. The motion
of the tibia segment is expressed relative to the global lab coordinate system. The
hindfoot, forefoot, and hallux segments are calculated relative to the adjacent
proximal segment. The columns denote the sagittal, coronal, and transverse planes
of motion, while the rows signify the relative angles between the lab and the tibia,
tibia and hindfoot, hindfoot and forefoot, and forefoot and hallux. The axis labels
on each of the graphs are identical. The y-axis is the intersegment rotation angle
in degrees and the x-axis is the percentage gait cycle. The gait cycle is defined
from heelstrike to the next consecutive heelstrike of the same foot and therefore
includes both stance and swing phases.

Figure 23.6 shows the results of the pediatric foot model and then the Milwaukee
foot model as reported by Kidder et al.6 The solid line represents the pediatric model
results, and the dotted line denotes the same data processed with the Milwaukee
foot and ankle software. The cross-correlation graphs in Figure 23.7 show the

FIGURE 23.5 Kinematic data from one trial of representative subject. (© 2004 IEEE)
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relationship between the two sets of kinematic data. The x-axis of the cross-corre-
lation graphs is the lag in frame number. Normalized correlation coefficients
are located on the y-axis. For positive correlation, the range is from 0 to 1,
with 1 equaling perfect correlation. Table 23.5 summarizes the statistical anal-
yses of the cross-correlation graphs. The table presents the mean and standard
deviation of each trial for the three subjects involved in the study. The frame lag
was equated to lag expressed as a percentage of the gait cycle. Correlation coeffi-
cients range from 0.988 ± 0.001 to 0.749 ± 0.200 (this range excludes the negatively
correlated coronal plane hallux segment). Highest correlation was found between
the sagittal plane tibia segments and the lowest correlation within the transverse
plane hindfoot segments. The lag at which the correlation coefficients occur lie
between a maximum of 3.55% gait cycle (coronal plane hallux segment) and 0.44%
gait cycle (coronal plane hindfoot segment).

FIGURE 23.6 Kinematic results of pediatric and Milwaukee foot and ankle models. (© 2004
IEEE)

0

0 50 100

20

−40 0 50 100 0 50 100

0 50 100 0 50 100 0 50 100

0 50 100 0 50 100 0 50 100

0 50 100 0 50 100 0 50 100

−40
−20Ti

bi
a t

o 
gl

ob
al 60

40

−20

0

20

−10

10
0

40
30
20

20

−20

0

20

−20

0

20

−20

0

20

−20

0

20

−20

0

20

0

−40

−20
−40
−20

40

H
in

df
oo

t t
o 

tib
ia

0
10
20
30

H
al

lu
x 

to
 fo

re
fo

ot

Percent (%) gait cycle Percent (%) gait cycle Percent (%) gait cycle

0
20

0

−60

−20

−40

Fo
re

fo
ot

 to
 h

in
df

oo
t

(+) Forward/Backward

(+) Dorsiflex/Plantarflex

(+) Dorsiflex/Plantarflex

(+) Dorsiflex/Plantarflex (+) Pronation/Supination

(+) Valgus/Varus

(+) Eversion/Inversion

(+) Abduct/Adduct (+) External/Internal

(+) External/Internal

(+) Abduct/Adduct

(+) Valgus/Varus

Milwaukee adult
Pediatric

3971_C0023.fm  Page 395  Thursday, June 28, 2007  2:10 PM



396 Foot Ankle Motion Analysis

FIGURE 23.7 Cross-correlation graphs between pediatric and Milwaukee models. (© 2004
IEEE)

TABLE 23.5
Statistics of Cross-Correlation Graphs (© 2004 IEEE)

Segment Plane

Mean Lag 
Percentage 
Gait Cycle

Standard 
Deviation

Mean Correlation 
Coefficient

Standard 
Deviation

Tibia Sagittal 3.00 0.36 0.998 0.001
Tibia Coronal 0.77 1.22 0.985 0.009
Tibia Transverse 1.89 1.71 0.991 0.010
Hindfoot Sagittal 0.89 1.38 0.994 0.004
Hindfoot Coronal 0.44 0.81 0.948 0.047
Hindfoot Transverse 0.77 1.71 0.749 0.200
Forefoot Sagittal 0.67 1.03 0.969 0.016
Forefoot Coronal 1.11 1.77 0.883 0.092
Forefoot Transverse 0.67 1.12 0.957 0.038
Hallux Sagittal 1.89 0.98 0.965 0.016
Hallux Coronal 3.55 2.33 –0.096 0.299
Hallux Transverse 1.67 1.51 0.934 0.066
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23.4 DISCUSSION

23.4.1 VALIDATION PROTOCOL

For the results of the linear static testing, the resolution was slightly greater when
the segment was oriented along the z-axis. Accuracy values are acceptable regardless
of orientation or testing procedure. The comparable adult foot and ankle system
reported static resolution as 0.01 ± 1.2 mm, with an accuracy at 99.4% (assuming
a 0.01 level of significance) in the sagittal plane.6 The coronal resolution for the
adult model was 0.6 ± 1.1 mm with 99.5% accuracy. Transverse plane information
was not provided. For the dynamic testing, resolution increased with decreasing
marker distance. This result is typical of most imaging systems. However, the
resolution for the short marker separation is still in a satisfactory range. Kidder et al.
documented average resolution along the x-axis as 0.65 ± 0.07 mm and average
accuracy as 98.9%.6 y- and z-axes resolutions and accuracies are 0.94 ± 0.08 at
98.8% and 0.97 ± 0.13 at 99.04%, respectively, at a 0.05 level of significance.6

23.4.2 KINEMATIC ANALYSIS

Comparisons between the adult Milwaukee foot and ankle kinematic analysis and the
pediatric biomechanical model are presented. Figure 23.6 shows the two model outputs
plotted on the same graphs. From these plots, it is evident that the tibia motion in the
sagittal, coronal, and transverse planes matches closely with that of the adult Milwaukee
foot and ankle model. The segment ranges of motion in each of the planes are also
quite similar. It is difficult to make additional comparisons of these graphs to femur-
referred gait data, as the current study refers the tibia to the lab-based global coordinate
system. However, there are studies that make a global-based reference with similar
curve patterns and ranges of motion in all three anatomical planes.6,26

The hindfoot segment in the sagittal plane shows ranges of motion similar to
that in the adult Milwaukee foot model. The pediatric foot model also demonstrates
a slight inversion shift from the Milwaukee foot model during midstance. Similar
patterns are documented in other studies, which show good correlation between
curve contour and ranges of motion.1,3,5,6,26,28 Leardini et al. reported a diminished
range of motion in a two-camera adult foot study.7 Hindfoot motion in the coronal
and transverse planes demonstrated a somewhat decreased range of motion compared
to the Milwaukee model. These patterns and ranges are similar to normal reported
adult data in the coronal plane 1,5–7,26,29 and also in the transverse plane.1,6,7,26

Hallux kinematics in the sagittal plane demonstrate similar ranges of motion. There
is good correlation with the normal data published by Leardini et al.,7 D’Andrea
et al.,29 and DeLozier et al.28 In the coronal plane, the pediatric model demonstrates
a pronation shift from about 5° at initial contact to a maximum of 10° in midstance.
The hallux motion in the transverse plane is similar in the two models, with a slight
valgus shift in the pediatric model. Forefoot motions in the sagittal and coronal planes
are comparable in overall range of motion in the pediatric and adult models.The
motions of the forefoot in the transverse plane are nearly identical. Recent publications
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report similar ranges of motion and curve morphology, although D’Andrea, while
citing larger ranges of motion, reports similar patterns in the sagittal plane.7,26,29

23.4.3 CROSS-CORRELATION ANALYSIS: MILWAUKEE FOOT 
MODEL

MATLAB V.6 R-12 was used to perform cross-correlation analyses of the two
model outputs (Figure 23.7). When comparing the subject trials, it is important to
investigate the overall correlation as well as phase shift. Of the 12 graphs, 11
graphs have positive correlations. The hallux segment in the coronal plane exhibits
negative correlation. This may be due to the initial curve divergence and offset
that is present through the majority of the gait cycle. In the case of negative
correlation, ranging from −1 to 0, 0 is the point of perfect correlation. The
representative trial presented shows very good correlation between the Milwaukee
and pediatric models. The point of maximum correlation is not less than 0.8421
(transverse plane hindfoot). The mean correlation coefficient of the 11 graphs of
the representative trial is 0.961 ± 0.044 (this measurement excludes the coronal
plane hallux segment). Table 23.5 reports the mean and standard deviation of the
lag and correlation coefficients over all trials. The highest correlation is demon-
strated in the sagittal plane tibia segment (0.998 ± 0.001). Examining each segment
individually shows that the highest correlation is always in the sagittal plane. Also,
when looking at each plane, the order of correlation (high to low) is the tibia,
hindfoot, forefoot, and hallux. These trends are likely due to the order of rotations
(sagittal, coronal, and transverse). The first rotation yields the highest accuracy.
Consecutive rotations have diminished accuracy and the same is true when moving
toward distal segments.

The lag at which maximum correlation occurs varies between graphs. The lag
value other than 0 is indicative of a phase shift. The representative trial shows a
mean lag of 1.4 ± 1.6% gait cycle. The maximum lag is 4.6% gait cycle (coronal
plane hallux) and the minimum is 0 (coronal and transverse tibia, all planes of the
hindfoot, and the transverse plane hallux). The phase shift may be attributed to the
filtering devices used in the Milwaukee foot and ankle model. (It is unknown which
filter the data are run through in the proprietary Milwaukee software.)

23.4.4 CLINICAL APPLICATION

Both the adult and pediatric Milwaukee foot models will accept radiographic input
data. While it remains a goal to keep radiation exposure to a minimum, especially
in pediatric subjects, there may be an advantage in referencing detailed foot motion
to the underlying bony anatomy.30 Use of these methods requires control of variation
in radiograph measurement techniques, which easily add sources of error into the
kinematic modeling program. Influences of radiographic variability on the foot and
ankle model output have not been thoroughly examined. Future applications of this
model may incorporate optional radiographic inputs if strongly desired. This may
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be beneficial in the case of a severely deformed foot, where the marker placement
may not truly reflect the anatomy of the foot. Also, further use of the static foot
position may be used to offset some errors not yet quantified to more closely align
the foot segments to the true anatomical orientation.

23.5 CONCLUSION

The static and dynamic test results confirm the system accuracy and ability to track
3D motion during pediatric gait. The resolution and accuracy computations are com-
parable and even surpass similar measurements for the existing Milwaukee adult foot
and ankle model. The dynamic angular test results also verify the ability of the
biomechanical model to track rotations accurately. In the light of the current study
results, the model is considered sufficient for further clinical application. The small
number of clinical patients included in this study (n = 3) does not allow for detailed
clinical descriptions of pediatric gait. Further work should include normal pediatric
subjects and subjects with pathologies. It is hoped that quantification of normal and
pathological pediatric gaits will ultimately lead to improved characterization, rehabil-
itation, and surgical treatment.
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Foot Ankle Motion Analysis

 

24.1 INTRODUCTION

 

The foot is a complex entity, composed of over 100 ligaments, 30 muscles, and 26
bones.

 

1

 

 It has intricate movement patterns, which, at present, are not well understood.
The foot provides a crucial mechanical role during locomotion, which may be
summarized by the following four functions:

 

2

 

It provides a stable base of support to minimize muscular effort.
It accommodates rotation of more proximal limb segments during the weight-

bearing phase of the gait cycle.
Flexibility of the structures within the foot allows shock absorption and

accommodation of the terrain.
Rigidity of structures within the foot allows leverage during push-off.

Normal patterns of motion within the foot during gait have been described by
various authors using a variety of measurement techniques.

 

2–9

 

 Impact at initial
contact is partially absorbed through ankle plantarflexion, which proceeds from slight
dorsiflexion to approximately 20

 

°

 

 of plantarflexion during the initial stage of the
gait cycle.

 

6

 

 During this load acceptance phase, the body’s entire weight is gradually
transferred to the supporting limb,

 

9

 

 as the lower leg internally rotates. Early exper-
imental results by Hicks

 

10

 

 suggested that the hindfoot tended to invert during this
period. However, more recent studies using three-dimensional (3D) gait analysis
appear to contradict this finding. Eversion of the hindfoot during early stance has
been demonstrated by a number of authors, using both surface markers and bone
pins.

 

4,6,8

 

 Since these studies measured dynamic, 

 

in vivo 

 

motion, rather than relying
on cadaveric analysis, it is probable that this reflects, more accurately, true motion
of the hindfoot. The hindfoot also initially abducts during the first 20% of the gait
cycle.

 

6

 

 The general position of the hindfoot during the initial phase of stance allows
flexibility for shock absorption and conformity to irregular surfaces.

 

2

 

Between 15 and 50% of the gait cycle, the lower leg dorsiflexes over the foot,

 

9

 

 the
tibia rotates externally,

 

2,9

 

 and the hindfoot tends to invert.

 

4,6,8

 

 Toward terminal stance,
the hindfoot again progresses to plantarflexion as the heel is raised off the ground.

 

2

 

The hindfoot rapidly dorsiflexes during the initial swing phase to promote clearance
of the foot. During terminal swing, the foot begins to plantarflex once again, which
prepositions the foot for initial contact.

Very little information is available regarding forefoot motion during gait.
Improvements in camera sensitivity have only recently begun to allow distinction
between different segments of the foot during 3D motion analysis. However, this
type of research is still in its infancy; thus, a degree of caution is warranted when
interpreting results.

Interestingly, there is very little cadaveric research investigating forefoot motion.
Much of the attention over recent years has focussed on the ankle and hindfoot,
particularly the subtalar joint. The few studies available which address forefoot
motion

 

5,11

 

 have all employed 3D motion analysis. Results suggest that the forefoot
tends to be slightly plantarflexed and supinated relative to the hindfoot at initial contact,
progressing to slight dorsiflexion throughout the first half of stance, while maintaining
a neutral position in the frontal plane.
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During terminal stance, the forefoot rapidly plantarflexes, supinates, and adducts
until toe-off occurs. During swing phase, it remains slightly plantarflexed and supinated.

Soft tissue and bony deformities within the foot compromise its role during gait.
Altered bony alignment restricts the available range of motion, which inhibits shock
absorption and accommodation functions of the foot. Poor biomechanical alignment
also limits the generation of propulsive power, increasing the amount of muscular
work required to propel the body forward.

Current methods of 3D motion analysis are inadequate for measuring and
describing these patterns of movement within the foot. This is particularly apparent
when considering measurement of the forefoot, or when deformity is present. A new
system of measuring motion and loading of the foot, which is clinically relevant and
able to be practically implemented, is required. The purpose of the current study
was to develop a multisegment foot model, appropriate for use in children over the
entire gait cycle. Five variations of this model were then tested to determine the
most appropriate method for measuring intersegment motion within the foot for both
healthy and pathological conditions, such as cerebral palsy. A second aim of this
study was to provide a reliable and automated method for measuring plantar pressure
in children, which may also be applied in the presence of foot deformity.

 

24.2 METHODOLOGY

24.2.1 T

 

ESTING

 

 P

 

ROTOCOL

 

Fifteen healthy children aged 6 to 14 yr (average age 9.5 yr, five male and ten female)
were tested at the Oxford Gait Laboratory on three separate occasions. Visits were
spaced between 2 weeks and 6 months apart. Each child had reflective markers
placed on his or her dominant foot

 

12

 

 and a conventional marker set on the lower
body.

 

13

 

 A 12-camera VICON 612 system (Vicon Motion Systems Ltd., Oxford, U.K.)
was used to collect 3D kinematics of one foot and both lower limbs for each subject
at 100 Hz. Data were also collected from a piezoresistive pressure platform (Istituto
Superiore di Sanita, Rome, Italy) with a spatial resolution of 5 mm, sampling at
100 Hz.

 

14

 

 This was rigidly mounted to and time synchronized with an AMTI force
plate, with a minimum sampling frequency of 500 Hz (OR6 platform, Advance
Mechanical Technology Inc., Massachusetts, U.S.). Results were validated by com-
paring center of pressure and total force output from the AMTI force plate with that
of the pressure mat. Subjects were asked to walk at their usual walking speed along
a 10-m walkway. Three representative trials for each visit were used in the analysis.
These trials were identified visually by looking at all traces from the session (average
20 trials). A static standing trial was also performed to define the segment axes prior
to four markers being removed, as shown in Table 24.1, for the walking trials.

 

24.2.1.1 Foot and Ankle Model

 

The Oxford Foot Model defined by Carson et al.

 

12

 

 was modified for children and
for application to deformity, such as that seen in cerebral palsy. The original model
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comprised a rigid tibial segment (tibia and fibula), a rigid hindfoot (calcaneus),
a forefoot (five metatarsals), and a hallux (proximal phalanx of the hallux). The
tibia was redefined using the knee joint center for compatibility with the lower
body model. The hindfoot segment was altered to be independent of neighboring
segments, which is particularly important in cases where foot deformity is present.
For the forefoot, the position of the proximal marker on the first metatarsal
(P1MT) was changed to be medial to the extensor hallucis longus tendon, in
order to provide greater consistency in placement; the forefoot anterior/posterior
axis was adjusted accordingly. The hallux segment was replaced by a single
vector. This gave the following foot segment definitions for what was considered
to be the 

 

default model,

 

 with markers listed in Table 24.1, and shown in
Figure 24.1(a and b)

 

 

 

24.2.1.1.1

 

Tibia

 

24.2.1.1.1.1

 

Anatomical Definition

 

It is composed of the tibia and fibula and assumed to move as a single rigid body.
Segment is based on the plane defined by the line from the knee joint center to
the ankle joint center and the transmalleolar axis. Longitudinal axis is from the
ankle joint center to the knee joint center. Anterior axis is perpendicular to the
plane defined by the longitudinal axis and the transmalleolar axis. Transverse axis
is mutually perpendicular.

 

TABLE 24.1
Names and Positions of Markers Used in the Foot Model

 

Marker Name Position  Segment

 

KNE Femoral condyle Femur
TTUB Tibial tuberosity Tibia
HFIB Head of fibular Tibia
LMAL Lateral malleolus Tibia
MMAL

 

a

 

Medial malleolus

 

a

 

Tibia

 

a

 

SHN1 Anterior aspect of shin Tibia
CAL1 Posterior distal aspect of heel Hindfoot
CAL2

 

a

 

Posterior medial aspect of heel

 

a

 

Hindfoot

 

a

 

CPEG Wand marker on posterior calcaneus aligned 
with transverse orientation

Hindfoot

LCAL Lateral calcaneus Hindfoot
STAL Sustentaculum tali Hindfoot
P1MT Base of first metatarsal Forefoot
P5MT Base of fifth metatarsal Forefoot
D1MT

 

a

 

Head of first metatarsal

 

a

 

Forefoot

 

a

 

D5MT Head of fifth metatarsal Forefoot
TOE Between second and third metatarsal heads Forefoot
HLX Base of hallux Hallux

 

a

 

Names are used in the static trial only and are removed for dynamic trials.
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24.2.1.1.1.2

 

Static Calibration

 

Vertical axis is from the mid-point between the MMAL and LMAL to the KJC
(defined by the lower body model

 

13

 

). Anterior axis is perpendicular to the plane
defined by the vertical axis and the vector from the MMAL to the LMAL. Transverse
axis is mutually perpendicular.

 

24.2.1.1.2

 

 Hindfoot

 

24.2.1.1.2.1

 

Anatomical Definition

 

The calcaneus defines the hindfoot. Motion at the talocrural and subtalar joints are con-
sidered to contribute jointly to motion of the hindfoot relative to the tibia. Segment is
based on orientation of the mid-sagittal plane of the calcaneus in standing posture (defined
by the line that passes along posterior surface of the calcaneus, which is equidistant from
both the lateral and medial borders of this surface, and the point midway between the
sustentaculum tali

 

 

 

and the lateral border of the calcaneus). Anterior axis is from the most
posterior aspect of the calcaneal tuberosity, in the plane defined above, and parallel to
the plantar surface of the hindfoot. Lateral axis is perpendicular to this plane.

 

(a)

 

FIGURE 24.1 

 

(a) Markers on the lower leg and foot shown from a lateral view. (b) Markers
on the foot and ankle shown from a dorsal view.
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24.2.1.1.2.2

 

Static Calibration

 

Anterior axis is parallel to the floor and in the plane of CAL1, CAL2, and CPEG.
Transverse axis is perpendicular to this plane. Vertical axis is mutually perpendicular.

 

24.2.1.1.3 Forefoot

 

24.2.1.1.3.1

 

Anatomical Definition

 

Comprises the five metatarsals and assumed to move as a single rigid body. Segment
is based on the plane defined by the center of distal heads of the first and fifth metatarsals
and the proximal head of the fifth metatarsal. Superior axis is perpendicular to this
plane. Longitudinal axis is the projection of the line from the mid-point of the
proximal heads of the first and fifth metatarsals to the mid-point of the distal heads
of the second and third metatarsals into this plane.

 

24.2.1.1.3.2

 

Static Calibration

 

Vertical axis perpendicular to plane containing D1MT, D5MT, and P5MT. Longitu-
dinal axis is the projection onto this plane of the line from the mid-point of P1MT
and P5MT to TOE. Transverse axis is mutually perpendicular.

 

(b)

 

FIGURE 24.1

 

(Continued).
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24.2.1.1.4

 

Hallux

 

24.2.1.1.4.1

 

Anatomical Definition

 

Comprises the proximal phalanx of the hallux. Based on a longitudinal line along
the proximal phalanx.

 

24.2.1.1.4.2

 

Static Calibration

 

Mediolateral axis aligned with lateral axis of forefoot. Anterior axis from D1MT (at
height of HLX) to HLX. Angles of rotation for each segment were calculated
according to the joint coordinate system of Grood and Suntay.

 

15

 

This model was implemented using BodyBuilder software (Vicon Motion
Systems Ltd., Oxford, U.K.). The four markers on each segment (except the hallux)
give redundancy in case of marker loss. This information was also exploited to
calculate intersegment angles in different ways. Five variations of the default model
were tested for anatomical feasibility and repeatability: 

Using a scaled virtual point between D1MT and D5MT to define the distal
point of the longitudinal axis of the foot (DistFF). The point was chosen
as the scaled distance that produced the same angle of forefoot abduction
as using the TOE marker. It was thought that this would prove more reliable
than placing the TOE marker on the foot.

Tracking the forefoot segment with markers on the lateral part only —
anatomically defined as comprising metatarsals 2 to 4 (eliminating the use
of P1MT for dynamic trials). To quantify the sensitivity of the measure-
ments to movement of P1MT relative to the forefoot (i.e., flexibility of the
forefoot segment in the default model), P1MT was moved up and down by
5 mm within the forefoot coordinate system of one representative subject,
using BodyBuilder software (Vicon Motion Systems Ltd, Oxford, U.K.).
The resulting changes on forefoot pronation and supination were calculated.
A value for forefoot “arch height” of the foot was also calculated. This was
defined as the absolute distance between the marker on the dorsal surface
of the base of the first metatarsal (P1MT) and the same point projected on
the plantar surface of the forefoot as defined by the model in the static trial.
This was then normalized to foot length by dividing by the distance from
CAL1 to TOE, which gave the arch height as a percentage of foot length.
The maximum and range of this distance were recorded.

Tracking the hindfoot segment in walking trials without the use of the wand
marker on the rear of the calcaneus (CPEG). This was performed since it
appeared that the wand marker was prone to being knocked, and therefore
a potential source of variability.

Using markers on the tibia itself to define the longitudinal axis of the tibia
(as in the original version of the model

 

4

 

), rather than the knee joint center
from the conventional lower body model. This was also believed to poten-
tially improve repeatability, since the assumption of a fixed knee joint center
may be a source of variability.

Static calibration of hindfoot and dynamic tracking of hindfoot without refer-
ence to CPEG. It was thought that this would prove to be more accurate and
repeatable than visually lining up the CPEG with the orientation of the hallux.
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Parameters that were analyzed included clinically significant maximums, mini-
mums, and ranges of intersegment angles. These were determined after an initial
visual analysis of the data, as well as consideration of routine clinical practice. Data
from three trials for each visit were averaged and then one-way analysis of variance
(ANOVA) tables were used to determine within-subject standard deviations (SDs)
to give a measure of repeatability. Each variation of the model was compared to the
default model. Changes in within-subject SDs greater than 1

 

°

 

 were considered
significant. Mean values for each variable were also calculated and differences were
assessed with paired 

 

t

 

-tests (

 

p 

 

< .01).

 

24.2.2 P

 

LANTAR

 

 P

 

RESSURE

 

The pressure footprint was divided into five subsections. These were medial heel,
lateral heel, midfoot, medial forefoot, and lateral forefoot. The positions of the
markers on the foot were superimposed onto the pressure footprint at a time
corresponding to mid-stance, defined by the instant when the summed vertical
distance between all the markers on the foot and the floor was at a minimum. The
medial/lateral and anterior/posterior coordinate of each marker was then projected
vertically onto the footprint (Figure 24.2). This provided the means to automati-
cally divide the foot on the basis of anatomical landmarks (Table 24.1). Peak force
values (normalized to body mass) were obtained for each subarea, for each gait
cycle, and repeatability of these measurements was assessed using SPSS software
(SPSS Inc, version 11.0). ANOVA tables were used to define within-subject SDs
for the healthy children. A normal range with 95% confidence intervals was
established from the data from all the healthy children.

 

FIGURE 24.2

 

Pressure footprint showing five sub-areas: medial heel, lateral heel, midfoot,
medial forefoot, and lateral forefoot. The labeled circles represent the projected positions of
markers on the foot.
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24.3 RESULTS

24.3.1 M

 

ULTISEGMENT

 

 F

 

OOT

 

 K

 

INEMATICS

 

*

 

Measured variables from foot kinematics for each subject were compared between
days. For the default model, the patterns of movement were found to be consistent
but some offsets between days were observed (Figure 24.3). Within-subject SDs
were lowest in the sagittal plane (between 2 and 4

 

°

 

). The highest variability was in
the transverse plane at the hindfoot and forefoot, with SDs of 8 and 7

 

°

 

, respectively.

 

*  The results of this section have been previously published.

 

16

 

FIGURE 24.3

 

Example of inter-day variability in foot motion. Patterns consistent but offset
apparent. Solid line from visit 1, dashed line from visit 2, dotted line from visit 3. Vertical
lines divide stance and swing phase.
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All five variations of the model were compared for repeatability to the default
model. Changes in definitions of the model produced only minimal changes in
repeatability. The only variation producing change in the repeatability was variation
5, which reduced variation of the hindfoot in the transverse plane between days from
8 to 6

 

°

 

 (Table 24.2 and Table 24.3).

 

24.3.1.1 Variation 1

 

Using a scaled point, 53% of the distance between the heads of the first and fifth
metatarsals produced no significant change in the measured angle of maximum
forefoot adduction relative to the hindfoot, when compared to using the TOE marker
(Table 24.2). It was therefore accepted that this scaled distance produced similar
results to the TOE marker and was used for further comparison. No difference was
noted in repeatability in using this point instead of the TOE marker.

 

24.3.1.2 Variation 2

 

Using markers on the lateral part of the forefoot only to track the forefoot had the
effect of making the forefoot appear less adducted in swing than if markers on the
entire forefoot were used (mean change from 5 to 1

 

°

 

 adduction, 

 

p 

 

< .01) (Figure 24.4).
It also reduced the range of forefoot motion (dorsi/plantar flexion: 21 to 19

 

°

 

; abduction/
adduction: 9 to 8

 

°

 

; and pronation/supination: 10 to 9

 

°

 

, 

 

p

 

 < .01) (Table 24.2).

 

TABLE 24.2
Comparison of Means and Within-Subject SDs for the Default Model 
and Variations (1) and (2), Which Affect the Position of the Forefoot 
Relative to the Hindfoot and Tibia

 

Default
DistFF Point 

 

(1)
Lateral Markers 

 

Only (2)

Mean SD Mean SD Mean SD

 

Maximum forefoot dorsiflexion 9.8 3.4 9.8 3.3 10.1 3.3
Maximum forefoot supination 6.5 5.3 6.4 5.9 6.5 5.4
Minimum forefoot abduction 5.0 7.4 4.1 7.1 0.6

 

a

 

7.1
Range forefoot dorsiflexion 20.8 2.7 20.8 2.7 19.2

 

a

 

2.5
Range forefoot supination 8.8 1.6 8.6 1.6 7.8

 

a

 

2.0
Range Forefoot Adduction 9.9 2.4 9.9 2.6 8.8

 

a

 

2.3
Maximum FF/Tib dorsiflexion 19.9 3.7 19.9 3.5 NA NA
Maximum FF/Tib supination 11.8 4.2 12.8 3.4 NA NA
Maximum FF/Tib adduction 16.8 8.4 19.6 7.8 NA NA
Range FF/Tib dorsiflexion 44.0 4.5 44.1 4.5 NA NA
Range FF/Tib supination 15.2 3.1 16.4 3.3 NA NA
Range FF/Tib adduction 17.3 3.7 18.4 3.4 NA NA

NA = Not Available

 

a

 

Significant difference in the mean value.
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TABLE 24.3
Comparison of Means and Within-Subject SDs for the Default Model
and Variations 3, 4, and 5, Which Affect the Hindfoot

 

 

 

Default

 

No CPEG (3)
Tibia 

 

Markers (4)
No CPEG 

 

Static (5)

Mean SD Mean SD Mean SD Mean SD

 

Maximum knee flexion 59.2 2.5    NA NA 64.5

 

a

 

3.1    NA NA
Maximum hindfoot dorsiflexion 11.2 3.0 10.9 2.9 12.2 3.5 10.7 2.8
Maximum hindfoot inversion 9.0 5.2 8.8 5.4 9.3 5.6 7.6 4.6
Maximum hindfoot rotation 13.8 8.4 15.6 8.3 15.3 8.1 13.9 6.6

 

b

 

Range knee flexion 56.9 3.0    NA NA 61.2

 

a

 

3.2    NA NA
Range hindfoot dorsiflexion 24.2 2.7 23.7

 

a

 

2.8 20.4

 

a

 

2.6 23.8 2.8
Range hindfoot inversion 10.8 2.2 11.5 2.1 10.2 1.9 11.4 2.0
Range hindfoot rotation 12.3 2.7 12.4 2.0 11.1 2.0 12.1 2.1

NA = Not Available

 

a

 

Significant difference in mean value.
bSignificant difference in repeatability.

FIGURE 24.4 Change forefoot adduction when using lateral markers only to track the forefoot
(dashed line). Solid line represents tracking all four markers on the forefoot (default model).
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The calculated forefoot “arch height” had a mean value of 23% (SD 4%). This
changed within the gait cycle by 7% (SD 2%). Sensitivity analysis on the position
of the proximal marker on the first metatarsal revealed that a movement of 10 mm
in the vertical direction produced a maximum change of 9° in supination of the
forefoot (Figure 24.5).

24.3.1.3 Variation 3

When the wand marker on the rear of the calcaneus was eliminated from use in
calculating hindfoot angles in dynamic trials, repeatability was unchanged. However,
it tended to reduce the range of hindfoot dorsiflexion (from 24.2 to 23.7°, p < .01)
(Table 24.3).

24.3.1.4 Variation 4

Using anatomical markers on the tibia itself, rather than on the knee joint center, produced
a significant increase in the mean maximum knee flexion angle (from 59 to 65°, p < .01)

FIGURE 24.5 Change in forefoot angles as a result of shifting P1MT up (dashed line) by 5mm
and down (dotted line) by 5mm. Solid line is neutral position of P1MT as in default model.
Vertical dashed line divides stance and swing phase. Trace is from one representative subject.
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and range of knee flexion (from 57 to 61°, p < .01). It also reduced the range of measured
hindfoot dorsiflexion (from 24 to 20°, p < .01) (Table 24.2).

24.3.1.5 Variation 5

Elimination of the CPEG wand marker during static calibration was the only variation
to significantly improve repeatability, which reduced the SD for hindfoot rotation from
8 to 6°. There were no significant changes in mean values.

Table 24.2 and Table 24.3 show a summary of the comparison of within-subject
SDs for each of the methods described above, as well as comparisons of mean values.
Figure 24.6 shows the average foot kinematics from 14 healthy children on the basis
of the default version of the model. One subject was excluded from this average due
to obvious toe walking.

24.3.2 PLANTAR PRESSURE*

Normalized peak force showed the highest values in the medial heel and medial
forefoot, with the lowest value at the midfoot. Peak force repeatability varied from
0.2 to 1.8 N/kg for the different subareas, for intrasubject SD. Peak force showed
the most variability in the medial heel (Figure 24.7).

24.4 DISCUSSION

24.4.1  MULTISEGMENT FOOT KINEMATICS

A comprehensive study has been carried out on the repeatability of foot kinematics
in healthy children of a model adapted to the assessment of foot deformity in children
with cerebral palsy. This provided objective data on which to base a final version
of the model.

For the default model, good consistency between patterns of foot motion was
observed but some offsets in the curves between days were noted. This was quantified
by comparing intrasubject SDs in peak and range values for the intersegment angles
where the peak values between adjacent segments showed greater variability (2 to
8°) than the ranges (2 to 3°). The sagittal plane (dorsi/plantarflexion) was found to
be the most repeatable and the highest variability was found in the transverse plane
(internal/external rotation of the hindfoot and forefoot abduction/adduction). This
variability is generally greater than previously reported values based on tests in adult
subjects, as might be expected due to the smaller surface area of children’s feet and
the greater variability in their gait.14 The trend in variability between planes (between
1 and 5°) is consistent with the results previously found when validating the Oxford
Foot Model on two healthy adults.4 Other investigators who have studied adult foot
kinematics have found similar trends. Siegel et al.18 reported similar SDs, with the
sagittal plane having the least variability, followed by the coronal plane, and the
transverse plane with the most variability. Moseley et al.6 found 1 to 2° SDs, again
with the greatest repeatability appearing in the sagittal plane, and the least in the

*  The results of this section have been previously published.17
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FIGURE 24.6 Inter-segment foot angles from 14 healthy children of final version of Oxford foot
model normalized to 100% of the gait cycle. Shade band shows mean ±SD across all subjects.
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transverse plane. Kepple et al.19 tested five healthy adults and found intrasubject
SDs ranging up to 1.2°. They found the most variability in the transverse plane and
the least in the coronal plane. Leardini et al.11 reported acceptable levels of repeat-
ability in the sagittal and coronal planes, but not in the transverse, for all intersegment
pairings. They further stated that clinical conclusions on altered joint function in the
transverse plane should therefore be handled more carefully. There have been some
studies that found the most variability in the coronal plane.20,21 The three studies of
pathological feet21–23 all found greater variability in the clinical cases when compared
to the healthy controls.

It is difficult to directly compare results with other studies since there are differ-
ences between the definitions of axes and testing protocols. Most models6,11 reference
their dynamic angles to a standard neutral position, where all joint angles are defined
to be zero. This would artificially reduce variation between sessions, as any error due
to marker placement is reduced by shifting the reference position each time. The
Oxford Foot Model does not reference to a measured neutral posture, but instead
allows nonzero joint angle in the static reference position. This would account for
some of the increased variability, but allows for measurement of foot deformity where
achieving “neutral position” in a static standing posture is not always possible. Repeat-
ability testing was also carried out on the same day by several researchers,5,11,18,20,21,24

whereas the study described here was repeated on three separate days, which would
also be likely to reduce repeatability. Furthermore, the method of quantifying repeat-
ability differs between authors. In the current study, the variability in peak and range
values are reported since these were considered to have clinical significance, whereas
most previous studies report averaged values across a gait cycle or stance phase.4,11

FIGURE 24.7 Normalized peak force among the five footprint sub-areas.
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The resulting differences in the repeatability from changes to the model tested
within the current study were generally small. When the mid-point between the
heads of the first and fifth metatarsals was used to define the longitudinal axis of
the forefoot (instead of an actual “TOE” marker), repeatability was unchanged in
all measured variables. Virtual markers have been reported to have greater reliability
than physical markers,25 and it was thought that identification of points on either
side of the foot, rather than one on the top of the foot, would prove to be more
accurate. This may still be the case in feet with significant deformity, where the
metatarsals are no longer parallel and identification of a point between the second
and third metatarsal heads may not represent the long axis of the forefoot. It may
therefore be useful to maintain this as an option to calculate forefoot angles (since
there is no significant difference in mean angles produced by this method and by
using the TOE marker). Leardini et al.’s model11 suggests a maximum forefoot
adduction of around 10° as do Rattanaprasert et al.21. Hunt et al.20 suggest a maximum
of 2° in their model of forefoot motion, which is similar to the suggestions of Kidder
et al.,24 Wu et al.,23 and MacWilliams et al.5 Although these studies concerned adult
feet, the results are similar to those found in the current study.

It was decided to attempt to track the forefoot with markers on the lateral part
only in order to assess the relative movement of the P1MT marker and determine
the validity of assuming this segment to be rigid. It was found that tracking with
lateral markers only did not significantly improve repeatability. However, the mea-
surement of arch height relative to the lateral forefoot was found to vary by an
average of 7% of foot length within the gait cycle across all subjects. With the default
definition of the forefoot, which considers the five metatarsals as a rigid body, this
arch height measure would be constant. The variability in this measure is therefore
due to flexibility between the medial and lateral forefoot. On this basis, a sensitivity
analysis was conducted on one representative subject. Since this subject had a foot
length of 180 mm, a change in arch height of 7% foot length would be equal to
12.6 mm. It was therefore concluded that P1MT was likely to move by at least this
amount during the gait cycle. The effect on pronation and supination of the forefoot
was assessed by shifting the position of P1MT up and down by 5 mm. It was
discovered that the maximum effect of moving the marker up by 5 mm produced
an increase in supination of 5°, while moving the marker down by 5 mm produced
a reduction in supination of 4°, making a range of 9°. This suggests that the error
induced in forefoot supination, by assuming the rigidity of the segment, may be as
high as 9°, when the variation in forefoot arch height is around 7% of foot length.
As a result of this analysis, it was decided to routinely record this measure of arch
height and to assume that the value of range in arch height across the gait cycle (%
foot length) roughly corresponds to the error in supination of the forefoot (°) when
measuring it as one rigid segment.

The anterior axis of the hindfoot was assumed to be parallel to the floor for this
study, since it involved only healthy children, all of whom were able to stand with
feet flat on the floor. Where this is not achievable, a rotational offset in the sagittal
plane may be input (on the basis of x-ray or additional marker position).

It was initially thought that using a wand marker on the rear of the calcaneus
was the source of variability in hindfoot angles, since it was likely to be knocked
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out of place. When the repeatability of measuring hindfoot motion without this wand
marker was examined, it was found that there was no significant change in repeat-
ability when this marker was eliminated. When not using the wand, a lower range
of measured dorsiflexion of the hindfoot was apparent. However, this value was very
small (less than a degree) and not considered clinically relevant. It was decided to
maintain the use of the wand marker, but to keep the option of tracking without it,
in cases of obvious marker loss or knock, which can be assessed by comparing
results from pre- and postassessment static trials.

Using physical markers on the tibia itself, rather than the calculated knee joint
center from the conventional lower body model,13 was expected to improve repeat-
ability of measurements, but no significant change was noted. However, it signif-
icantly altered the absolute values of three of the eight kinematic variables. Pri-
marily, it changed the apparent amount of knee flexion and also affected the range
of hindfoot dorsiflexion. Maximum knee flexion was increased from 59 to 65°
when markers on the tibia were used. The change in knee flexion angle when the
knee joint center is not used may reflect translational error in the tibia and this
effect may warrant further investigation. However, for consistency with conven-
tional kinematics, it was decided to continue to use the knee joint center to align
the long axis of the tibia, in order to be compatible with conventional lower body
kinematic models.

When the CPEG marker was eliminated from the static calibration, an improve-
ment of 2° in the within-subject SD was noted. It was thought that variability in
aligning the CPEG marker with the transverse orientation of the hindfoot was the
source of some variability in measuring of hindfoot rotation. The hypothetic line
from CAL1 through the middle of the calcaneus is used to visually align the CPEG
marker; so it was thought that directly using the line from CAL1 to the mid-point
between STAL and LCAL (placed on either side of the calcaneus) would be a more
repeatable estimate of the anterior axis of the hindfoot. While it is possible that this
may reduce the sensitivity of the model to identifying deviation in the transverse
plane, it is believed this is outweighed by the improvement in repeatability gained
by using the mid-point between STAL and LCAL instead of the CPEG marker. This
assumption will require further validation on feet with deformity of the hindfoot in
the transverse plane.

The terminology for this model was adopted on the basis of clinical convenience
and clarity. It is recognized that axes of rotation defined by the model do not always
exactly replicate true anatomical axes. For example, Leardini et al.26 confirmed
in vitro that true inversion/eversion takes place at the subtalar or talocalcaneal joint
about an axis whose position is load dependant. The present foot model combines
the calcaneus and talus into a single segment (the hindfoot) and hence is unable to
separate true inversion from overall relative motion between the tibia and hindfoot.
However, the term “inversion/eversion” is meaningful to clinicians using this model,
but it needs to be taken in the context of the definition described.

Taking into account repeatability and compatibility issues with the existing lower
body model, it was decided to continue using the physical TOE marker to calculate
the long axis of the forefoot, to eliminate use of the CPEG wand marker on the
calcaneus, to use the conventional knee joint center to calculate the long axis of the
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tibia, and to measure forefoot arch height relative to the plantar surface defined by
lateral markers on the forefoot to allow estimation of error produced in forefoot
supination as a result of rigid body assumptions. Mean angles of this version of the
model from the 14 healthy children are shown in Figure 24.6.

An awareness of the variability in the measurement of intersegment foot motion
in children is vital for correct interpretation of results and should not be ignored when
planning treatment and assessing outcomes. While a number of different variations of
the model were assessed to achieve the optimal model for measuring foot motion, up
to 7° variability was still apparent in the transverse plane. It was recognized that this
may be in part due to inherent variability in children’s gait. However, a significant
factor is the consistency of marker placement between days on small feet. Therefore,
clear protocols and practice in marker placement are crucial and improvements to
fixation of the reflective markers should be considered.

24.4.2 PLANTAR PRESSURE

This study assessed the feasibility and repeatability of plantar pressure measure-
ment of 15 healthy children using an automated subarea selection based on 3D
marker positions.

There are many methods to achieve subdivision of the foot for detailed analysis.
Since the ultimate aim of this study was to assess patients with foot deformity, it
was considered important to define subdivisions of the foot, appropriate for these
patients. The introduction of the current methodology was aimed at overcoming the
difficulties that foot deformity in general poses when measuring plantar pressure.
This is achieved by using anatomical markers projected on the footprint to determine
subareas, and not relying on a “normal” alignment of the foot. Determination of
transverse sections was in agreement with those defined previously, including hind-
foot, midfoot, and forefoot (with the toes included with the forefoot).27–32 However,
the position of the dividing line between the segments was based on the position of
markers on the foot, and therefore differed in principle to other methods. As the foot
deformity associated with this population usually involves deviation in the coronal
plane, it was decided to include further division of the transverse sections into medial
and lateral components, apart from the midfoot, which was maintained as one area.

Automatic subarea definition based on marker placement was found to be reliable
in healthy children. Since the protocol is not reliant on “normal” alignment of the
foot, it allows assessment of feet where deformity is present. This is a further step
to the method proposed by Giacomozzi et al.14 and allows greater flexibility of
application. Vertical projection of the position of markers onto the footprint was
considered to be a valid assumption for healthy feet, since the entire foot is in contact
with the pressure mat at mid-stance. In the presence of foot deformity when the
plantar surface is not parallel to the floor at the time of mid-stance, the vertical
projection of the markers may be slightly skewed on the footprint. However, the
subarea selection method was chosen to have minimal effect on the selection of the
areas that remain in contact with the floor and any discrepancy is likely to be within
the spatial resolution of the mat. Further testing of subjects with foot deformity is
required to validate this assumption.
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Reporting of plantar pressure results in the literature is widely varied. There is
little standardization in reporting units, definition of subdivisions, or normalization of
results. However, where results are reported in kilopascals and subdivisions are similar
to those used in this study, average peak pressure results are also similar to those
reported in the literature. Average peak pressure from all healthy subjects varied from
80 kPa (at the midfoot) to 330 kPa (at the medial forefoot). This is similar to results
reported by Meyring et al.30 and Zhu et al.33 Duckworth et al.34 suggested that a range
of 0 to 1000 kPa was evident during walking. Other researchers have reported results
within similar ranges.28,30

24.5 CONCLUSION

The aim of this study was to provide a method for detailed assessment of foot motion
and loading, capable of being applied to children with foot deformity. A multisegment
foot model was validated for use with children — this was previously unavailable.
The model proposed here produced results consistent with previous studies of foot
kinematics in adults5,12,20,21,24 and expected foot motion during normal gait.7 The results
in kinematic patterns were found to be more consistent than the absolute values.
Absolute measurements in the transverse plane were found to be the least consistent,
but repeatability was improved when the wand marker was eliminated from use on
the hindfoot. The difference between measuring angles in slightly different ways gave
only negligible differences in results, allowing for some flexibility in implementation
in the presence of severe deformity.

The second aim of this study was to address the lack of consistency in plantar
pressure measurement and reporting of results and provide a means to reliably measure
plantar pressure in the presence of foot deformity. It was thought that the best way to
achieve this was to automate the process as much as possible, while still maintaining
clinical relevance and accuracy. Synchronization of plantar pressure, ground reaction
force, and 3D position of markers on the foot was found to be a reliable method for
providing information on localized forces under the sole of the foot.

This validation allows clinical implementation of the model, integrated with plantar
pressure measurement, with an understanding of its reliability, enabling objective
outcome studies in children with foot deformity.
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25.1 INTRODUCTION

 

In the late 1970s and early 1980s, a commonly used foot model

 

1

 

 in clinical gait analysis
was developed at the Newington Children’s Hospital (Newington, CT), extending the
theoretical work of Shoemaker.

 

2

 

 As shown in Figure 25.1, this single-segment foot
model is based on a vector that passes from the calcaneus to the space between the
second and third metatarsals. The plantar surface of the foot provides a reference for
the sagittal plane alignment of this vector. The ankle center (AC) and toe marker are
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intended to provide references for transverse plane alignment, although sometimes
the heel marker and toe marker are used instead.

This foot model offers limited and sometimes ambiguous or misleading infor-
mation depending upon the shape and structural integrity of the patient’s foot. It is
assumed that the foot segment is relatively “rigid” between the heel and toe markers,
and that the motion of this foot vector about the ankle flexion/extension axis repre-
sents ankle plantar flexion and dorsiflexion. Clearly, however, talocrural joint dis-
placement, mid-foot (navicular and cuboid) movement relative to the hindfoot (talus
and calcaneus), and forefoot (cuneiforms, metatarsals, and phalanges) motion rela-
tive to the mid-foot are all captured by this single-segment model with the toe marker
placed on the dorsum of the forefoot (Figure 25.1 and Figure 25.2a). The potential
for measurement artifact is exacerbated when the integrity of the mid-foot is com-
promised or “broken down.” As illustrated in Figure 25.2b, toe marker placement
on the forefoot captures this mid-foot displacement relative to the hindfoot and
exaggerates the apparent ankle dorsiflexion. If this potential for artifact is recognized
by the clinical team, then the toe marker can be placed more proximally
(Figure 25.2c) to minimize the effect of the mid-foot movement artifact.

Transverse plane foot deformity also challenges the utility of this single-segment
foot model. For example, an adducted forefoot presents a measurement quandary
(Figure 25.3). If the toe marker is placed distally over the forefoot (Figure 25.3a, b),
then the adducted position of the forefoot is included in the transverse plane kine-
matic results. If, however, the clinical team elects to document the transverse ori-
entation of the hindfoot relative to the tibia, then the toe marker is placed proximally
to the forefoot (Figure 25.3c). This proximal placement may be more consistent with

 

FIGURE 25.1

 

The most commonly used foot model at present consists of a single segment
referenced to the plantar surface of the foot to define sagittal plane position/motion. The ankle
center (AC) and the space between the second and third metatarsals (TOE) define transverse
plane position/motion. 

Heel

Heel

AC

AC

TOE

TOE
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FIGURE 25.2

 

(a) The most commonly used current foot model relies on a retroreflective
marker placed on the dorsum of the foot between the second and third metatarsals. (b) When
the patient presents with mid-foot deformity or instability, this standard placement can result
in a measure that indicates excessive ankle (talocrural) dorsiflexion. (c) If the deformity is
appreciated by the clinical team, the reference marker can be placed proximal to the deformity
to avoid or reduce measurement artifact. 

 

FIGURE 25.3

 

 (a) The most commonly used current foot model relies on a retroreflective
marker placed on the dorsum of the foot between the second and third metatarsals. (b) When
the patient presents with forefoot deformity (such as the excessive adduction illustrated here),
this standard placement can result in a measure that indicates excessive internal foot progres-
sion, which may be consistent with the clinical impression of the examiner(s). (c) If, however,
foot progression is defined consistent with the other foot/ankle kinematic measures associated
with this model, then the reference marker must be placed proximal to the deformity. There
exists no standard protocol in this area, leading to ambiguity with respect to the quantitative
measure of “foot progression.”

(a) (b) (c)

(a) (b) (c)
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the sagittal plane goal of capturing talocrural motion, but it may produce quantitative
results that conflict with visual assessments of foot position in the transverse plane
during gait. Another fundamental challenge is that different clinical groups may
instrument the foot with forefoot deformity differently, but refer to the kinematic
results in the same way, e.g., transverse plane foot progression.

Given these limitations, why was this foot model ever adopted for clinical use?
This single-vector foot model is linked to the technology that was available for motion
data capture in the early 1980s. The original motion analysis laboratory at Newington
Children’s Hospital incorporated only three motion measurement cameras (one on
either side and one at the end of the straight walkway). The limited optical and electronic
resolutions of those cameras (relative to current technology) meant that the camera
images of the markers (2.5 cm diameter) would readily “merge” in the camera view
if placed too closely together on the segment of interest. When used for the computation
(or reconstruction) of the three-dimensional (3D) marker trajectories, merged marker
images may significantly reduce the quality of the 3D marker coordinate data. Con-
sequently, only one marker was tolerated on the dorsum of the foot, and the heel
marker (used only during a static subject calibration) was removed during the walking
trials to avoid its image merging with that of the marker placed on the lateral malleolus.
In fact, the original toe markers were placed over the head of the fifth metatarsal and
equipped with nonreflective shields to allow only two cameras at a time to track the
marker (as required by the Newington 3D data reconstruction algorithm). This prim-
itive foot model was developed and adopted for clinical use in the early 1980s, because
it was the best that the measurement technology would allow at the time. The foot
model and its associated clinical protocol were intimately tied to the capability and
limitations of the technology available at that time.

Contemporary technology, however, offers greater spatial measurement resolu-
tion, thereby potentially allowing more markers to be used to underpin a multiseg-
ment foot model, which better reflects the anatomical functional complexity of the
foot. More sophisticated foot models can now be investigated to better meet the
clinical needs of patients with foot deformity.

 

25.2 FOOT MODEL/ANALYSIS — CLINICAL 
REQUIREMENTS

 

The measurement goals associated with a foot model vary depending on the clinical
population to be served, e.g., degree of anticipated foot deformity, specific clinical
questions to be addressed. The adult patient with little or no significant foot deformity
offers opportunities for the use of more markers or at least more widely spaced
markers on the foot, as well as the potential for the routine palpation of a number
of anatomical landmarks. By contrast, the pediatric patient with significant deformity
of the hindfoot, mid-foot, and forefoot may offer a much more limited measurement
opportunity, i.e., intermarker distances are reduced, and, normally, superficial ana-
tomical landmarks may be obscured by the foot deformity.

Children with cerebral palsy are the primary clinical population served by the
Motion Analysis Laboratory at the Shriners Hospitals for Children (Greenville, SC).
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They commonly present with some degree of foot deformity

 

3

 

 as well as a variety of
other soft tissue and bony abnormalities. Of interest to the clinical team, with respect
to quantitative foot assessments during gait, are the triplanar motions of the forefoot
relative to the hindfoot (plantar flexion/dorsiflexion, inversion/eversion, and adduc-
tion/abduction) and of the hindfoot relative to the shank or tibia (plantar flexion/dorsi-
flexion, inversion/eversion, and internal/external rotation). Foot progression (the angles
formed between the longitudinal axes of the foot segments and the direction of pro-
gression) during gait is also useful because of the association between foot segmental
alignment and biomechanical support of the lower extremity. For this particular popu-
lation, a multisegment foot model that is useful in routine, clinical gait analysis must: 

1. Quantify the absolute and relative position and motion of two foot seg-
ments: hindfoot (including the talus and calcaneus) and forefoot (including
the cuneiforms and metatarsals, but not the phalanges)

2. Be appropriate for pediatric patients: This is the focus of efforts at the
Motion Analysis Laboratory at Shriners Hospitals for Children Greenville
(SHCG) as well as many other clinical gait analysis facilities. While many
foot models are developed with adult test subjects, pediatric application
requires that the models remain sufficiently reliable and robust with the
reduced intermarker distances associated with smaller-than-adult feet.

3. Be appropriate for patients with significant foot deformity: The main
clinical population served by the Motion Analysis Laboratory at SHCG
is children with cerebral palsy who commonly present with some degree
of foot deformity.

 

3

 

 An appropriate foot model must be sufficiently flexible
to accommodate a wide variety of foot shapes.

4. Not require foot radiographs for the alignment of the anatomical coordi-
nate systems: This requirement speaks to the practicality of the multiseg-
ment foot protocol for routine gait analysis, which is typically performed
in laboratories that do not have direct access to radiography.

5. Allow for simultaneous whole-body gait data collection over an entire gait
cycle (i.e., both stance and swing) without requiring a reconfiguration of the
motion cameras: Simultaneous whole-body data capture and analysis pro-
vides an opportunity to correlate foot kinematics and kinetics with whole-
body gait biomechanics. A comprehensive patient evaluation in the motion
analysis laboratory can require 2 to 3 h of time. The practicality of a multi-
segment foot model is reduced substantially if additional time for reconfig-
uration and recalibration of the motion cameras is required for its use.

6. Build upon the current single-segment foot protocol with respect to the
identification of key anatomical landmarks by the clinical evaluator: The
current single-segment foot model requires the palpation and identification
of two particular anatomical landmarks, the posterior aspect of the calcaneus
and the space between the second and third metatarsals. These landmarks
are readily available on children with foot deformity, as demonstrated by
more than 20 yr of experience with the single-segment foot model.

7. Remain consistent with the current single-segment foot model to the
degree possible with respect to the alignment of the anatomical coordinate
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system associated with each foot segment: This facilitates a case-by-case
comparison of the kinematic results provided by a new multisegment foot
model with the current single-segment model, so that measurement and
clinical differences can be appreciated.

 

25.3 CURRENTLY AVAILABLE MULTISEGMENT 
FOOT MODELS

 

A good deal of work has already been done with respect to the development of
multisegment foot models

 

4–20

 

 Most of these models, however, have been developed
in the context of healthy adult feet.

 

4,7–10,12,13,15,17,18,20

 

 Many are associated with pro-
tocols that would require motion camera repositioning and would not allow simul-
taneous whole-body gait data collection.

 

4,12,16

 

More recently, two groups of investigators (in the Department of Biomedical
Engineering, Marquette University, Marquette, Wisconsin and at the Oxford Gait
Laboratory, Nuffield Orthopaedic Centre, Oxford, England) have adapted their respec-
tive adult multisegment foot models

 

4,9

 

 for use in children.

 

14,19 

 

In both cases, the model
and/or associated measurement protocol have been simplified, e.g., number of instru-
mented foot segments and reflective markers reduced, for pediatric application. Both
groups have examined aspects associated with the reliability of their models. The
Marquette group describes a systematic evaluation of the reliability of the motion data-
capture system.

 

14

 

 The Oxford group has investigated tester reliability with respect to
marker placement.

 

19

 

 Simultaneous whole-body data collection appears to be possible
with both the Marquette and the Oxford multisegment foot models. Neither of the
models produces results that are readily compared with the measurements provided
by the current single-segment model because of differences in the anatomical align-
ment of the segmental coordinate systems. The Marquette model utilizes radiographic
data when available to align the segment anatomical coordinate systems, although
radiographic data are not strictly required. It is not clear how the anatomical coordinate
systems are approximated, if radiographic data are not available.

Both the Marquette and the Oxford pediatric foot models require the placement
of markers on significantly more anatomical landmarks on the foot than the current
single-segment model, such as markers on the head of the first metatarsal, the head
and base of the fifth metatarsal, and the medial/lateral/posterior aspect of the calca-
neus. In a study designed to explicitly investigate the reliability of the placement of
markers at these same locations in both healthy adults and children, Henley et al.

 

5

 

carefully controlled (and validated) the repeatability of foot placement between days
with individualized plaster molds. The study findings demonstrated good marker
placement reliability between days and with the same clinician evaluator. However,
marker placement reliability was found to be unacceptably poor between testers.
These findings are consistent with the significant between-day variability reported
by the Oxford group.

 

19

 

 Both of these studies that focused on marker placement
repeatability raise significant concerns about the feasibility of utilizing multiseg-
ment foot models that require the precise placement of a significant number of
anatomical markers.
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25.4 SHCG FOOT MODEL

25.4.1 B
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The Shriners Hospital for Children (SHCG) Foot Model is a two-segment foot model
(forefoot and hindfoot) that reflects a straightforward extension of the current single-
segment model. Principle references for the alignment of the anatomical coordinate
systems for the forefoot and hindfoot are similar to the current single-segment model.
Also shared between the two approaches is the palpation and identification of the
required anatomical landmarks.

Based on its configuration of reflective markers (Table 25.1, Figure 25.4), the
SHCG foot model appears quite similar to both the Marquette and the Oxford foot
models. A key distinction between the SHCG approach and the other two models
is that the three reflective markers on forefoot (MT1H, MT1B, and MT5H) and two
of the three markers on the hindfoot (MCAL and LCAL) are “technical” markers
and consequently do not require precise anatomical positioning on the foot. The foot
model utilizes data provided by the medial and lateral ankle malleoli markers
(MANK and LANK) that are placed for simultaneous full-body gait analysis. The
only additional “anatomical” marker, PCAL, needed for the SHCG foot model

 

TABLE 25.1
Physical (Anatomical and Technical) and Virtual Marker Configuration: 
Shriners Hospitals for Children Greenville Multisegment Foot Model

 

Anatomical Markers

 

PCAL Posterior calcaneus; medial/lateral placement strict; vertical placement 
approximate

Hindfoot

LANK Lateral malleolus; placement approximate for foot model Hindfoot
MANK Medial malleolus; placement approximate for foot model Hindfoot

 

Technical Markers

 

MCAL Medial calcaneus; placement approximate Hindfoot
LCAL Lateral calcaneus; placement approximate Hindfoot
MT1B Base of first metatarsal; placement approximate Forefoot
MT1H Head of first metatarsal; placement approximate Forefoot
MT5H Head of fifth metatarsal; placement approximate Forefoot

 

Virtual Markers

 

HFV1 Midpoint between MCAL and LCAL markers Hindfoot
AC Midpoint between MANK and LANK markers Hindfoot
MT23B Space between bases of the second and third metatarsals; medial/lateral 

identification with dynamic pointer strict; longitudinal identification 
approximate

Forefoot

MT23H Space between heads of the second and third metatarsals; medial/lateral 
identification with dynamic pointer strict; longitudinal identification 
approximate

Forefoot
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requires repeatable positioning only with respect to its medial/lateral placement on
the posterior calcaneus (i.e., its precise vertical placement is not critical). The only
other alignment task by the clinical tester is the identification of virtual points
(MT23H and MT23B) on the forefoot, using a dynamic pointer technique
(Figure 25.5).

 

21

 

 The longitudinal location of these two points over the metatarsals
is not critical to the model, only their medial/lateral location between the second
and third metatarsals. The three fundamental strengths of the SHCG approach with
respect to its clinical practicality are that 

• The flexibility provided by the approximate (as opposed to precise) posi-
tioning of the technical markers allows the clinician to readily respond to
the foot shape variations that arise with foot deformity

• The anatomical marker placement and alignment requirements are con-
sistent with more than 20 yr of experience with the current single-segment
foot model 

• The anatomical marker placement and alignment responsibilities of the
clinician are minimized, thereby streamlining the clinical protocol while
reducing the number of sources of marker placement variability.

 

FIGURE 25.4

 

The anatomical references for the SHCG Foot Model are the anatomical marker
PCAL and virtual markers AC and HFV1 for the hindfoot and virtual markers MT23B and
MT23H for the forefoot. The plantar surface of the foot is a primary reference for both the
hindfoot and the forefoot segment. Consequently, the hindfoot anatomical 

 

x

 

-axis (the unit vector
of 

 

H2

 

) and the forefoot anatomical 

 

x

 

-axis (the unit vector of 

 

T1

 

) would be parallel to the
floor/ground in the plantigrade patient. MCAL, LCAL, MT1B, MT1H, and MT5H are technical
markers that allow the hindfoot and forefoot segments to be tracked during gait and that allow
the hindfoot and forefoot anatomical coordinate systems to be constructed with the gait data.

y
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Both the hindfoot and the forefoot anatomical coordinate systems are based on
data collected during a static subject calibration. The attitude of these anatomical
coordinate systems relative to hindfoot and forefoot technical coordinate systems
(based on the three technical markers on each respective segment) is also computed
using the static data. These coordinate system transformation relationships are then
used to determine the spatial position and alignment of the hindfoot and forefoot
anatomical coordinate systems during the motion trials. The latter two steps are
consistent with techniques used in whole-body gait analysis.

 

1

 

 The remainder of this
section describes the determination of the hindfoot and forefoot anatomical coordi-
nate systems based on the static subject calibration.

 

25.4.2 H
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The primary anatomical reference for the hindfoot anatomical coordinate system is
the plane formed by 

 

PCAL

 

, 

 

AC

 

, and 

 

HFV1

 

 (Figure 25.4). The secondary reference
is the plantar surface of the hindfoot. The coordinate system is computed as follows:

1. An intermediate computational vector 

 

H1 

 

is computed from 

 

PCAL

 

 to the
virtual 

 

AC

 

 (located midway between markers placed on the lateral and medial
malleoli, consistent with whole-body gait analysis), 

 

H1 

 

=

 

 AC 

 

–

 

 PCAL

 

.
2. An intermediate computational vector 

 

H2 

 

is computed from 

 

PCAL

 

 to the
virtual point 

 

HFV1

 

,

 

 H2

 

 

 

=

 

 

 

HFV1

 

 – 

 

PCAL

 

, where virtual point 

 

HFV1

 

 is

 

FIGURE 25.5

 

 For the SHCG foot model, the plantar surface of the foot is a primary reference
for both the hindfoot and the forefoot segment. A “smart surface” is used for patients who
cannot stand plantigrade during the static subject calibration trial. The smart surface is
instrumented with three reflective markers, so that the surface can be placed as needed by
the clinician and its attitude determined by the motion measurement system. For particularly
complex foot deformity, more than one smart surface can be used simultaneously. Illustrated
here also is the tip of the dynamic pointer

 

21

 

 that is used to identify key anatomical landmarks
MT23B and MT23H on the forefoot (refer to Figure 25.4).

“Smart surface”
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determined midway between 

 

LCAL

 

 and 

 

MCAL

 

,

 

 HFV1

 

 

 

=

 

 (

 

LCAL

 

 

 

+

 

MCAL)

 

/2.
3. For a plantigrade subject, 

 

H2

 

 is set parallel to the floor. For a nonplanti-
grade subject, a “smart surface” is used to identify the plantar surface of
the hindfoot, and 

 

H2

 

 is set parallel to the smart surface (Figure 25.5)
4. The vector cross product of 

 

H1

 

 and 

 

H2

 

 yields the intermediate compu-
tational vector 

 

H3

 

. 

 

H3 

 

=

 

 H1 

 

×

 

 

 

H2

 

.
5. The unit vector of

 

 H2

 

 becomes the anterior–posterior coordinate axis for
the hindfoot 

 

e

 

hfx

 

.
6. The unit vector of

 

 H3

 

 becomes the medial–lateral coordinate axis for the
hindfoot 

 

e

 

hfy

 

.
7. The vector cross product of 

 

e

 

hfx

 

 and 

 

e

 

hfy

 

 yields the superior–inferior axis
for the hindfoot 

 

e

 

hfz

 

.
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The primary anatomical reference for the forefoot anatomical coordinate system is
the vector from virtual point 

 

MT23B

 

 to virtual point 

 

MT23H

 

 (Figure 25.4). The
secondary reference is the plantar surface of the forefoot. The coordinate system is
computed as follows.

1. An intermediate computational vector 

 

T1 

 

is computed from 

 

MT23B

 

 to

 

MT23H,

 

 

 

T1 

 

= MT23H – MT23B.
2. For a plantigrade forefoot, T1 is set parallel to the floor. For a nonplan-

tigrade forefoot, a ‘‘smart surface” is used to identify the plantar surface
of the forefoot and T1 is set parallel to the smart surface (Figure 25.5).

3. The unit vector of T1 becomes the anterior–posterior coordinate axis for
the forefoot effx.

4. For a plantigrade forefoot, the vertical axis of the laboratory (global)
coordinate system becomes the superior–inferior axis for the forefoot effz.
For a nonplantigrade forefoot, the unit vector perpendicular to the smart
surface becomes the superior–inferior axis for the forefoot effz.

5. The vector cross product of effz and effx yields the medial–lateral axis for
the forefoot effy, effy = effz × effx.

25.4.4 INITIAL EVALUATION

Note: All quantitative tests described below were conducted in the Motion Analysis
Laboratory at Shriners Hospitals for Children Greenville. For motion data capture,
the laboratory is equipped with a Vicon 512 system with 12 M-1 motion cameras
(Oxford Metrics Group, Oxford, England). The cameras are arrayed to provide a
6.7 × 2.3 × 2.0 m measurement volume. 14.5 mm diameter retroreflective markers
were used in all tests.

The evaluation of any new model and associated protocol must consider two
key questions: Can the motion data-capture system provide 3D marker trajectory
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data of sufficient quality to support the new model? Can the data collection protocol,
e.g., placement of anatomical markers, associated with the new model be performed
with sufficient reliability and repeatability?

25.4.4.1 Measurement of System Reliability

To evaluate motion measurement system performance, it is not uncommon for inves-
tigators to move a pair of reflective markers, rigidly attached together at some fixed
distance apart, through the measurement volume of the motion capture system. For
example, a rod with two 50 mm diameter markers attached was held vertically and
translated through the measurement volume of the SHCG motion capture system. The
test yielded a mean intermarker distance of 500.0 (±0.2) mm, with an associated mean
measurement error of 0.01 (±0.01) mm or 0.003%. Based on these results, one might
conclude that the SHCG measurement system offers more than sufficient accuracy
and precision for a variety of applications. This simple test, however, merely “dem-
onstrates” that the measurement system is functional and that it can measure the
distance between two markers with submillimeter precision under these circum-
stances. The same rod was moved randomly through the measurement volume, result-
ing in a mean intermarker distance of 500.2 (±0.8) mm with a mean measurement
error of 0.02 (±0.8) mm or 0.05%. The same rod and markers were used, but the results
differed significantly between the two tests. Different camera contributions in the 3D
data reconstruction process give rise to marker trajectory variability. Also, the random
movement of the rod increases the probability that the quality of the two-dimensional
camera image data is reduced (e.g., merged marker images). The two test results differ
because the second test is more challenging for the motion capture system than the
first. Neither test, however, demonstrates that the motion capture system can deliver
sufficient measurement quality for a new foot model for gait analysis. 

To evaluate the capability of the measurement system relative to a new gait
model, tests must be devised that determine whether the marker configuration asso-
ciated with the new gait model can be adequately monitored while moving through
the measurement volume in a manner consistent with gait. Similar to the marker
configuration associated with the proposed multisegment foot model, a rigid marker
triad of known geometry was fixed to the dorsum of the forefoot (Figure 25.6). The
marker triad was then “walked” through the measurement volume a number of times
with the subject equipped with the triad alone on the foot as well as with the other
shank and foot markers associated with this foot model (Table 25.1). In this way, a
rigid marker configuration that approximated the forefoot model was moved through
the measurement volume in a manner consistent with routine patient evaluation. By
varying the spacing of the markers on the triad, it was possible to investigate the
impact of the reduced intermarker distances associated with pediatric patients. The
data shown in Figure 25.7 suggest that the lower limit with respect to the spacing
between the MT1H (or MT1B) and MT5H markers on the forefoot is approxi-
mately 50 mm with appropriate marker trajectory filtering (a Woltring filter with
a mean square error value of 20 was used for this exercise). These results also
illustrate the negative impact of the juxtaposition of the other nontriad markers
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on the triad marker data. That is, the triad marker results were degraded by inap-
propriate ray contributions from the other markers and merged marker image data
during 3D reconstruction.

25.4.4.2 Marker Placement Reliability

The system reliability testing has shown that the measurement system can (with
identified limits) deliver 3D marker trajectory data of sufficient quality for the
proposed foot model. However, can the foot markers be placed by the clinician with
sufficient reliability and repeatability? To begin to investigate this question, a single
subject (adult male, age: 50 yr, height: 1.9 m, mass: 86 kg) was evaluated by two

FIGURE 25.6 To evaluate the capability of the motion measurement system with respect to
marker trajectory data accuracy and precision, a rigid triad of markers was placed on the test
subject’s forefoot. Intermarker spacing on the device was varied and the data for multiple
walks were collected. The results of this testing are provided in Figure 25.7.
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clinicians on each of five different days for a total of ten test sessions. Both testers
were well experienced with anatomical palpation and marker placement for routine
clinical gait analysis. The spatial position of the subject’s foot during the standing
subject calibration trials was controlled using a wooden platform equipped with
blocks abutting the bony processes of the test foot. After static subject calibration,
five walking trials per session were collected as the subject walked at a self-selected
speed along a level, straight 10 m walkway. Euler angles (plantar/dorsiflexion,
in/eversion, int/external rotation) were used to represent both standing posture and
walking kinematics.22

As one might anticipate, marker placement variability increased from “within
session” to “between day, same tester” to “between day, between tester” as reflected
in the mean and maximum differences in marker coordinate values as well as the
associated coefficients of variation (Table 25.2). These findings are consistent with
those described by Henley et al.5 Generally, within-session repeatability of the
subject’s foot placement within the test apparatus was satisfactory with a mean
difference in coordinate values of 0.7 ± 0.6 mm. The greatest within-session vari-
ability was seen with the mediolateral positioning of PCAL (3.7 mm maximum
marker coordinate difference). The maximum between-day, between-tester variation
in marker coordinate values (29 mm) was associated with the anterior–posterior
positioning of the MT23B landmark (Table 25.2 and Table 25.3). The marker coor-
dinate range over the ten test sessions (Table 25.3) was greatest in the vertical (z)
direction (mean of 11 ± 5 mm) and least for the mediolateral (y) direction (mean of

FIGURE 25.7 The accuracy and precision of the motion measurement system were evaluated
with a rigid triad of markers that was placed on the test subject’s forefoot (Figure 25.6). With
the substantial increase in reference distance and angle noise between the nominal reference
distances of 50 and 40 mm, the lower acceptable limit with respect to the intermarker spacing
in the clinical utilization of the SHCG Foot Model (with the current motion measurement
configuration) would be 50 mm with the use of a Woltring filter (mean square error of 20).
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TABLE 25.2
Test–Retest Differences in Marker Coordinate and Segment Angle Values 
during Standing, Static Subject Calibrations over Ten Test Sessions 
with Two Evaluators

Mean Difference Maximum Difference 
Mean 
COVa

Markers (mm) Angles (°) Markers (mm) Angles (°) Markers

Within-session 0.7 (±0.6) 0.8 (±1) 3.7 5.4 0.4%
Between-Day, 
tester 1

4.6 (±2.5) 9 (±5) 14 14 1.5%

Between-Day, tester 2 5.5 (±2.9) 9 (±7) 14 19 1.9%
Between-Day, between
tester

8.4 (±5.5) 5 (±12) 29 31 2.4%

aCoefficient of variation.

TABLE 25.3
Range of Test–Retest in Marker Coordinate and Segment Angle Values 
during Standing, Static Subject Calibrations Over Ten Test Sessions 
with Two Evaluators

Marker Coordinatesa 
(mm) Segment Angles (°)

x y z x y z

LANK 9 2 12 Shank (absolute position) 0 0 6
MANK 5 2 6 Hindfoot (absolute position) 31 5 13
MCAL 7 6 16 Forefoot (absolute position) 0 0 8
PCAL 4 7 16 Hindfoot-relative-to-Shank 30 5 16
LCAL 9 5 11 Forefoot-relative-to-Hindfoot 31 0 13
MT1B 10 7 9
MT1H 5 7 4
MT5H 6 6 6
MT23B 29 8 18
MT23H 8 5 10
Mean 9 ± 7 5 ± 2 11 ± 5

ax, y, z coordinate system axes are consistent with those depicted in Figure 25.4.
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5 ± 2 mm). The range over the ten test sessions associated with standing hindfoot
inversion/eversion was 31°.

The magnitude of the range associated with standing hindfoot inversion/eversion
merits further examination. The maximum deviation of the hindfoot from neutral
measured by tester 1 was 19° of inversion and by tester 2 was 12° of eversion.
Consequently, the range between these two tests was 31°. It is noted, however, that
without these two trials, the range over the other eight trials is reduced to 8°, with
a mean inverted hindfoot position of 6° (±2°). In the trial associated with tester 1,
it appears that poor within-session foot placement repeatability on the part of the
subject was the primary reason for the elevation in hindfoot inversion. The measure-
ment of 12° of eversion resulted from the medial misplacement (4 mm) of the PCAL
marker by tester 2 along with a simultaneous medial deviation in the AC location
(2 mm) due to subject foot placement variability.

This significant hindfoot eversion measurement outlier prompted a perturbation
analysis to catalog the sensitivities of the angular measures relative to marker mis-
placement artifact. The results in Table 25.4 are specific to this particular model and
the average marker coordinates associated with the ten trials by the two clinicians.
Generally, the model is not sensitive to perturbations in marker placement artifact in
the vertical (z) direction, consistent with the use of the plantar surface as a reference
for anatomical coordinate system alignment. Moreover, sensitivity to marker placement
artifact in the anterior–posterior (x) direction is relatively low as well. The sensitivity
of the model to marker perturbation in the mediolateral (y) direction is more significant.
The probability of mediolateral misplacement of the medial and lateral ankle markers
(MANK and LANK) is low as demonstrated by the data presented in Table 25.3. As
already illustrated by tester 2, hindfoot inversion/eversion and internal/external rotation
measurements are quite sensitive to the mediolateral placement of the posterior cal-
caneus marker (PCAL). Hindfoot inversion/eversion as predicted by this model with
these marker data is most sensitive to mediolateral placement of the medial (MCAL)
and lateral (LCAL) calcaneus markers (approximately 2°/mm).

The average kinematic results of the walking trials collected over the ten test
sessions for this single adult are presented in Figure 25.8 and Figure 25.9. The
patterns associated with this single subject are consistent to a degree with other
reported models and results after noting the approximately 5 to 10° of hindfoot inver-
sion demonstrated in his gait data.14,19 The variability of the walking data (as reflected
by the standard deviations associated with each plot) is consistent with the standing
data variability, e.g., standard deviation in sagittal plane motion of the foot segments
is small by comparison to coronal and transverse plane motions. The impact of the
one errant PCAL placement is illustrated in Figure 25.10, as the variability associated
with the coronal plane hindfoot motion is substantially reduced when this one trial
is removed.

A fundamental challenge in foot modeling is the reduced distance between
markers (as compared with intermarker distances utilized for larger body segments).
Consequently, one must maximize the distances where possible. The experimental
data presented in this single-subject study illustrate this point. For example, for the
errant “12° of eversion” trial described above, if the MCAL and LCAL markers had
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each been placed 15 mm further forward (in the x direction), then the standing
hindfoot measurement would have been 8° of inversion instead of 12° of eversion.
That is, the H2 vector, oriented principally in the anterior–posterior direction, would
have increased in magnitude, thereby making it less susceptible to medial–lateral
marker placement variability. More generally, if these same changes were introduced
in the average marker coordinate data that provided the basis for the marker pertur-
bation analysis, then the marker placement sensitivities would have been substan-
tially lower, e.g., the LCAL sensitivity of 2°/mm is reduced to 1.1°/mm. Arguably,
then, more explicit guidance to the clinicians in the placement of the markers
(specifically, PCAL, MCAL, LCAL, and the identification of virtual points MT23B
and MT23H), to maximize the associated intermarker distances, will improve the
reliability of the model.

FIGURE 25.8 Shown are average (with one standard deviation, gray band) hindfoot and
forefoot attitude (absolute angles relative to the inertially fixed laboratory coordinate system)
during straight, level walking for a single adult subject evaluated on five separate days by
two clinicians working independently (for a total of ten trials).
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FIGURE 25.9 Shown are average (with one standard deviation, gray band) hindfoot relative
to shank and forefoot relative to hindfoot kinematics during straight, level walking for a single
adult subject evaluated on five separate days by two clinicians working independently (for a
total of ten trials).

FIGURE 25.10 Shown in the top two hindfoot attitude graphs are the individual and average
results of ten walking trials (single adult subject evaluated on five separate days by two
clinicians). The bottom two graphs illustrate the reduction in the variability of the average
results (i.e., the standard deviation, gray band) achieved by removing the one outlier trial
(dashed curve in the upper left graph) from the average results.
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25.5 SUMMARY

Relative to other models described in the literature, the SHCG multisegment foot
model described in this chapter significantly reduces the marker alignment respon-
sibilities of the clinician during data collection. With only one physical anatomical
marker (PCAL) to place and two virtual points (MT23B and MT23H) to identify
precisely, it is anticipated that the model can be readily adapted to a wide variety
of foot anatomical deformities. Moreover, these anatomical points are consistent
with the current single-segment foot model. Consequently, the clinical application
of the new model draws upon two decades of experience in the palpation and
identification of these landmarks in a variety of patient populations. The model also
shows good potential for routine clinical use, in that it allows for simultaneous
whole-body gait data collection over an entire gait cycle (i.e., both stance and swing)
and does not require a reconfiguration of the motion cameras.

While the testing results presented here are promising, they reveal that additional
clinician instruction and further evaluation are needed before the model is acceptable
for clinical utilization. Future investigation must also include the examination of the
reliability of the model with pediatric subjects with foot deformity (who are seldom
included in model validation exercises).

These empirical results, particularly as related to reliability of the placement of
markers MT1B, MT1H and MT5H, reiterate the concerns posed by Henley et al.5

regarding the use of these markers in the anatomical alignment of the foot segmental
coordinate systems. Based on the insights provided by the perturbation analysis
described here, it is appropriate that such numerical analyses be repeated for the
models already described in the literature and developed in the future.
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26.1 INTRODUCTION

 

Improvements in image resolution within the digital camera industry have dramat-
ically increased our ability to accurately track small markers and small marker
clusters. These abilities have generated substantial interest in improving aspects of
gait analysis associated with measuring the kinematics and kinetics of foot motion.
As a result of this interest, numerous multisegment foot marker sets have been
proposed for use in clinics and research.

 

1–28

 

 In theory, these models represent a
substantial improvement over traditional single-segment models that treat the foot
as a single rigid body.
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The traditional foot model utilizes two actual markers (one on the dorsum of
the forefoot traditionally between the second and third metatarsals just proximal
to the metatarsophalangeal joint and one on the back of the calcaneus) and one
virtual marker (the ankle joint center). Because the three markers often become
collinear on patients with small or low-arched feet, this marker set cannot be
used to determine varus–valgus or pronation–supination orientations of the foot.
Another popular traditional marker set utilizes three markers on the forefoot,
either by rigid marker-triad plate or as individual markers on the heads of the
first and fifth metatarsal bones and near the base of the second and third meta-
tarsals. This marker set does have the ability to measure all three angular rotations;
however, it still treats the foot as a single rigid segment and integrates forefoot
motion with motion from the talocural and the subtalar joints (referred to here
as ankle motion).

While the ideal foot model would consider the function of all the bones in the
foot, it is obviously impossible to account for every aspect of the foot’s skeletal
anatomy by monitoring markers placed on the skin. Consequently, concessions have
to be made regarding how the foot is modeled and how marker locations are defined
to enable measurement of the model’s components. Because of the complexity of
the foot, the substantial number of models that can be imagined to represent the foot
and the number of laboratories working independently on this problem, many dif-
ferent multiple segment foot models have been proposed.

 

1–28

 

 These models differ in
the number of segments used to define the foot, the anatomical structures used to
define the segments, and the manner in which segments are represented mathemat-
ically. Specifically, there are differences in the definitions of local anatomical coor-
dinate systems that define these subsegments and joints. These issues represent
problems of choice, in that clinicians will eventually have to choose a model with
defined structural and mathematical properties that best suits their needs. Despite
the diversity of models that are currently proposed, it is likely that the gait community
will settle on a model that a vast majority of clinicians find acceptable. However,
there is another, more general problem that needs to be addressed prior to the
implementation of any of the proposed multimarker foot models — the ability of
clinicians to accurately implement the model.

As markers are placed in proximity to other markers, the precision of marker
placement becomes more critical to the validity of the results. More to the point, as
markers are placed closer together, small errors in placement have a larger effect on
the orientation of segments defined by the markers. For example, if two markers
were placed on the shank with a center-to-center distance of 300 mm, and one marker
had a lateral displacement error (displacement orthogonal to the vector formed by
the two markers) of 1 mm, the resulting error in orientation of the vector formed
by the two markers would be 0.19

 

°

 

. Likewise, a lateral displacement error of 2 mm
would result in 0.38

 

°

 

 of orientation error, and a lateral displacement error of 3 mm
would result in 0.57

 

°

 

 of orientation error. Now, consider two markers placed on the
back of the calcaneus with a center-to-center distance of 18 mm. In this situation,
a 1-mm lateral displacement error for one marker will yield a 3.18-degree error in
the vector orientation. Likewise, a 2-mm lateral displacement error would yield 6.34

 

°
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of orientation error, and a 3-mm lateral displacement error would yield 9.46

 

°

 

 of
orientation error. Laterally misplacing both markers in different directions would
amplify the orientation error. In the case of calcaneus markers used in this example,
the errors would primarily affect the amount of rearfoot inversion/eversion — a
critical component of pronation/supination.

Errors in marker placement can occur for a number of reasons, most of which
are associated with our abilities to visualize or palpate anatomical landmarks and
to place the markers on the exact points of identification. The ability to visualize or
palpate anatomical landmarks is complicated by the fact that most landmarks are
covered by skin, fat tissue, muscle, and/or tendon. It would be convenient if all
subjects had freckles or birthmarks at the precise locations where we desire to place
the markers. Instead, landmarks consist of flat surfaces, depressions, or points (such
as an epicondyle or a tubercle), and each of these has its own unique issues. The
flat surface identifies an area for marker placement but provides no precise point.
Consequently, the clinician is faced with the decision of determining the exact
location for placement of the marker center within the area, and this is open to
interpretation on the part of the clinician. Pointed surfaces present both a palpa-
tion/visualization problem and a marker attachment problem. For example, the shape
of the medial malleolus resembles a ridge more than a point, and the clinician is
again faced with determining the location on the ridge where the marker should be
placed. The lateral malleolus, on the other hand, resembles more of a point and
provides a more precise landmark. However, attachment of the marker over the
lateral malleolus is more difficult because of the fact that it resembles a point, and
because of the peroneal tendons, which can move beneath the marker and result in
unwanted marker motion. More subtle landmarks that are found in the foot (i.e., the
navicular or cuboid surfaces) are difficult to palpate and almost impossible to visu-
alize in many subjects. Given that anatomical structures are not clean simple geo-
metric shapes and they exhibit variability even bilaterally within an individual (i.e.,
the left and right feet of an individual are not mirror images of one another), precise
marker placement is not an easy accomplishment. Tendons, fat pads, veins, and
interference from other structures such as the opposing limb may alter the appro-
priateness of specific landmarks and require that markers be placed in other locations.
Additionally, the presentation of these structures may be altered as a result of
therapeutic interventions such as surgery.

In summary, since current camera systems are able to detect smaller markers
placed in proximity, the problem shifts from limitations of technology to clinical
practicalities and the limiting factor becomes the ability to accurately and reliably
place markers on the foot.

 

26.2 PURPOSE

 

To better understand these limitations, we conducted a study to determine the
reliability associated with placing markers on specific anatomical landmarks about
the foot and ankle. The experiment took place in three different clinical gait analysis
laboratories configured to capture multiple strides in a single trial.
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26.3 METHODS

26.3.1 D

 

ATA

 

 C

 

OLLECTION

 

 P

 

ROTOCOL

 

Marker reliability measures were obtained using 14 adult feet (mean 

 

=

 

 30 

 

+

 

 7.8 yr,
average foot length 

 

=

 

 246 mm 

 

+

 

 22 mm) and 8 pediatric feet (mean 

 

=

 

 6.5 

 

+

 

 2.6 yr,
mean foot length

 

=

 

196 mm 

 

+

 

 28 mm). Three clinicians with extensive experience in
gait analysis identified anatomical landmarks on the foot necessary to produce
the desired four-segment foot model. The landmarks identified were center of
the proximal posterior calcaneus, center of the distal posterior calcaneus, medial
and lateral malleoli, navicular, base of the fifth metatarsal, heads of the first and
fifth metatarsals, between the heads of second and third metatarsals, and hallux
nail bed (Figure 26.1).

Data collection consisted of two parts. First, a method to ensure that the subjects’
feet could be positioned in the exact location and orientation within the camera volume
was tested. The method consisted of creating plaster of Paris molds that formed a cast
around the sole of each subject’s feet (Figure 26.2).

 

(a)

(b)

 

FIGURE 26.1

 

Marker locations for multisegment foot marker set, (a) medial and (b) lateral.

 

3971_C026.fm  Page 448  Thursday, June 28, 2007  2:24 PM



 

Reliability of a Clinically Practical Multisegment Foot Marker Set/Model

 

449

 

The molds were formed directly on the laboratory floor and were immovable.
The ability of subjects to place their feet in the exact same position and orientation
in the calibrated volume was tested by having one clinician place the markers previ-
ously described on the feet of each subject.

The subjects then placed their feet in their molds, and the positions of the markers
were recorded using an eight-camera motion analysis system for 0.5 sec at 60 Hz
in a 3 m 

 

×

 

 7 m volume. The subjects removed their feet from their molds, walked
around the perimeter of the laboratory, and then repositioned their feet in the molds
without disturbing the original marker placement. A second measurement was taken
with the motion analysis system. The positions of each marker on each subject’s
feet were then compared between trials.

The second part of data collection had two goals: 

To measure the ability of a single clinician to repeatedly place markers on
the same landmarks on each subject’s feet

To determine the agreement between different clinicians placing markers on
the same landmarks on each subject’s feet

 

(a)

(b)

 

FIGURE 26.2

 

(a) Plaster of Paris mold. (b) Multisegment foot marker set in plaster of Paris
mold.
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Three clinicians placed the marker set on each subject’s feet twice. Clinicians and
trials were randomized for each subject. Following marker placement by an individual
clinician, the subject stepped into the plaster casts and the marker positions were
recorded. The subject then stepped out of the casts, and the markers were removed.
A second clinician would then apply the markers and the measurement process was
repeated. This continued until each clinician applied the markers to each subject twice.

 

26.3.2 D

 

ATA

 

 A

 

NALYSIS

 

The reliability and objectivity of foot marker placements were analyzed in two
manners. The first part of the analysis examined the absolute marker positions within
marker application, between marker applications, and between clinicians.

 

26.3.2.1 Within Marker Application (Reliability)

 

The three-dimensional positions of the markers were analyzed between trials when
the subjects stepped in and out of the molds without removing the markers. Deviation
ranges and intraclass correlation coefficients (ICCs) were calculated for each marker
along each axis.

 

26.3.2.2 Between Marker Application (Reliability)

 

The three-dimensional positions of the markers were analyzed between each marker
application for each of the three clinicians. Deviation ranges and intraclass correla-
tion coefficients (ICCs) were calculated for each marker along each axis, and sta-
tistical values were pooled across clinicians.

 

26.3.2.3 Between Clinicians (Objectivity)

 

The three-dimensional positions of the markers were analyzed between marker
applications from each of the three clinicians. Deviation ranges and intraclass cor-
relation coefficients (ICCs) were calculated for each marker along each axis, and
statistical values were pooled across trials.

The second part of the analysis examined the effects of marker variability on
foot kinematics using the same three comparisons defined above. Kinematics were
defined as follows. 

The foot model consisted of the hindfoot, forefoot, first ray, fifth ray, and hallux.
The hindfoot anatomical coordinate system was created from the two posterior
calcaneal markers and the ankle joint center, which was simply defined as the
bisection of the medial and lateral malleolus markers. The 

 

z-

 

axis of the hindfoot
anatomical system was the unit cross product of the vector from the bottom calcaneus
marker to the ankle joint center (vector 2; Figure 26.3) with the vector from the
bottom calcaneus marker to the top calcaneus marker (vector 1; Figure 26.3). The
anatomical 

 

y

 

-axis of the hindfoot was the unit vector parallel to the cross product
of the global 

 

z

 

-axis (vertical, vector 3, Figure 26.3) and the 

 

z

 

 hindfoot anatomical
axis. This was determined with the foot settled into the mold. The anatomical 

 

x

 

-axis
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of the hindfoot was formed from the unit cross product of the 

 

y 

 

and the 

 

z

 

 hindfoot
anatomical axes. Thus the 

 

z

 

-axis points to the right of both feet, the 

 

y

 

-axis points
anteriorly, and the 

 

x

 

-axis points toward the plantar surface. By utilizing the global
vertical when the foot was flat on the ground, the calcaneal markers defined the
eversion/inversion attitude of the hindfoot. The plantar/dorsiflexion attitude of the
hindfoot was defined as parallel to the floor when the foot was settled into the mold.
The internal/external rotation attitude of the hindfoot was defined by the plane
formed by the calcaneal markers and the ankle joint center.

Applying an 

 

zyx 

 

Euler rotation sequence to define the orientation between the
shank (defined as the room’s coordinate system with the global 

 

x-

 

axis pointing
vertically down, the 

 

y

 

-axis pointing anteriorly, and the 

 

z

 

-axis pointing laterally to
the right) and the hindfoot anatomical coordinate systems, plantar flexion was
positive about the global 

 

z

 

-axis, eversion for the left foot and inversion for the right
foot were positive about the intermediate 

 

y

 

-axis, and in-toeing for the left foot and
out-toeing for the right foot were positive about the 

 

x

 

-axis of the hindfoot. We need
to pick a convention for the 

 

xyz 

 

axes.

 

FIGURE 26.3

 

Hindfoot local coordinate system: where 1 — vector from bottom calcaneus
to top calcaneus, 2 — vector from bottom calcaneus to ankle joint, and 3 — global vertical.
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The first and fifth metatarsals were represented by vectors from the navicular
marker to the first metatarsal marker and from the cuboid marker to the fifth
metatarsal marker, respectively. As vectors, plantarflexion/dorsiflexion and abduc-
tion/adduction could be determined, but not rotation about their long axes as seen
from the hindfoot coordinate system.

The vector from the first metatarsal head marker to the hallux marker defined
the hallux segment. As with the first and fifth metatarsal segments, the hallux segment
was represented by a single vector, and long axis rotations were not measurable.
The motion of the hallux segment was expressed with respect to the following
forefoot coordinate system: The 

 

y

 

-axis of the forefoot followed the first metatarsal
(from the navicular to the first metatarsal head marker). The 

 

x

 

-axis was oriented
dorsoplantar and was perpendicular to the plane formed by the first metatarsal, the
fifth metatarsal, and the navicular markers. The 

 

z

 

-axis was orthogonal to the 

 

x

 

 and
the 

 

y

 

 forefoot axes and points to the right.
The height of the arch was calculated as the height of the navicular with respect

to the bottom of the foot, and the arch index was the ratio of this height to the
distance between the bottom calcaneus marker to the first metatarsal marker.

 

26.4 RESULTS

 

Figure 26.4 to Figure 26.6 visually demonstrate the errors between trials associated
with placing markers for the different test conditions. In each figure, black lines are
drawn between selected marker centers and in the direction of the hindfoot and
forefoot coordinate systems. The light gray lines indicate the orientation of the global
coordinate system. Figure 26.4 demonstrates the ability of a single subject to repeat-
edly place the foot in the same location on the plaster molds. Comparison of Figure 26.4
and Figure 26.5 demonstrates the variability introduced when the markers are removed
and replaced by a single individual. Comparison of Figure 26.5 and Figure 26.6 provides

 

FIGURE 26.4

 

Overlay of ten trials of a single subject after stepping in and out of the mold
without having markers removed and replaced between trials.

Global
coordinate

system
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a sense of the additional variability when multiple clinicians place the markers. Note
that each series of figures was performed on the same individual ten times.

ICCs for the within-application test indicated that the subjects were reliable in
placing their feet in the same location (Table 26.1). The average intraclass correlation
(ICC) for each marker in each direction was 0.965, with a low of 0.826 for the fifth
metatarsal marker in the vertical direction.

The ICC for each marker in the between-application comparison averaged 0.856,
with a low of 0.487 for the fifth metatarsal in the vertical direction (Table 26.2).

ICCs for the clinician comparison were below 0.500, with the marker position
average at 0.429 and a low of 

 

−

 

0.098 for the cuboid in the vertical direction
(Table 26.3). All the ICCs are significant at 

 

p

 

 

 

=

 

 .05.

 

FIGURE 26.5

 

Overlay of ten trials of a single subject after having markers removed and
replaced between trials by a single clinician.

 

FIGURE 26.6

 

Overlay of ten trials of a single subject after having markers removed and
replaced between trials by three clinicians.
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In summary, the average within-application ICC was 0.965, between-application
ICC 0.856, and between-clinician ICC 0.429 (Figure 26.7). Only the between-clini-
cian ICCs were significant.

These ICCs were produced by differences in marker position. For the within-
application condition, the average of marker position errors had a range of 1.33 mm
with a maximum range of 1.87 mm for the navicular marker in the anterior posterior
direction and a minimum of 0.59 mm for the marker between the second and third
metatarsal spaces in the inferior superior direction (Table 26.4).

For the between-application condition, the marker position had an average range
of 2.39 mm, with a maximum range of 3.57 mm for the navicular marker in the
inferior-superior direction and a minimum of 0.81 mm for the hallux marker in the
inferior-superior direction (Table 26.5).

 

TABLE 26.1
Within-Application Marker Position Reliability ICCs

 

Inferior/Superior

 

 

 

Medial/Lateral Anterior/Posterior

 

Lower calcaneus 0.949

 

a

 

0.984

 

a

 

0.987

 

a

 

Upper calcaneus 0.961

 

a

 

0.989

 

a

 

0.991

 

a

 

Navicular 0.986

 

a

 

0.992

 

a

 

0.993

 

a

 

Cuboid 0.932

 

a

 

0.973

 

a

 

0.997

 

a

 

First metatarsal head 0.959

 

a

 

0.984

 

a

 

0.986

 

a

 

Second and third 
metatarsal spaces

0.969

 

a

 

0.987

 

a

 

0.989

 

a

 

Fifth metatarsal head 0.826

 

a

 

0.936

 

a

 

0.946

 

a

 

Hallux 0.902

 

a

 

0.965

 

a

 

0.970

 

a

a

 

Significant F, 

 

p

 

 

 

=

 

 .05.

 

TABLE 26.2

 

 

 

Between-Application Marker Position Reliability ICCs

 

Inferior/Superior

 

 

 

Medial/Lateral Anterior/Posterior

 

Lower calcaneus 0.684

 

a

 

0.875

 

a

 

0.839

 

a

 

Upper calcaneus 0.800

 

a

 

0.873

 

a

 

0.879

 

a

 

Navicular 0.887

 

a

 

0.920

 

a 0.923a

Cuboid 0.664a 0.866a 0.881a

First metatarsal head 0.918a 0.955a 0.958a

Second and third 
metatarsal spaces

0.863a 0.940a 0.946a

Fifth metatarsal head 0.487a 0.795a 0.822a

Hallux 0.877a 0.945a 0.950a

aSignificant F, p = .05.
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For the between-clinician condition, the marker position had an average range
of 5.10 mm, with a maximum range of 8.97 mm for the marker between the second
and third metatarsal space in the anterior–posterior direction and a minimum of 1.29
mm for the hallux marker in the inferior–superior direction (Table 26.6).

In summary, there was an increase in marker movement from a low of 1.33 mm
in repositioning the feet to 2.39 mm when the markers are replaced to 5.10 mm
when the markers were replaced by different individuals (Figure 26.8).

The variability in marker placement, in turn, produced variability in the orien-
tation of the foot model segments. Flexion/extension of the hindfoot was the least

TABLE 26.3
Between-Clinician Marker Position Objectivity ICCs

Inferior/Superior Medial/Lateral Anterior/Posterior

Lower calcaneus 0.371a 0.457a 0.475a

Upper calcaneus 0.370a 0.460a 0.475a

Navicular 0.474a 0.476a 0.487a

Cuboid −0.098a 0.481a 0.480a

First metatarsal head 0.462a 0.488a 0.487a

Second and third 
metatarsal space

0.420a 0.493a 0.487a

Fifth metatarsal head 0.131a 0.492a 0.487a

Hallux 0.440a 0.497a 0.492a

aSignificant F, p = .05.

FIGURE 26.7 Summary of ICCs.
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affected and insensitive to condition (Figure 26.9). Orientation differences in internal/
external rotation and inversion/eversion increased when the markers were replaced
by the clinician and then more so when different clinicians replaced the markers.
The inversion/eversion orientation of the hindfoot was affected the greatest.

In the first ray, the internal/external (abduction/adduction) orientation with
respect to the hindfoot was affected to a greater extent than the flexion/extension
orientation regardless of condition (Figure 26.10). Similar to the hindfoot, the effect
increased from within applications to between applications to between clinician
conditions.

The results for the fifth ray orientation (Figure 26.11) and for the hallux
(Figure 26.12) were similar to that of the first ray, with the exception that the hallux
orientation was almost equally affected in each direction.

TABLE 26.4
Within-Application Marker Position Variability Range of Position (mm)

Inferior/Superior Medial/Lateral Anterior/Posterior

Lower calcaneus 1.12 1.81 1.72
Upper calcaneus 1.03 1.60 1.57
Navicular 1.53 1.81 1.87
Cuboid 1.12 1.05 1.86
First metatarsal head 1.15 1.08 1.30
Second and third metatarsal
spaces

0.59 1.12 1.38

Fifth metatarsal head 1.32 1.00 1.75
Hallux 0.60 0.99 1.45

TABLE 26.5
Between-Application Marker Position Variability Range 
of Position (mm)

Inferior/Superior Medial/Lateral Anterior/Posterior

Lower calcaneus 3.02 2.71 1.85
Upper calcaneus 3.03 2.48 1.85
Navicular 3.57 2.05 3.30
Cuboid 2.93 1.57 3.20
First metatarsal head 1.83 2.07 3.27
Second and third 
metatarsal spaces

1.48 2.45 2.93

Fifth metatarsal head 2.09 2.10 3.36
Hallux 0.81 1.53 1.89
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TABLE 26.6
Between-Clinician Marker Position Variability Range of Position (mm)

Inferior/Superior Medial/Lateral Anterior/Posterior

Lower calcaneus 7.39 4.93 3.14
Upper calcaneus 6.60 4.27 3.20
Navicular 7.96 4.01 6.60
Cuboid 7.25 3.10 7.06
First metatarsal head 3.46 3.79 8.03
Second and third 
metatarsal space

4.41 4.45 8.97

Fifth metatarsal head 4.83 3.98 7.51
Hallux 1.29 2.60 2.81s

FIGURE 26.8 Summary of marker placement variability (mm).
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FIGURE 26.9 Errors in hindfoot orientation (expressed relative to room), in degrees.

FIGURE 26.10 Errors in first ray orientation (relative to hindfoot), in degrees.
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FIGURE 26.11 Errors in fifth ray orientation (relative to hindfoot), in degrees.

FIGURE 26.12 Errors in hallux orientation (relative to forefoot), in degrees.
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26.5 DISCUSSION

Our analyses indicate that the precision of marker placement at these specific ana-
tomical locations on the foot is limited. The motion capture system produced less
than 1 mm error for markers placed at least 1 cm apart, indicating that this was not
a substantial source of error.

The small deviations in marker position and large ICCs for the within-application
condition demonstrated that the subjects were able to reliably place their feet in the
same location and that the stepping motion did not cause substantial movement.
Repeated trials by one or more clinicians resulted in larger errors — an issue that must
be considered in utilizing multisegment foot marker sets. The between-application
errors indicate the range of variability that can be expected due to limits in human
motor control and limits in the ability: to identify the same unmarked location. The
first refers to the precision capabilities: how well an object can be placed on a targeted
location. The second refers to variability in visualizing unmarked locations. As an
example, imagine locating the center of a square without drawing the diagonals. One
would be close but not exact. The difficulty of this task increases with finding the
center of irregular shapes. The surface structure of the foot makes placement difficult;
flat surfaces lack the landmarks needed to reference marker placement, while angular
surfaces provide good reference but magnify marker misplacement through added
angular deflection. Unfortunately, in the foot, small misplacements result in large
angular deviations due to the proximity of the markers.

Some segment orientation directions were more susceptible to marker misplace-
ment than others. In general, the flexion/extension was the least susceptible, except
for the hallux, where each direction seemed to be equally affected. The long axis
orientations of the hallux and the first and fifth rays were not measured due to
modeling these segments as vectors.

A change in orientation between marker placement trials could be a possible
source of variability. Since the cubes are covered with a retroreflective tape, light is
reflected back to the camera from each side of the cube that is visible to the camera,
not just the face of the cube that is most orthogonal to the line of sight of the camera.
With a spherical marker, a constant circle is presented to each camera and the center
remains fixed, even if the marker is rotated. With a cubic marker, the presentation
shape slightly varies with the orientation; thus the centroid will vary slightly, but
the variation will be less than if only the surface facing the camera reflected light.
The markers used in this experiment measured 6 mm on each side and were captured
in a very large volume, which would minimize errors from this source. By spinning
markers about a fixed position within the defined volume, the centroid movement
averaged approximately 0.2 mm, or about the same as that associated with spherical
markers. Therefore, it is possible that nonuniformity in the retroreflective tape, and
dirt or skin oils that accumulate on the surface with use, will alter the amount of
light reflected back from various areas of the marker, thereby changing the observed
centroid just as much as the actual shape of the marker (Figure 26.13).

Two factors helped to decrease the variability associated with marker placement.
First, markers can only be placed on a surface, not above or below. Therefore
deviations perpendicular to the skin surface are minimized. Second, not all deviations
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in marker placement create deviations in segment orientation. Some marker place-
ment deviations are bound to occur parallel to the vector that the markers are defining,
which would have no effect on segmental orientation.

In this study, we looked at how small changes in marker relationships could
alter the determination of segmental orientation. We assumed that the relation-
ship between the coordinate systems calculated from marker positions (technical
coordinate system) and the local anatomical coordinate systems for each segment
was known. There are two limitations associated with this assumption. First, an
offset exists between the marker centroid and the anatomical point that the
marker is trying to represent. This creates a fixed rotational and translational
offset between the anatomical and the technical coordinate systems. One can
compensate for the difference between the two coordinate systems if the mag-
nitude and direction of the marker centroid-anatomical point offset can be
measured in the technical coordinate system. This is difficult to do in a clinical
setting. Second, the anatomical coordinate systems of the foot segments are
not well defined. This is especially true for foot segments that are composed
of multiple bones such as the forefoot. Even in the hindfoot segment, which
may be modeled by just the calcaneus (some models include the talus), it is
difficult to define an anatomical coordinate system due to the irregularity and
lack of symmetry of the bone. Therefore, because there is some fixed but
undefined offset between a coordinate system defined by skin markers and the
true segmental anatomical coordinate system, there must be some fixed offset
in our measurements. This situation makes it difficult to determine zero or
neutral points in calculated motion curves. However, the range of motion will
not be affected.

The range of motion will be affected if the relationship between the technical
coordinate system and the anatomical coordinate system is not fixed. When the foot
moves, the skin and other soft tissues move relative to the underlying bone, under-
mining the assumption of a fixed relationship between the anatomical and technical
coordinate systems. The amount and direction of soft tissue movement depend on
the suppleness of the tissue, the amount of motion, the direction of motion, and the
speed and acceleration in the motion, to name a few. Many research studies have
been devoted to quantifying and devising methods to minimize this issue either by
mechanical or mathematical means. At present, this problem has not been resolved.

FIGURE 26.13 Position of true marker centroid (black circle) relative to the reflecting cen-
troid (white circle).
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26.6 CONCLUSION

As current camera systems are able to detect smaller markers placed in proximity,
the problem shifts from limitations of technology to clinical practicalities, and the
limiting factor becomes the ability to accurately and reliably place markers on the foot.
We found good reliability of repeatedly placing markers on the foot by a single
clinician, but poor reliability when multiple clinicians were involved. Although the
specific numerical results are applicable only to our model, we feel that it is safe to
generalize these trends to all multisegment foot models. That is, the high within-
clinician reliability and lower between-clinician reliability suggest that measures of
multisegment foot kinematics are related to the clinicians’ sense of the foot anatomy
and their preferences in placing markers on irregular surfaces. In light of the work
by Gorton et al.,29 in looking at a laboratory’s ability to utilize full body marker
sets, foot marker sets are not unique. However, due to the proximity of the markers
utilized in multisegment marker sets, the variability associated with placing markers
has a more detrimental effect. Researchers need to be aware of this issue and not
rely on reports of motion analysis system accuracy and marker tracking ability as
the sole limitations in the accuracy of data. At this juncture, the accuracy of marker
placement is likely to have a more profound effect. More work is needed to determine
if practice improves the agreement between clinicians.
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27.1 INTRODUCTION

 

The foot and ankle joint complex (FAC) consists of several joints with different
characteristics, which are involved in motion occurring between the foot and the
lower leg. There is an interdependence of the FAC with the more proximal joints of
the lower extremity. The great weight-bearing stresses to which these joints are
subjected can result in a wide range of alignment and contribute to the diversity of
difficulties in the joints of the FAC. The frequency of ankle and foot problems can
be traced readily to the foot’s complex structure, the need to sustain large weight-
bearing stresses, and the multiple and somewhat competing functions that the foot
must perform. Acting as both a shock attenuator and a power transmitter, the FAC
meets its diverse requirements through its 28 bones that form 25 complex joints.
These joints include the proximal and distal tibiofibular joints, the talocrural or ankle
joint, the talocalcaneal or subtalar joint, the talonavicular and the calcaneal cuboid
joints, the five tarsometatarsal joints, five metatarsophalangeal joints, and the inter-
phalangeal joints.

Clinical motion analysis involves the comparison of a person’s gait to that of
normal individuals. A person’s gait is classified as abnormal when their gait param-
eters deviate excessively from normal. Currently, a number of methods have been
suggested for measurement of lower extremity kinematics.

 

1–5

 

 In these models, the
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human body is modeled as a system of articulated, rigid links, which represent the
lower limb segments and the upper body. By modeling the body as an ensemble of
rigid-body segments, it is possible to calculate the kinematics at any articulation.
However, these models describe the foot as one rigid segment. Little attention has
been given to the development of models to describe the foot and ankle. This has been
due, historically, to hardware limitations of motion analysis systems and the relatively
small size of the foot in relation to the other lower extremity segments analyzed in a
standard gait assessment. Recently, following advances in digital camera resolution,
efforts have begun to develop specific techniques and marker segments for use in foot
and ankle motion analysis.

 

6–8

 

 The purpose of this chapter is to describe a multisegment
model of the foot and ankle complex.

 

27.2 METHODS

 

The foot and ankle complex was divided into three functional segments: the lower leg,
the hindfoot, and the forefoot. A three-segment rigid-body model was used to describe
the kinematics of the foot and ankle during ambulation. The three rigid-body segments
were defined by markers attached to each of these segments (Figure 27.1). The lower
leg segment includes the tibia and fibula. The hindfoot is defined by markers on the
calcaneus. The forefoot is defined by markers on the first and fifth metatarsals. To
describe the foot and ankle segment kinematics, a minimum of three noncollinear
markers are needed on each segment. A total of 11 markers were used to define the
three-segment foot and ankle model (Table 27.1). The markers were 1.0 cm in diameter.
Double-sided adhesive tape was used to fix the marker bases to the subject’s skin.

Video-based methods from motion analysis were used for data collection. A ten-
camera real-time system (Motion Analysis Corporation, Santa Rosa, CA) was used

 

FIGURE 27.1

 

Position of retroreflective markers used to define foot model segments.
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at a sampling rate of 60 frames/sec to collect the two-dimensional trajectory data
of the reflective markers placed on the subject. Each camera was fit with a near
infrared light emitting diode (LED) ring light and an optical filter specific to that
frequency of light, enhancing the image of reflective targets in the view space while
allowing reasonable ambient lighting conditions. A calibrated view volume measur-
ing 5 m long 

 

×

 

 3 m wide 

 

×

 

 3 m high was used for data collection. The EVaRT (EVa
Real-Time, Motion Analysis, Santa Rosa, CA) software package was used for cre-
ating the three-dimensional (3D) marker trajectories from two or more camera views
of a marker within the calibrated view volume. Recorded marker trajectories were
processed to reconstruct the absolute positions and orientation of the body segments,
as well as the relative positions of the segments to describe joint motions.

Local coordinate systems were constructed for the lower leg, rearfoot, and
forefoot rigid-body segments. Local coordinate axes were developed for each model
segment based upon the global, laboratory-referenced, 3D marker coordinates. The
construction of each segment coordinate axes was unique to that segment. Once the
local coordinate axes were defined, the relative orientations of segment axes could
be used to express the relative motion between the body segments. The anatomical
description of the relative orientation of the two segments was conveniently obtained
by relating the two coordinate systems embedded in the proximal and distal seg-
ments. Motion of the distal segment orientation was expressed relative to the next
proximal segment using the unified definition of joint motion.

 

10,11

 

 An Eulerian angle
system was used for specification of the joint motions. This method allowed the
joint rotations to be described about clinically meaningful axes, i.e., flexion/extension,
abduction/adduction, and internal/external rotation. The 3D coordinate systems were
constructed with an anteriorly directed 

 

x

 

-axis, 

 

y

 

-axis pointed to the body’s left side,
and a superiorly directed 

 

z

 

-axis. With these embedded coordinate systems, the joint

 

TABLE 27.1
Anatomical Marker Positions

 

Markers Anatomical Location

 

1 Anterior surface of the tibia 6 cm above the 
malleoli

2 Anterior surface of the tibia 2 cm above the 
malleoli

3 Medial malleolus
4 Lateral malleolus
5 Tuberosity of the calcaneus
6 Medial calcaneus
7 Lateral calcaneus
8 Base of the first metatarsal
9 Head of the first metatarsal

10 Base of the fifth metatarsal
11 Head of the fifth metatarsal
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angles were determined using the following conventions: Flexion occurred about
the mediolateral 

 

y

 

-axis of the proximal body (the sign of this variable was reversed
in order to correspond with other published reports), adduction occurred about the

 

x

 

-axis perpendicular to the first and third axes, and rotation occurred about the
proximally directed 

 

z

 

-axis of the distal body.
Data were collected from ten asymptomatic subjects (aged 31 

 

±

 

 6 yr). An initial
1-second standing reference data collection was taken to define the orientation of
the embedded coordinate systems in a neutral position. This static reference position
was captured in a weight-bearing stance with the midline of the posterior aspect of
the calcaneus and the second toe on a line parallel to the line of progression (global

 

x

 

-axis) of the laboratory. The leg was positioned such that the tibia was oriented
vertically in both the frontal and sagittal planes. Ten walking trials were then
collected. Joint angles from all dynamic data trials were calculated frame by frame
with respect to the static reference position using the least squares position orienta-
tion algorithm.

 

12

 

27.3 RESULTS

 

Sagittal plane hindfoot motion results (Figure 27.2a) indicate that the hindfoot moves
into plantarflexion after foot contact and then reverses and begins to dorsiflex until
late stance, when the hindfoot plantarflexes before toe-off. A plot of coronal-plane
hindfoot motion (Figure 27.2b) demonstrates an initial eversion, with movement back
into inversion. Data of transverse-plane hindfoot motion (Figure 27.2c) show internal
rotation during first rocker, external rotation during second rocker, and internal rotation
during third rocker. Examination of sagittal plane forefoot motion (Figure 27.3a)
reveals dorsiflexion until opposite foot strike, when the forefoot again goes into plan-
tarflexion. The dorsiflexion during mid-stance represents a flattening of the longitudinal
arch as the body progresses over the stance foot. In the coronal plane, the forefoot
motion (Figure 27.3b) shows a trend of progressive eversion. Motion of the forefoot
in the transverse plane (Figure 27.3c) starts in abduction and then moves into adduc-
tion. The forefoot returns to abduction during terminal stance.

 

FIGURE 27.2

 

Hindfoot motion for (a) sagittal, (b) coronal, and (c) transverse planes. The
mean and standard deviation for ten subjects are shown.
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27.4 DISCUSSION

 

A 3D model for measuring normal foot and ankle motion has been developed. The
foot and ankle motion measured in this study has demonstrated good agreement
with other studies in adults. The patterns of ankle motion in the sagittal plane agree
very well with other investigators.

 

6–8,13–15

 

 Hindfoot motion reported in this study also
agrees with published results.

 

6–8,15

 

 Comparison of the motion of the forefoot segment
with respect to the hindfoot is more difficult due to the disparity of published reports.
In general, the results of this study compared with those published by Kidder et al. 

 

7

 

One of the challenges of developing a clinically useful model for the foot and
ankle complex is the difficulty of differentiating markers using a video-based motion
analysis system. A compromise must be made between measurement volume, marker
size, and marker location on the foot. Previous analog camera technology was limited
in resolution and resulted in trials with missing data or marker “drop-out.” In contrast,
the current camera technology has improved to digital cameras with greater than
1 megapixel resolution. These imaging advances have made it possible to track foot
markers while maintaining a large measurement volume used for full-body gait
analysis. These advances now make it conceivable to use a multisegment foot model
with standard lower extremity biomechanical models.

 

27.5 CONCLUSIONS

 

A useful technique for quantifying the foot and ankle kinematics has been described.
This model divides the foot and ankle complex into lower leg, hindfoot, and forefoot
segments. The 3D rotations of these segments are quantified. Objective measurement
of foot and ankle motion will enable clinicians to more effectively treat foot and ankle
disorders and is essential for the assessment of treatment outcome.

 

FIGURE 27.3

 

Forefoot motion for (a) sagittal, (b) coronal, and (c) transverse planes. The
mean for ten subjects is shown.
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28.1 INTRODUCTION 

 

Current motion analysis methods provide an acceptable tool to analyze motion of the
pelvis, hip, knee, and ankle. These predominantly noninvasive systems utilize markers
placed externally on known anatomical landmarks to track motion of the individual
joints of the lower extremities. The marker motions are tracked by cameras or elec-
tromagnetic field sensors, depending on the type of markers, and typically provide
feedback on pelvis, hip joint, knee joint, and ankle joint motions in the sagittal, coronal,
and transverse planes. Lower extremity motion analysis has been established as a tool
for evaluating gait patterns for both children and adults, and the results of these analyses
are used in treatment planning for a variety of pathologies.

Classical lower extremity motion analysis focused on the foot as a single rigid
segment and did not acknowledge its multiple degrees of freedom (DOF). Recent
developments in motion analysis have focused on the kinematics of multiple segments
of the foot.

 

1

 

 However, a common limitation of these systems is their inability to capture
the motion of the talus bone (the common component between the ankle and subtalar
joints). Abnormalities in the foot can cause irregular loading and motion of the talus.
Knowledge of talar motion would be beneficial to evaluation and treatment of these
pathologies. 

 

3971_C028.fm  Page 471  Thursday, June 28, 2007  2:55 PM



 

472

 

Foot Ankle Motion Analysis

 

Kidder et al.

 

1

 

 developed the Milwaukee Foot Model (MFM) to describe the
kinematics of the foot and ankle during locomotion using a passive marker motion
analysis system. This rigid body model is composed of four segments made up of
the following structures: (1) the tibia and fibula (tib/fib segment); (2) the calcaneus,
talus, and navicular (hindfoot segment); (3) the cuneiforms, metatarsals, and cuboid
(forefoot segment); and (4) the proximal phalanx of the hallux (hallux segment).
Each segment is coupled using an unrestricted three-dimensional (3-D) joint. A total
of 12 reflective markers are used to track the motions. Figure 28.1 shows the locations
of the markers. The model utilizes an Euler method to describe the relative motion
between the distal segments with respect to the adjacent proximal segments. The
advantages of this system have been indicated previously.

 

1

 

 Some limitations include
the following: (1) errors induced by relative motion between the bones and markers
attached to soft tissue; (2) the results of the Euler transformations are dependent on
the sequence of rotations chosen to represent the movement; and (3) the system is
not able to track subtalar joint motion, as the talus cannot be marked with a reliable
external anatomical landmark.

A new geometric model of the ankle complex was developed to be used with
video-based motion analysis systems in order to predict subtalar motion based on the

 

FIGURE 28.1

 

MFM marker placement.
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motion of other segments of the foot. The proposed model is unique in that it closely
represents the actual anatomical and kinematic aspects of the ankle joint complex. It
incorporates a revolute joint for the ankle joint and a unique spatial mechanism for
the subtalar joint that is based on key anatomical features and ligaments of the ankle
complex. A cadaveric study was done to gather data to be used with this new model.
The actual motions of the bone segments of the ankle and subtalar joints were com-
pared with the marker-based motion of the model segments. It was hypothesized that
mathematical modeling techniques could be used in conjunction with motion analysis
information to predict subtalar motion during foot/ankle articulations. 

 

28.1.1 C

 

URRENT

 

 F

 

OOT

 

 

 

AND

 

 A

 

NKLE

 

 M

 

ODELS

 

Current foot and ankle models fall into at least three categories: (1) both the talocrural
and the subtalar joints are represented as revolute joints, (2) the ankle complex is
represented by a spherical joint, or (3) the ankle joint is represented by a four-bar
linkage (4BL) system.

 

2

 

 
Dul et al.

 

3

 

 developed a biaxial model of the ankle and subtalar joints using a
rigid three-body system comprising a leg, talus, and foot segment. The segments
are connected using two revolute joints, each with one DOF. The orientation of the
ankle joint axis is defined by the line derived from a point on the lateral malleolus
to a point on the medial malleolus. The subtalar axis is defined by the line derived
from a point on the posterior lateral aspect of the calcaneus to a point on the superior
midpoint of the navicular. 

Van den Bogert et al.

 

4

 

 also developed a biaxial, subject-specific model of the
ankle comprising the tibia/fibula (or leg), calcaneus, and talus segments, which was
based on the work done by Arebald et al.

 

5

 

 The ankle and subtalar joints are each
represented by revolute joints with the joint axes determined from motion data
recorded from a total of six reflective markers placed on the leg and shoe. The axis
orientations are determined using a least squares approach to solve for 12 model
parameters. The resulting subtalar axis approximation is constant throughout the
motion of the foot. However, Lundberg et al.

 

6

 

, Leardini et al.,

 

7

 

 and Lewis and Piazza

 

8

 

most recently discussed that the axis orientation of the subtalar joint 

 

in vivo

 

 is not
constant throughout the cycle. This approximation of the subtalar axis may not be
sufficient when used clinically.

Smith et al.

 

9

 

 used a similar optimization approach to van den Bogert et al.

 

4

 

 in
determining the orientations of the talocrural and subtalar joints, assuming that the
two joints were pure hinge joints. The methodology was sound when used with a
mechanical device simulating the two axes. However, the results for 

 

in vitro

 

 testing
showed a significant difference between predicted and measured axes orientations.
This again suggests that the subtalar joint cannot be accurately modeled simply as
a pure hinge.

Leardini et al.

 

2,10

 

 formulated a model of the ankle joint based on a 4BL concept
rather than the predominantly used revolute joint concept. This approach is a depar-
ture from the traditional approaches in that it uses actual representations of anatom-
ical features and components of the ankle in their model. The advantage of this
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model over others is that it simulates rolling and sliding between the articular surfaces
of the tibia and talus, which is not possible with a hinge joint. This model is unique
for this application and uses representations of the ligaments that control mobility and
the tibiocalcaneal (TCL) and calcaneofibular (CFL) ligaments, as two of the links of
the system and the tibia/fibula segment as the coupler link. Figure 28.2 shows a
schematic of the model.

The pin joint locations of the system (A, B, C, and D) were determined through
dissection and are the attachment points of the TCL and CFL ligaments. This presents
a disparity when compared to the classical method of determining the ankle joint
axis. Traditionally, the axis is located anatomically using the tips of the lateral and
medial malleoli. This creates an axis that is obliquely oriented to the sagittal plane.
Leardini et al.’s

 

2

 

 method also uses the tips of the lateral and medial malleoli but
projects those points onto the sagittal plane, as two joints of the 4BL. In doing so,
this limits the motion of the ankle joint strictly to the sagittal plane. Because points
A and D are collinear in the traditional approach, a 3º rotation is applied with respect
to the tibia/fibula anatomical frame to orient the mechanism more closely to the
traditional approach. 

Additional models of the foot and ankle have been proposed, which were not
specifically used for gait analysis. Some of these foot and ankle models have modeled
the foot and ankle joints as combinations of hinge and ball joints.

 

3

 

 Dubbledam et al.

 

11

 

used a foot and leg model developed at the University of Virginia for the Mathematical
Dynamic Modeling (MADYMO) body simulation program that included the major
ligaments of the foot and ankle. That model was used to study injuries of the lower
extremities due to impacts and was not specifically designed for gait analysis.

 

FIGURE 28.2

 

4BL model of ankle complex. (With permission from Leardini, A., O’Connor,
J.J., Catani, F., Giannini, S., 

 

J Biomech, 

 

32(6), 1999, 585–591.)
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28.2 METHODS

28.2.1 S

 

PATIAL

 

 L

 

INKAGE

 

 M

 

ODEL

 

The proposed model expands upon the work done by Leardini et al.

 

2

 

 and the biaxial
approaches. The ankle joint is defined in most literature as a one DOF joint. Lundberg
et al.

 

6

 

 found the relative rotation between the talus and the tibia/fibula mortise joint in
the coronal and transverse planes during weight-bearing to be between –1 and 1

 

°

 

. The
new model continues to model the ankle joint as a revolute joint, but approximates
the ankle complex including the subtalar joint as a spatial linkage. 

The linkage system is based on the premise that as the subtalar joint is articulated,
the positions of the TCL and CFL ligaments are either determined by the motion of
the subtalar joint or that they determine the position of the subtalar joint. Additionally,
the main feature that holds the talus and calcaneus together is the interosseous ligament.
Using these assumptions, a spatial linkage system can be derived to approximate the
subtalar joint. 

Leardini et al.

 

2

 

 identified that the TCL and CFL ligaments remain isometric during
plantar and dorsiflexion, and surmised that they control and guide ankle joint motion.
Renstrom et al.

 

12

 

 studied the strains in the CFL and the anterior talofibular ligament
(ATFL), and found that the CFL was essentially isometric during flexion and that the
CFL’s strain increased during supination and external rotation. Colville et al.

 

13

 

 also
found that both the CFL and the ATFL strains increased during ankle inversion.
Additionally, the interosseous talocalcaneal ligament and ligamentum cervicis guide
and limit the extremes of motion in the subtalar joint.

 

14,15

 

 The interosseous ligament
also provides the strongest connective tissue bond between the talus and calcaneus
and is an extremely strong and relatively inelastic ligament. These ligaments, as well
as the articular surfaces between the talus and calcaneus, dictate the motion between
the talus and calcaneus. The proposed model approximates the articular surfaces of
the subtalar joint and the interosseous ligament as a single spherical joint, and uses
representations of the TFL and CFL as links in a mechanism that more closely mimics
the actual motion of the ankle and subtalar joints vs. a biaxial model. The attachment
points of the TCL and CFL are represented as spherical joints. Figure 28.3 shows a
schematic diagram of the spatial linkage model (SLM).

The SLM is composed of five links, five spherical joints, and one revolute joint.
It maintains the current thinking that the ankle complex has two DOFs: one DOF for
the ankle joint and one DOF for the subtalar joint. The locations of the spherical joints
are determined from anatomical features of the ankle complex and are coincident with
the MFM skin-marker locations. The CFL ligament (Link 1) is attached to the apex
of the lateral malleolus (Joint 5) and extends downward and posteriorly to a tubercle
on the lateral surface of the calcaneus (Joint 4). The former attachment point corre-
sponds to the lateral malleolus marker of the MFM, and the latter attachment point is
very close to the lateral calcaneal marker. The TCL ligament (Link 2) is attached to
the apex of medial malleolus (Joint 2) and extends downward to the sustentaculum
tali of the calcaneus (Joint 3). The malleolar attachment point corresponds directly to
a marker on the MFM. The latter point location can either be calculated as a phantom
point using the medial malleolus, medial calcaneus, and medial head of the first meta-
tarsal marker locations or by an addition of a marker attached to the skin over the
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sustentaculum tali. The ankle joint axis is defined by the lateral and medial malleoli
markers (Joints 2 and 5). Additionally, those two markers and a marker on the medial
surface of the anterior tibia define the reference frame for the system. 

In the current adaptation of the model, joint positions 2, 4, and 5 are given from
marker data. The Joint 1 location is the midpoint between Joints 2 and 5. The Joint 3
location is calculated as the point where a perpendicular line from joint location 2
intersects a line formed by markers on the medial calcaneus and the medial head of
the first metatarsal. Alternatively, a marker can be placed over the sustentaculum
tali to locate this joint. 

The key variable of the model is Joint 6, representing the interosseous ligament
and articular surfaces between the calcaneus and talus. It is the common point
between those two segments. The initial location was determined with the foot in
the neutral position. It is a point directly below Joint 1 located within the sinus
tarsus. Referring to the Figure 28.3 coordinate system, Joint 6 has the same 

 

y

 

- and

 

z

 

-coordinates as Joint 1 and the same 

 

x

 

-coordinate as Joint 3. The sensitivity of the
Joint 6 location was analyzed and is presented later in the chapter. Once the location
of Joint 6 is established, the calcaneus and talus segments can be calculated. The
calcaneus segment is determined from the points represented by Joints 3, 4, and 6.
The talus segment is determined from the points representing Joints 1, 2, and 6.
When the foot is motioned, three equations can be solved at each time step to
determine the three unknown 

 

x

 

-, 

 

y

 

-, and 

 

z

 

-coordinates of Joint 6. The calcaneus and
talus segments are then defined. MatLab (The Mathworks Company, Natick, MA)

 

FIGURE 28.3

 

Schematic diagram of SLM.
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was used for the calculations and analysis. The end result of this model is that the
relative motion between the talus and calcaneus (subtalar motion) can be predicted.

 

28.2.2 S

 

PECIMEN

 

 T

 

ESTING

 

 P

 

ROCEDURE

 

A cadaveric study was designed to gather data to be used to test the new proposed
model. A cadaver specimen with intact foot and ankle was motioned through plan-
tarflexion/dorsiflexion and inversion/eversion using a controlled dynamometer while
reflective skin and implanted bone markers were tracked. The cadaveric specimen
was amputated below the knee with the tibial and fibular heads intact. The physical
characteristics of the amputee are shown in Table 28.1. 

A two-piece fixture (leg and foot) was designed to separately hold the leg portion
and the foot portion of the specimen in place while allowing free movement of the
foot and ankle. The leg fixture was constructed to hold the specimen distally from
the knee and proximal to the ankle joint. The leg was placed horizontally in a
modified ankle fixation orthotic (AFO) that was fastened to a nylon plate. The leg
was held in place using two hook and loop straps, one of which was fixed to the AFO.
The straps were adjusted to prevent transverse plane (with respect to the lab coordinate
system, Figure 28.4) movement of the leg. The nylon plate of the leg fixture was

 

TABLE 28.1
Specimen Physical Characteristics

 

Specimen Test Date Sex Age Height (in.) Weight (lbs)

 

1 14-May-04 F 84 67 200

 

+

 

FIGURE 28.4

 

Description of planes of motion.
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attached to a wooden platform that was secured to the seat/platform portion of a
Biodex System 3 (Biodex Medical Systems, Shirley, NY) computer-controlled dyna-
mometer. The Biodex allows computer control of movement through a specified
range of motions and rates. The primary motions of interest were plantarflexion/
dorsiflexion and inversion/eversion.

The foot fixture was constructed to attach to the dynamometer component of the
Biodex and to secure the foot. This fixture was designed to allow the foot to plantarflex
and dorsiflex in one configuration, and to allow the foot to invert and evert in another
configuration. The foot was secured to the foot fixture using two hook and loop straps.
Both straps secured the forefoot between the midfoot and distal heads of the metatarsals
so as to not interfere with marker or triad placements. A heel cup was used to secure
the heel. The heel cup was adjusted to hold the foot in place such that the ankle joint
axis and the Biodex dynamometer axis were nearly coincident to each other when the
fixture was attached to the dynamometer. Figure 28.5 shows the specimen testing setup
for plantarflexion/dorsiflexion, and Figure 28.6 shows the setup for inversion/eversion. 

Anterior/posterior and lateral radiographic images were taken of the specimen
prior to its placement in the leg and foot fixtures using a GE OEC Stenoscope 9 in.
C-arm fluoroscope (GE OEC Medical Systems, Milwaukee, WI). The images revealed
no underlying conditions or evidence of orthosis. 

The order of testing was chosen so that there would be a minimal amount of
disturbance to the marker and triad placements and was as follows:

1. Plantar/dorsiflexion with skin markers
2. Inversion/eversion with skin markers
3. Inversion/eversion with triads inserted and no skin markers
4. Plantar/dorsiflexion with triads inserted and no skin markers

After the specimen was secured in the foot and leg fixtures, the Biodex chair,
dynamometer locations, and the foot fixture were adjusted so that the ankle joint

 

FIGURE 28.5

 

Leg and foot fixture setup for plantarflexion/dorsiflexion testing.
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axis and dynamometer axis were nearly coincident in the sagittal plane. The point
where the ankle axis bisects the midplane of the ankle was used to approximate the
alignment axis. The range of motion of the specimen was determined by physically
moving the foot through plantarflexion and dorsiflexion until moderate resistance
was felt at the extremes. The Biodex dynamometer motion range was recorded and
then adjusted to 75% of the measured range in both plantar and dorsiflexion in order
to prevent any distortion caused by the Biodex at the extremes. Table 28.2 shows
the measured and tested ranges of motion and the rates of testing.

Twelve reflective markers were placed on the leg as shown in Figure 28.7.
Markers 1 through 6 and 10 through 12 correspond to marker locations from the
MFM. Markers 7 to 9 were added as redundant markers and were not used in the
analysis. The anatomical locations of the markers are listed below and in Figure 28.7:

1. Anterior on the tibia and distal to the tibial tuberosity
2. Lateral malleolus
3. Medial malleolus
4. Calcaneal tuberosity

 

FIGURE 28.6

 

Leg and foot fixture setup for inversion/eversion testing.

 

TABLE 28.2
Measured and Tested Ranges of Motion

 

Plantarflexion

 

Dorsiflexion

 

Inversion

 

Eversion

 

Maximum
Range

Tested 
Range

Maximum
Range

Tested 
Range

Maximum
Range

Tested
Range

Maximum
Range

Tested 
Range

Rate
(degrees/sec)

Pause at 
ends (sec)

 

0 30 10 8 25 25 25 25 20 1
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5. Medial calcaneus
6. Lateral calcaneus
7. Navicular tuberosity
8. Lateral aspect of the cuboid
9. Dorsal aspect of the intermediate cuneiform

10. Tuberosity of the fifth metatarsal
11. Head of the fifth metatarsal
12. Head of the first metatarsal

A 15-camera Vicon 524 Motion Analysis System (Vicon Motion Systems, Lake
Forest, CA) tracked and recorded the 3D positional information from the markers.
Figure 28.8 shows the placement and height of the 15 cameras.

Static marker location data were recorded with the leg and foot in the neutral
position, defined as the foot being at a 90

 

°

 

 angle with respect to the leg. The specimen
was ranged through five trials, each containing seven cycles. One cycle consisted of
starting in the neutral position, plantarflexing 25

 

°

 

, returning to the neutral position,
dorsiflexing 8

 

°

 

, and then returning to the neutral position. 
Upon completion of the plantarflexion/dorsiflexion (P/D) trials, the dynamometer

and foot fixture were reconfigured for inversion/eversion testing. The foot fixture
was designed to allow the foot to remain fastened while the conversion was made.

 

FIGURE 28.7

 

Reflective marker placement.
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Figure 28.6 shows the configuration of the fixture and Biodex for internal/external
rotation (I/E) testing. The fixture was adjusted so that the Biodex axis was approximately
in line with the subtalar axis of the specimen. The specimen was again ranged through
five trials, each containing seven cycles.

Upon completion of the I/E trials, the specimen’s position on the fixture and
strap locations were marked prior to removal from the fixture. The skin was carefully
dissected in four locations on the foot in order to drill and place marker triads into
the calcaneus, talus, cuboid, and navicular. The tissue was dissected in such a way
as to not affect the stabilizing components of the foot and ankle or to affect the
movement of the triads during the trials. A drill was used to insert the triads directly
into the respective bones. Additionally, a triad was inserted into an exposed section
of the tibia just distal to the tibial head. The specimen was placed again in the fixture
and testing continued with I/E first followed by P/D using the same number of trials
and cycles. Figure 28.9 shows the locations of the triads.

 

28.3 RESULTS

 

Four cases were analyzed and compared from the test data: 

1. The relative motion between the calcaneus and talus (subtalar motion)
during inversion/eversion

2. The relative motion between the talus and tibia/fibula segment during
inversion/eversion

 

FIGURE 28.8
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3. The relative motion between the calcaneus and talus (subtalar motion)
during plantarflexion/dorsiflexion

4. The relative motion between the talus and tibia/fibula segment during
plantarflexion/dorsiflexion

In each of these cases, the data from the bone marker implants were compared
to the skin-marker data. A similar method to that used with the MFM

 

13

 

 was utilized
to calculate the relative motions between the segments. The data are presented as
relative rotations between the segments of interest using Euler rotations. The data
are presented as rotations with respect to the lab coordinate planes (sagittal, coronal,
and transverse) as shown in Figure 28.4.

Figure 28.10 shows the subtalar motion during inversion/eversion testing of the
specimen. The left graph is derived from motion data taken from bone marker data
and shows the rotations of the implanted calcaneus marker relative to the implanted
talus marker. The right graph shows subtalar motion defined as the motion of the
skin-marker–based hindfoot with respect to the talus segment derived from the SLM. 

Figure 28.11 shows the talar motion within the ankle joint mortise during the
inversion/eversion testing. The left graph shows the relative rotations of the talus
bone marker with respect to the tibia bone marker. The right graph shows the
rotations of the talus segment with respect to the tibia/fibula segment, both derived
from skin-marker data.

 

FIGURE 28.9 
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Figure 28.12 shows the subtalar motion during plantarflexion/dorsiflexion testing
of the specimen. The left graph is derived from motion data taken from bone marker
data and shows the rotations of the implanted calcaneus marker relative to the
implanted talus marker. The right graph shows subtalar motion defined as the motion
of the skin-marker–based hindfoot with respect to the talus segment derived from
the SLM. 

Figure 28.13 shows the talar motion within the ankle joint mortise during the
plantarflexion/dorsiflexion testing. The left graph shows the relative rotations of the
talus bone marker with respect to the tibia bone marker. The right graph shows the
rotations of the talus segment with respect to the tibia/fibula segment, both derived
from skin-marker data.

A sensitivity study was done to determine the “optimal” initial location of Joint
6 of the SLM. As indicated previously, the initial position was based on the 

 

y

 

- and

 

z

 

-coordinates of Joint 1 (the ankle joint) and the 

 

x

 

-coordinate of Joint 3 (the distal

 

FIGURE 28.10

 

Subtalar motion during inversion/eversion testing.

 

FIGURE 28.11

 

Talus with respect to tibia/fibula motion during inversion/eversion testing.
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attachment point of the TCL ligament). The initial coordinates of Joint 6 were each
varied in five iterative steps from –20 mm to 

 

+

 

20 mm of the original assumed
location. Table 28.3 shows the sensitivity (low, medium, and high) that each change
in the 

 

x

 

-, 

 

y

 

-, and 

 

z

 

-coordinates had to the rotations. An optimal value was also
determined from the iterations that most closely matched the bone-marker motions.
The shaded blocks in Table 28.3 indicate the optimal values with medium-to-high
sensitivity that most closely matches their respective bone marker motion counter-
parts. That corresponded to a Æ

 

x

 

 of 

 

+

 

 10 mm, a Æ

 

y

 

 of 0 mm, and a Æ

 

z

 

 of 

 

+

 

 10
mm. The table also shows the respective corresponding range of motions for each
variable and the comparative values from the bone-marker motion data. The right-
side graphs of Figure 28.10 to Figure 28.13 were calculated using these delta values
for Joint 6. 

 

FIGURE 28.12

 

Talus with respect to tibia/fibula motion during plantarflexion/dorsiflexion
testing.

 

FIGURE 28.13

 

Subtalar motion during plantarflexion/dorsiflexion testing.
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28.4 DISCUSSION

The leg specimen was ranged from 25° inversion to 25° eversion during the inver-
sion/eversion testing. Figure 28.10 shows the results with respect to the lab coordi-
nate planes in a triplanar manner. The SLM shows similar trends as the bone-marker
derived data. It is apparent looking at Figure 28.11 that there is little movement
within the ankle joint during the bone-marker testing. However, there was about 5°
of motion in the ankle joint during the skin-marker testing. This would lower the
peak values of Figure 28.10 (right). This difference in Figure 28.11 is quite possibly
caused by a slight change in the leg position during the changeover from skin markers
to bone markers. The specimen was removed from the fixture after the skin-marker
testing to insert the bone-marker triads. Figure 28.11 (right) shows no rotations in
the coronal and transverse planes. The model defines that the rotation in the ankle
joint (Joint 1) is only in the sagittal plane.

Figure 28.12 (left) shows that there is slight rotation in the coronal and transverse
planes during plantarflexion/dorsiflexion with the bone markers. The tested range of
motion was from 8° dorsiflexion to 30° plantarflexion. The measured range was from
about 3 to 30°. The SLM-based motion was from about 7 to 29°. This is very close
to the tested range. The differences again may be attributed to specimen trial placement
errors. The comparison between bone marker and SLM motion is very good. 

28.5 CONCLUSION

The SLM is an intriguing concept to implement for modeling the ankle and subtalar
joints. It mimics the actual motion of the subtalar joint and agrees with other
observations that the subtalar axis is not fixed during motion. Further study is needed
to better develop the location of skin markers and to determine the sensitivity of
marker location. The model holds promise for improving the diagnostic capabilities
of gait analysis. 
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29.1 INTRODUCTION

 

Dynamic hindfoot varus (DHV) is a common presentation among children with
hemiplegic cerebral palsy (Figure 29.1) and among patients of any age with stroke
or traumatic brain injury, yet methods to accurately determine the source of the
deformity remain unsatisfactory. Overactive or out-of-phase tibialis anterior (TA) and
tibialis posterior (TP) muscles are most often cited as the cause, and surgical correc-
tions are typically focused on these muscles (Table 29.1). TA originates on the ante-
rior, proximal tibia and interosseus membrane, and inserts on the medial side of the
medial cuneiform and on the base of the first metatarsal. It primarily serves to dorsiflex
the foot while secondarily serving as an invertor of the hindfoot and supinator of the
forefoot. This muscle normally acts eccentrically at initial contact to control the heel
rocker prior to foot-flat, and it acts concentrically during the swing phase to dorsiflex
the foot and promote ground clearance. Continuous or out-of-phase activity of TA,
often seen subsequent to stroke or traumatic brain injury, is typically treated with a
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split anterior tibialis tendon procedure (SPLATT), which balances the coronal plane
action on the foot while preserving sagittal plane dorsiflexion. 

TP is a deep muscle that originates on the posterior, proximal tibia, fibula, and
interosseus membrane and inserts on the tuberosity of the navicular, the underside
of the cuneiforms, and the base of the second, third, and fourth metatarsals, after
its tendon passes posterior to the medial malleolus. It is a weak plantarflexor and a
strong invertor. Although normally active only during stance phase to assist the
triceps surae with plantarflexion during push-off, in some cases it may be active
only during swing phase to assist with ground clearance through inversion.

 

1

 

 Con-
tinuous activity of TP, often seen in cerebral palsy, may be treated by lengthening

 

FIGURE 29.1

 

Photograph of a subject with DHV (right foot).

 

TABLE 29.1

 

  

 

Typical Surgical Decision Criteria for Treating DHV

 

EMG Activity Tibialis Anterior Tibialis Posterior 

 

Continuous Split tendon Lengthen tendon
Release tendon
Split tendon

 

Out-of-phase Split tendon Transfer tendon

From Vaughan, C.L., Nashman, J.H., and Murr, M.S., What is the
normal function of tibialis posterior in human gait?, in 

 

The Diplegic
Child: Evaluation and Management

 

, Sussman, M.D., Ed., American
Academy of Orthopaedic Surgeons, Rosemont IL, USA, 1992, Chapter
31. With permission.
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or releasing its tendon, or by a split posterior tibialis tendon procedure (SPOTT).
The latter balances coronal plane action on the foot while preserving sagittal plane
plantarflexion. Out-of-phase activity of TP is most often treated with a tendon
transfer to eliminate unwanted plantarflexion.

It is clear that the activity of TA and TP plays an important role in treatment
selection, yet difficulties arise when these muscles are active simultaneously. Here, it
is especially difficult to determine the primary deforming force. Over an 18-month
period, we evaluated 12 patients referred to our Motion Analysis Laboratory for DHV
(Table 29.2). All of these patients demonstrated varus hindfoot (HF) during stance
phase, simultaneous with both TA and TP activity, each with varying intensities.
However, 11 of these same patients also demonstrated varus HF during swing phase;
TA was active for all 11 of these patients, while TP was active for only 8. Surgical
recommendations based upon instrumented gait analysis included five SPLATTs, six
SPOTTs, one TA tendon lengthening, and six TP tendon lengthenings. Perhaps most
telling, for six patients, instrumented gait analysis remained ambiguous enough to
require subsequent referral to clinical judgment, and in 5 out of the 12 cases, the actual
surgeries performed differed from those we recommended. This was quite disappoint-
ing, as each child endured fine-wire electromyography (EMG) to determine TP activity,
yet this information proved inconclusive.

Detailed knowledge of foot motion is critical not only to understand clinical foot
deformities, but also to understand lower extremity mechanics during locomotion. The
human foot has traditionally been modeled as a single rigid segment, and in some
cases as a simple vector lacking a valgus/varus degree of freedom (DoF) at the ankle.

 

2

 

Other models allow measurement in all three planes of movement, but still consider
the foot as a single segment with motion occurring only at the ankle. Single-segment
foot models, originally developed and since utilized because of the technical constraints
inherent in traditional methodologies, have recently been described as overly
simplified

 

3

 

 and inadequate

 

4

 

 for the clinical analysis of foot mechanics. It has been
known for some time that the foot deforms during movement, as it is composed of 26
bones and over 30 joints that each have six DoF movement capacity.

 

5

 

 Treating separate
segments as a single rigid body adversely affects inverse dynamics results,

 

3

 

 as these
calculations require detailed understanding of force transfer from the ground, across
adjoining segments, to the shank (SH). A more detailed foot model not only increases
our understanding of foot kinematics and deformities,

 

6–9

 

 but would also allow increased
fidelity in kinetics calculations.

Biomechanists have begun to adopt enhanced foot models. Advances in motion
capture technology have improved the ability to track an increased number of small
markers, thus reducing movement artifact from larger markers and allowing reliable
modeling of the foot as more than a single segment.

 

5

 

 Rigid body mechanics require
a minimum of three noncollinear markers to reconstruct three-dimensional motion;
least squares techniques use at least one additional marker to control for measure-
ment error. For multisegment foot modeling, practical and technical challenges
include the placement of several markers on small foot segments, and the effects
of skin movement artifact on relatively small motions. In light of these challenges,
we believe foot models should be developed specifically to answer the questions
being addressed. 
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To better serve our patients, we wished to develop a multisegment foot model of
sufficient accuracy to determine individual contributions to the varus deformity made
by TA and TP. Our ideal kinetic model would include SH, HF, midfoot (MF), and
forefoot (FF) segments, accurately defined without medical imaging while accounting
for important muscles crossing these segments. Ultimately, we envisioned the use of
optimization techniques to identify muscle contributions to the varus deformities
without the need for fine-wire EMG. As a first step in this difficult process, we
conducted a feasibility study of multisegment foot kinematics. We hypothesized that
an anatomically based, nonradiographic kinematic model (Figure 29.2) of the SH, HF,
and MF could differentiate between normal subjects and patients with DHV. 

 

29.2 METHODS

29.2.1 H

 

UMAN

 

 S

 

UBJECT

 

 T

 

ESTING

 

The patients seen in this study underwent a full clinical examination and conventional
gait analysis, often lasting a minimum of 2h, prior to multisegment foot data
collection. After much instrumentation and a needle stick for the fine-wire EMG
placement, these children became intolerant of additional procedures. Thus, we
avoided the collection of medical imaging and motion capture calibration trials by
using a single kinematic frame at mid-stance for anatomical calibration of the multi-
segment foot model. (Consequences of this choice are explained in the Discussion.)
For this feasibility study, we examined five children diagnosed with neurological
involvement and DHV (patients, Table 29.3), and six children with no neurological

 

FIGURE 29.2

 

Schematic of body segments and joints modeled in this feasibility study
(right foot).

Shank

Hindfoot

Transverse tarsal joint

Ankle complex

Midfoot
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impairments and no known or apparent foot or ankle pathology (normals). Independent
ambulation, with or without an assistive device, was required for subject inclusion in
the patients group. 

Prior to testing, subjects and/or their guardians signed informed consent docu-
ments approved by our human subjects committee. Surface EMG electrodes (Motion
Lab Systems, MA-300, Baton Rouge, LA, U.S.) were placed bilaterally over the
rectus femoris, vastus medialis, semitendinosis, TA, and gastrocnemius muscles. For
the involved side of patients, a fine-wire EMG electrode was inserted into the belly
of TP, in place of the vastus medialis surface electrode. All of the fine-wire proce-
dures were performed using sterile techniques by the same investigator certified in
these methods. The wire placements were confirmed by eliciting an expected move-
ment using a functional electrical stimulator (Focus NMES, Empi Inc., St. Paul,
MN, U.S.). Motion capture markers were fixed to the skin based on palpable bony
landmarks (Figure 29.3). Subjects were then instructed to perform multiple walking
trials at their self-selected speed. Sagittal and coronal views of the subjects were
recorded using Super-VHS (S-VHS) observational video. Two different Vicon
motion capture systems were used (Oxford, Metrics Group, Oxford, England, U.K.)
as a laboratory upgrade occurred between the collections for patients and normals.
Kinematic data for patients were collected at 60 Hz using a six-camera Vicon 370
system, but due to equipment limitations, gaps occurred in some marker trajectories.
Gaps of less than ten samples were considered acceptable and were filled using a
cubic spline interpolation; trials with larger gaps were eliminated from the study.
Kinematic data for normals were collected at 120 Hz using an upgraded ten-camera
Vicon 612 system, without the need for interpolation. All marker trajectories were
low-pass filtered using a dual-pass, second order, recursive Butterworth filter and a
cutoff frequency of 6 Hz.

 

10

 

 
Though not used for this kinematics study, ground reaction forces and plantar

pressures were also collected to help prepare for future work. EMG and ground
reaction forces from three strain-gauge force plates (OR6-7, Advanced Mechanical
Technology Inc., Watertown, MA, U.S.) were collected at 1200 Hz and 1560 Hz for

 

TABLE 29.3
Subject Characteristics

 

Variable Normals DHV Patients

 

Number of subjects 6 5
Sex (male, female) 2 M / 4 F 4 M / 1 F
Age (yr)

 

a

 

8.8 (2.9) 8.5 (3.6)
Mass

 

 

 

(kg)

 

a

 

26.7 (11.1) 40.3 (23.2)
Height(cm)

 

a

 

126.6 (15.9) 132.6 (20.2)
Side tested (L/R) 2 L / 4 R 2 L / 3 R
Strides used per subject

 

b

 

6.0 (6, 6) 4.8 (3, 6)

 

a

 

Data are means and (standard deviations).

 

b

 

Data are means and (minimum, maximum).
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patients and normals, respectively. EMG data were analog band-pass filtered to
retain frequencies between 25 and 500 Hz. Plantar pressure data were collected
at 1200 Hz from patients (but not normals) using an EMED 2016/2 platform
(Novel, Munich, Germany).

 

FIGURE 29.3

 

Schematic detailing the locations and descriptions of external motion capture
markers (right foot). Right local reference frame derivations are described below the illustration.
(Adapted from Walker, M.R., Cooney, K.M., Sharkey, N.A., Sanders, J.O., and Buczek, F.L.,
Multi-segment foot kinematics of dynamic hindfoot varus, 

 

J. Orthop. Sports Phys. Ther.

 

, 34,
A11–12, 2004. With permission from the Orthopaedic and Sports Physical Therapy Sections of
the American Physical Therapy Association.)
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29.2.2 M

 

ULTISEGMENT

 

 F

 

OOT

 

 M

 

ODEL

 

Our kinematic model (Figure 29.2) consisted of an SH (tibia and fibula), HF (cal-
caneus and talus), and “MF” (remaining tarsals and metatarsals). In each segment
of the model, right-handed local reference frames included three unit direction
vectors: “u” pointed laterally for right segments and medially for left segments, “v”
pointed anteriorly, and “w” pointed superiorly. Local reference frames were derived
using the anatomical “landmark” markers (Figure 29.3) from a single mid-stance
frame in one of the walking trials. The singular value decomposition method

 

11

 

 was
used to obtain optimal rigid body rotation matrices in the walking trials. 

Intersegmental motion was then expressed in terms of Cardan angles (distal
relative to proximal segment) by Euler decomposition of the transformation matrix
describing the movement from the pose of the distal segment to that of the proximal
segment. Angular outputs were made anatomically consistent between the left and
right legs, normalized to gait cycles, and ensemble averaged (mean ± 1 standard
deviation) for both subject groups. 

 

29.2.3 T

 

ERMINOLOGY

 

The first rotation, termed dorsi/plantar flexion, is about the mediolaterally directed
“u” axis of the distal segment. The second rotation, termed sustentaculum-tali (ST)
valgus/varus, is about an anteriorly directed floating axis. (The more superior
position of marker MC relative to LC

 

 

 

results in a varus offset when HF is in
subtalar neutral. Consequently, we refer to these rotations as ST valgus/varus to
distinguish them from more conventional definitions for this DoF.) The final
rotation, termed external/internal rotation, is about the superiorly directed “w”
axis of the proximal segment. 

 

29.3 RESULTS

29.3.1 A

 

NGULAR

 

 R

 

ESULTS

 

We first present sagittal plane motion of HF with respect to (wrt) SH, followed by
MF wrt HF; we then repeat this sequence for coronal and transverse plane motions.
Finally, we present transverse plane motion of MF wrt SH. Here, ensemble averages
are used to illustrate general findings. 

For normals, HF was plantarflexed wrt SH at initial contact, but quickly moved
into dorsiflexion for much of stance phase (Figure 29.4, top left); push-off, initial
swing, and terminal swing were all characterized by plantarflexion. Although the
corresponding curve for patients had the same general shape, it demonstrated greater
variability and remained in plantarflexion throughout the gait cycle (compared to
normals, average root-mean-square (RMS) difference: 16.4

 

°

 

). For normals, MF was
slightly plantarflexed wrt HF from early to mid-stance, at push-off, and throughout
swing, with mild dorsiflexion occurring only in late stance (Figure 29.4, top right).
In contrast, patients have increased MF dorsiflexion wrt HF throughout the gait cycle
(average RMS difference: 21.7

 

°

 

). 
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In the coronal plane, (Figure 29.4, middle left), motion of HF wrt SH for normals
revealed slight ST varus at initial contact, nearly neutral alignment at mid-stance, and
maximum ST varus at push-off. Patients demonstrated increased amounts of ST varus
at a near constant 12 to 13

 

°

 

 (average RMS difference: 10.4

 

°

 

). Motion of MF wrt HF
for normals also exhibited mild amounts of ST varus at initial contact (Figure 29.4,
middle right), a brief period of neutral alignment, and a return to ST varus in late
stance. Patients demonstrated a near constant 5

 

°

 

 of ST valgus for MF wrt HF (average
RMS difference: 6.8

 

°

 

). 

 

FIGURE 29.4

 

Ensemble average angular kinematics (mean 

 

±

 

 1 standard deviation) of HF wrt
SH (first column) and MF wrt HF (second column) highlight differences between normals
(dotted) and patients (solid). From top to bottom row: dorsi/plantar flexion (dor/pla), ST val-
gus/varus (val/var), and external/internal rotation (ext/int). Average foot-off events are indicated
by vertical lines, and average RMS differences are noted in degrees. 
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In the transverse plane, there was little difference between patients and normals
for HF wrt SH (Figure 29.4, bottom left), with both groups averaging near 5

 

°

 

of
internal rotation (average RMS difference: 1.5

 

°

 

). Motion of MF wrt HF for normals
demonstrated approximately 14

 

°

 

 of external rotation throughout the gait cycle, with
decreased external rotation occurring at push-off (Figure 29.4, bottom right),
whereas patients exhibited internal rotation throughout the gait cycle (average RMS
difference: 21.2

 

°

 

). 
Motion of MF wrt SH (Figure 29.5) closely followed that of MF wrt HF

(Figure 29.4, bottom right) for both patients and normals, but was biased by approx-
imately 5

 

°

 

 of additional internal rotation. This was about the same amount of internal
rotation as seen for HF wrt SH (Figure 29.4, bottom left).

 

29.3.2 C

 

ASE

 

 P

 

RESENTATIONS

 

In a single patient trial (Figure 29.6), increased ST varus for HF wrt SH, from late
swing through late stance, coincided with remarkable TP EMG activity; more neutral
ST varus motion was observed at the stance/swing transition when TP EMG activity
was nearly absent. There was near constant amplitude of TA EMG activity through-
out the gait cycle, which suggested that TP was the likely source for the varus deformity.
Such a persuasive result was not seen in most patients. In another single DHV patient
trial (Figure 29.7), substantially increased ST varus of the HF relative to the SH was
exhibited with TA and TP EMG activity continuous throughout the gait cycle, with
few discernable “on” and “off” states. There was increased TA EMG amplitude in

 

FIGURE 29.5

 

Ensemble average transverse plane kinematics (mean 

 

±

 

 1 standard deviation
for external/internal rotation) of MF wrt SH highlight differences between normals (dotted)
and patients (solid). Average foot-off events are indicated by vertical lines, and the average
RMS difference is noted in degrees.
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early swing, but the muscle was still active throughout stance phase. The EMG
data were not normalized, and thus TA and TP EMG magnitudes could not be
compared. In this patient, the muscular contributions to the varus deformity were
not definitive.

 

FIGURE 29.6

 

Graphs from one patient trial showing TP EMG activity (graph a) and
increased ST varus rotation of HF wrt SH (graph c) occurring at the same times in the gait
cycle (boxed areas). Low amplitudes of TP EMG activity (graph a) are consistent with more
normal amounts of ST varus rotation. TA EMG activity (graph b) is nearly constant throughout
the gait cycle. The graphs suggest that TP is the primary contributor to the varus deformity.
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29.4 DISCUSSION

 

Normal kinematics (Figure 29.4) obtained using our model compared well to those
reported by others,

 

6,12–14

 

 accounting for differences in nomenclature and alignment
of local reference frames. Although the general curve shapes were similar across
patients and normals, in almost all cases intersegmental rotations were less extreme
or dampened in the patients, with nearly constant malalignments throughout gait.

 

FIGURE 29.7

 

Graphs from one patient trial showing TA (graph a) and TP (graph b) EMG
activity with markedly increased ST varus rotation of HF wrt SH (graph c). Both muscles
are active continuously. Because the EMG data are not normalized, we cannot make EMG
amplitude comparisons between the muscles. In this case, alternative diagnostic measures are
necessary to discern individual muscle contributions to the varus deformity.
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These findings are consistent with chronic tissue deformation resulting in aberrant
foot positions. In four of the six intersegmental motions examined (Figure 29.4),
patients displayed large and consistent shifts in rotation over the entire gait cycle
when compared to normals. These four distinct motion differences were increased
plantarflexion of HF wrt SH, increased dorsiflexion of MF wrt HF, increased internal
rotation of MF wrt HF, and increased ST varus of HF wrt SH. These results are
consistent with the clinical interpretation of supination resulting in HF plantarflexion
and inversion, and forefoot/MF internal rotation (adduction). 

Increased HF plantarflexion wrt SH in patients is likely a consequence of tight
or overactive triceps surae or TP muscles, resulting in an equinus pattern also typical
in children with cerebral palsy. Increased MF dorsiflexion wrt HF in patients is
suggestive of MF break (i.e., rocker bottom deformity) due to chronic tissue stress
as the MF accepts an abnormally high proportion of the ground reaction forces. The
ability of this model to distinguish MF break is a definitive advantage over single-
segment foot models.

Excessive MF internal rotation wrt HF in patients is also likely a consequence of
tissue stress due to aberrant application of ground reaction forces in the HF equinovarus
posture. For patient trials, the point of application of the ground reaction force vector
was typically near the lateral aspect of the MF. In the latter half of stance, an antero-
medially directed ground reaction force applied to the lateral aspect of the MF would
tend to internally rotate MF wrt HF. Overactivity of either TA or TP may exacerbate
these effects. Over time, this pattern of walking would stretch the ligaments at the
calcaneocuboid, talonavicular, and midtarsal joints, resulting in the observed malalign-
ment. In our model, HF was tracked with markers applied only to the calcaneus, and
from this we inferred motion of the calcaneus and talus. Because of this, we were
concerned that increased MF internal rotation wrt HF could cause the talonavicular
joint to reach its end range-of-motion, allowing the MF and talus to rotate as one unit,
separate from the calcaneus. If this were true, the SH would follow the motion of the
MF and talus, resulting in decreased MF internal rotation wrt SH, compared to MF
wrt HF. However, our data do not support this conclusion. Examination of the trans-
verse plane motion for MF wrt SH (Figure 29.5) instead reveals increased MF internal
rotation wrt SH, compared to MF wrt HF. This increase was approximately equal to
the amount of internal rotation for HF wrt SH. These data suggest that the MF reached
its end range-of-motion wrt HF, and pulled the HF into internal rotation wrt SH. 

ST valgus/varus kinematics for normals suggest that, at initial contact, ground
reaction forces drive the HF into decreased ST varus wrt SH. The MF follows until
foot-flat, at which time it begins a shift into ST varus wrt HF to remain flat on the
ground. As the heel leaves the ground, the Achilles tendon pulls the HF into ST
varus due to its medial insertion on the calcaneus. The MF remains firmly positioned
on the ground, resulting in a brief period of ST valgus wrt HF at terminal stance.
Patients are continually in maximum ST varus for HF wrt SH, presumably due to
spastic invertors (e.g., TA or TP). Motion of MF wrt HF is more difficult to explain
in patients; MF is on the ground in stance resulting in ST valgus relative to the
inverted HF, and after the heel leaves the ground, MF seems to be pulled into less
ST valgus. This pattern may be due to deformities associated with chronic stress as
the MF lies flat on the ground in the presence of HF varus.
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A single frame at mid-stance was used for anatomical calibration of our multi-
segment foot model rather than separate medical imaging and calibration trials.
Consequently, a varus offset resulted from the placement of HF markers, and we
used the term ST valgus/varus for coronal plane rotations. Other studies have used
calibration jigs

 

6

 

 and routines to align local reference frames with radiographs,

 

12

 

 yet
these techniques have limitations of their own. The use of a jig to maintain a neutral
posture for a calibration trial appears reasonable; however, even this procedure would
have been difficult for our patients, likely resulting in either atypical walking patterns
or refusal to walk entirely. Kidder et al.

 

12

 

 noted radiograph measurement difficulties,
and there is an assumption that bones are in the same positions for both radiographs
and motion capture calibration trials. 

In a separate motion capture analysis, we determined that the varus offset induced
by our model averaged approximately 5.5

 

°

 

 when nine adult subjects (with no foot or
ankle pathology) were held in subtalar neutral for one trial each. Root et al.

 

15

 

 explained
that subtalar neutral is expected just after initial contact. The mean ST varus for HF
wrt SH in normals was approximately 5

 

°

 

 immediately after initial contact
(Figure 29.4), thus providing good agreement with our 5.5

 

°

 

 offset. Although a more
conventional, anatomically oriented axis would be more meaningful to clinicians, the
use of an offset axis did not hinder the ability of our model to differentiate patients
from normals.

This feasibility study attempted to use EMG and kinematics to discern contribu-
tions to the varus deformity from TA and TP. Despite the use of a multisegment foot
model and fine-wire EMG, we had a mix of successful outcomes (Figure 29.6) and
ambiguous outcomes (Figure 29.7). The latter results may have been more conclusive
had we been able to normalize EMG for patients to a maximum voluntary contraction,
as this would have allowed us to compare EMG amplitudes across muscles. However,
with compromised selective motor control associated with cerebral palsy, particularly
cocontraction of antagonist muscles, such normalization techniques are not typically
considered possible. Furthermore, to infer musculotendinous forces from normalized
EMG, we would have needed an additional patient calibration (e.g., joint torque vs.
EMG amplitude), and all such calibrations were specifically avoided in our protocol.
For these reasons, we believe muscle modeling that employs optimization techniques
will be worth exploring for these patients. 

Several biomechanical modeling issues are relevant for this feasibility study. As
a convenience, we combined the metatarsals (typically considered part of the forefoot)
with bones commonly defined in the MF, in what we called our “MF” segment.
However, a recent study using a 14-segment cadaveric foot model, with wires inserted
directly into bones, found considerable motion during the stance phase between the
metatarsals and MF bones with which they articulated.

 

16

 

 Although our model success-
fully differentiated MF motion between patients and normals, findings by Liu et al.

 

16

 

argue for the modeling of separate MF and forefoot segments. Increased accuracy in
our model may also be attained by tracking the SH with a cluster of markers proximal
to the ankle joint (i.e., near-marker AS), rather than tracking with markers on the
malleoli. Such a marker cluster would avoid the marker slippage that occurs near bony
prominences

 

17

 

 and the majority of muscular movement that occurs at the proximal
end of the SH. We must also consider alternative methods to calibrate for subtalar
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neutral to improve the anatomical relevance of the varus measurement. The next
iteration of our multisegment foot model will address these kinematic limitations,
add muscle modeling and kinetics, and include a repeatability analysis. 

 

29.5 FUTURE DIRECTIONS

 

As our ultimate goal is to identify muscle contributions to the varus deformities without
the need for fine-wire EMG, we require a kinetic, musculoskeletal, multisegment foot
model. New challenges for developing such a model include locating the three-
dimensional position of joint centers, calculating ground reaction forces on individual foot
segments, and developing a muscle model likely to be different for normals and patients. 

The use of palpable bony landmarks and anthropometry to define virtual points
within the body is not new, but this technique does require validation often through
medical imaging. We have derived preliminary methods to estimate the location of joint
centers at the junction of the MF and HF segments (i.e., along the transverse tarsal joint,
Figure 29.8), and the HF and SH segments (i.e., at the center of the ankle complex). We

 

FIGURE 29.8

 

Derivation of the center of the transverse tarsal joint for the left foot (needed
for inverse dynamics) based upon external marker positions and anthropometry measures alone.
Algorithms such as these need to be validated through comparison with medical imaging.
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need to derive similar methods for the junction of the new forefront segment (FF) and
the MF (i.e., along the metatarsal/metacarpal joint line), and to validate all of these
methods, with medical imaging for samples of normals and patients with DHV.

In the general case, more than one segment in a multisegment foot model will
be in contact with the ground, complicating force plate–based inverse dynamics. For
some time now, devices to measure plantar pressures have been combined with force
plates to estimate equivalent force systems on separate segments of the foot.

 

.4,18–20

 

In essence, a force plate provides a single force system (normal force, shear forces,
and free moment) that when applied to the rigidly modeled foot at the center-of-
pressure (COP) (also output from the force plate) causes the foot to move mechan-
ically in the same way it moves under the influence of the actual pressure distribution.
Pressure data can be subdivided into areas beneath separate segments of the foot,
and mathematically integrating the pressure over these individual areas provides
both a resultant normal force and its COP. Because pressure-measuring devices do
not simultaneously measure shear, an assumption is typically made that the net shear
forces and free moment measured by the force plate are distributed across the
segments contacting the force plate in the same proportions as the normal forces,
as guided by pressure data.

 

4,18–20

 

 This assumption has been validated analytically

 

19

 

but not experimentally. We plan to validate this proportionality assumption experi-
mentally, and then calculate multisegment kinetics using traditional inverse dynamics

 

FIGURE 29.9

 

Free-body diagram of a kinetic, multisegment, foot model. GRFs are calcu-
lated and applied at the COP based upon simultaneous plantar pressure and force plate data.
In this example of heel rise, no contact occurs between the heel and the ground.
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with separate ground reaction force systems (GRFs) applied to each segment
(Figure 29.9). Note that until methods are developed to reliably provide force sys-
tems between mediolaterally adjacent segments, our multisegment foot model will
use only distal/proximal segmentation.

 

21

 

 There also exist practical difficulties in
masking plantar pressures to the foot model. A recent study by MacWilliams et al.

 

4

 

collected pressure and force plate data during separate walking trials in normals,
and later combined these to create separate force systems applied to individual foot
segments. Pressure measurements from patients in our study were highly variable
between strides (Figure 29.10), suggesting that the approach used by MacWilliams
et al. for normals would be impractical for children with DHV. Consequently, we
plan to identify the pressure subareas based upon simultaneously collected foot kine-
matics, plantar pressures, and force plate data. This technique, as suggested by
MacWilliams,

 

22

 

 has the advantage of assuring that the pressure subareas are in
agreement with the anatomically based kinematic model. 

Finally, with multisegment foot kinetics available, we plan to use muscle mod-
eling to identify contributions to the varus deformity associated with TA, TP, and
any other structures found to be relevant (e.g., tight triceps surae). Such a model
will allow calculation of musculotendinous forces, the line-of-action of these forces,
and their associated varus moments about joints of interest, thereby guiding treatment
selection. An obvious and nontrivial difficulty will be the modeling of spastic muscles
in children with cerebral palsy. However, validation of this muscle model may be
accomplished with 

 

in vitro

 

 tests using a dynamic gait simulator,23 capable of repro-
ducing foot kinematics, ground reaction forces, and plantar pressure patterns, through
control of individual musculotendinous forces. 

29.6 CONCLUSIONS

This feasibility study has increased our knowledge of foot biomechanics in patients
with DHV, and of multisegment foot modeling. The nonradiographic kinematic model
was able to successfully differentiate kinematics between normals and patients. How-
ever, EMG and multisegment foot kinematics were not definitive indicators of the
relative muscle contributions to the varus deformity. Improved treatment selection for
DHV relies on a quantitative understanding of the dynamic contributions of TA and
TP to the inversion moment. A validated kinetic and musculoskeletal multisegment

FIGURE 29.10 Sample plantar pressure plots from one patient. Large trial-to-trial variability
necessitates simultaneous collection of plantar pressure and force plate data for kinetic modeling.
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foot model will allow quantification of the deformity, and of the respective muscular
forces causing the deformity. 
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30.1 INTRODUCTION

 

Three-dimensional (3D) human movement analysis relies on detecting and tracking
markers or orientation sensors mounted on the skin of subjects. This tracking is done
by video cameras, electromagnetic sensors, or microphones. The focus of this chapter
will be on systems that track individual markers, not orientation sensors. Similar
principles apply to electromagnetic systems, with some subtle differences that are
not particularly germane to this discussion.

Each point tracked by the motion system is referred to as a physical marker
(PM). These PMs form the basis of coordinate systems that (ideally) move in
harmony with the underlying body segment. Such a coordinate system is commonly
referred to as a technical coordinate system (TCS). The positions and orientations
of the TCSs provide the basis for determining segment and joint kinematics, from
which numerous scientifically and clinically relevant data are derived.

It is frequently desirable to track points or landmarks that cannot accommodate
PMs. Some examples include joint centers, medial bony landmarks, and the plantar
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surface of feet. While it may be impossible to directly track these landmarks with PMs,
the locations can be tracked indirectly as long as the position and orientation of the
location can be defined relative to a TCS. These indirectly tracked objects are referred
to as 

 

virtual

 

. A point tracked in this manner is referred to as a virtual marker (VM).
There are many examples of the use of VMs in standard movement analysis methodology.
For example, the standard models used in clinical gait analysis include VMs at the hip,
knee, and ankle joint centers.

 

1

 

 These joint center VMs are defined from anthropometric
regression equations or joint geometry. The Calibrated Anatomical System Technique
(CAST) protocol makes use of 22 VMs throughout the lower extremity.

 

2

 

 An extension
of the CAST protocol identifies 14 VMs on a five-segment shank-foot model.

 

3

 

The markers in the CAST protocol, and the related shank-foot extension, are
defined using an instrumented pointer (IP) rather than regression equations
(Figure 30.1). In the IP method, a rod is equipped with two or more markers. The
tip of the rod is at a precisely known distance and direction relative to the PMs on
the rod. To obtain a VM, the tip of the rod is placed on the desired landmark. The
motion system records the 3D positions of the rod’s markers, which can then be
used to determine the 3D position of the rod’s tip relative to the laboratory coordinate
system. The VM can then be expressed in any coordinate system the user desires,
including a segmental PM-based coordinate system.

This chapter will deal with two aspects of VMs. First, the positional accuracy
of VMs will be examined by means of a Monte-Carlo simulation. Results that are

 

FIGURE 30.1

 

IP:

 

 A typical device used for acquiring VMs. The tip of the rod is at a known
distance and orientation relative to the markers. By capturing a frame of data with the rod
placed on a landmark of interest, the position of the landmark relative to the global (or local)
coordinate system can be found.

Known

Distances

Virtual marker
at tip of wand
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coordinate
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specifically appropriate for foot models will be included. Next the use of VMs to
create a virtual shape (VS) will be described, including specific examples of virtual
lines, circles, and planes derived.

 

30.2 ACCURACY

 

The precision and accuracy of PM reconstruction have been reasonably well char-
acterized by both equipment manufacturers and independent tests conducted by
movement analysis laboratories. Despite their extensive use in movement analysis,
the same cannot be said for VMs. It is therefore of interest to examine the behavior
of VMs vis-à-vis the better understood issue of PM accuracy.

 

4

 

 A Monte-Carlo
simulation was used to evaluate the accuracy of VMs. The model and simulation
are as follows.

 

30.2.1 M

 

ODEL

 

The model from which error estimates are derived consists of three PMs and one
VM (Figure 30.2). The three PMs form an angle, the vertex of which is considered
to be the origin. The distance from the origin to each PM is the same, thus forming
two legs of an isosceles triangle. This distance is called the PM spacing and is
denoted L

 

PM

 

. The angle formed by the legs is called the PM angle and is denoted

 

FIGURE 30.2

 

Monte-Carlo simulation:

 

 The parameters of the simulation are the PM spacing
(L

 

PM

 

), PM angle (

 

Θ

 

PM

 

), and the distance to the VM (L

 

VM

 

). The errors in the PM locations are
modeled as independent random variables. The relative error (

 

ρ

 

) is the resulting VM error
divided by the PM error. Values of 

 

ρ

 

 > 1 indicate an amplification of reconstruction error,
while 

 

ρ

 

 

 

< 1 indicates an attenuation of error.

θPM

LPM

LVM
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Θ

 

PM

 

. A VM is located at a distance L

 

VM

 

 from the origin in an arbitrary direction.
This is a prototype marker arrangement and is specifically constructed to reflect
marker sets commonly used in clinical gait analysis. Application-specific marker
sets could be easily introduced if desired.

Errors in the position of the PMs, denoted 

 

ε

 

PM

 

, are assumed to be independent
random variables. This is intended to model the reconstruction error in the marker
positions — not the errors due to palpation, marker misplacement, or soft tissue
artifact (especially those of the en masse variety), which are beyond the scope and
intent of this analysis.

 

30.2.2 S

 

IMULATION

 

The Monte-Carlo simulation consists of repeated estimations of the VM position.
The first step in the simulation is to choose the PM spacing and PM angle — L

 

PM

 

and Q

 

PM

 

, respectively. Next, define a TCS, using a Gramm–Schmidt procedure, from
the nominal (error free) PM positions. The Gramm–Schmidt method is not ideal, as
has been shown by several authors including Veldpaus et al.

 

5

 

 However,
Gramm–Schmidt represents the most commonly used method in clinical gait anal-
ysis. Denote the TCS thus defined by the unit vectors . Next, assign random
errors to each PM. For this study, the errors were assumed to be random and
uncorrelated. This idealization could certainly be relaxed if a more realistic model
of the PM errors were known. Denote this TCS by the unit vectors . Once
the error-laden TCS has been created, compute nominal and error-laden VM posi-
tions,  respectively, for VMs located a distance L

 

VM

 

 

 

= 

 

|r

 

VM

 

| away from the
origin. At this point, both the nominal and error-laden VM positions are known, and
thus the error in the VM position, , can be calculated.

The 

 

relative accuracy

 

 of the VM is defined as the ratio of VM accuracy to PM
accuracy, 

 

ρ 

 

= 

 

ε

 

VM

 

/

 

ε

 

PM

 

. There is an unavoidable amount of error in the PMs. The
question at hand is whether or not using VMs amplifies, maintains, or attenuates
this error. It will be shown that the answer depends on the layout of the PMs and
the distance of the VM from the PM origin. For this reason, the simulation is repeated
numerous times (on the order of 1000 per configuration) for an array of L

 

PM

 

, 

 

Θ

 

PM

 

,
and L

 

VM

 

 values. The results of the simulations can be arranged in graphical form to
display the mean errors. Mean relative errors (

 

ρ

 

)

 

 < 1.0 indicate attenuation of PM
error, while 

 

ρ

 

 > 1.0 indicates amplification of PM error. Other statistics (max, min,
etc…) could also be computed, but were felt to be less instructive.

 

30.2.3 R

 

ESULTS

 

Results are displayed for two different simulations in Figure 30.3 and Figure 30.4.
The difference between the simulations is the layout of the PMs (intermarker spacing
L

 

PM

 

). The abscissa of each graph shows different values of L

 

VM

 

, while the ordinate
shows different values of 

 

Θ

 

PM

 

. It is clear that the ideal marker configuration consists
of PMs at right angles to one another and as far apart as possible. This is logical
and adheres to the conventional wisdom prevalent in the motion analysis community
at large. What is more instructive is to be able to identify critical regions in the
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L

 

PM

 

–

 

Θ

 

PM

 

 space, where the accuracy deteriorates rapidly. This knowledge can be
used to design marker sets (both physical and virtual) to produce data of a given
level of accuracy. It can be seen, for example, that nearly colinear markers (

 

Θ

 

PM 

 

<
30

 

°

 

 or > 150

 

°

 

) cause rapid deterioration of accuracy for nearly all L

 

VM

 

s. However,
even PMs with internal angles of 30

 

°

 

 result in rapid deterioration of VM accuracy
for L

 

VM

 

 > 30 mm. Increasing PM spacing has a pronounced effect on the accuracy
maintaining/enhancing region of the L

 

VM

 

–

 

Θ

 

PM

 

 space.
While this simulation focused specifically on VM positional accuracy, it would

be a straightforward extension to examine the accuracy of VM-based coordinate
systems (position and orientation) or of angles (segmental or intersegmental) defined
by VMs. Further extensions/enhancements to this model and simulation would

 

FIGURE 30.3

 

 Monte-Carlo results: 25 mm PM spacing:

 

 Regions of error amplification and
attenuation can clearly be seen. Amplification occurs primarily when PMs are nearly colinear,
or when VMs are far from the PMs. This coincides with the conventional wisdom and logic.
There are, however, advantages to knowing the precise amount of error, as well as the regions
in which the error changes rapidly.
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include more realistic PM errors, as well as possible models of soft tissue artifacts.
Despite its simplicity, the model is able to provide valuable quantitative information
that can be useful in the planning, conducting, and analysis of movement data that
incorporate VMs.

 

30.3 VIRTUAL SHAPES

 

Traditionally an IP is used to define a specific point in space that becomes a VM as
described earlier. However, not every anatomical landmark is aptly modeled as a
single point. The malleoli, for example, are large enough and blunt enough that a
single point is a poor representation. The circumference of the malleoli, on the other

 

FIGURE 30.4

 

Monte-Carlo results: 50 mm PM spacing:

 

 The effect of increasing PM spacing
is evident (compare with Figure 30.3). Larger regions of error attenuation appear, while the
general pattern of attenuation/amplification regions is similar to the 25 mm model.
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hand, provides both the point approximation (center of the circle) and more detailed
information about the anatomy (position, orientation, and diameter of the landmark),
which may be useful for other purposes.

The basic methods used to define VMs can be easily extended to create entities
other than points. A VS is an object derived from a distribution of VMs. The object
can be simple, such as a point, line, circle, or plane, or it can be complex, such as
the condyles of the femur or the plantar surface of the calcaneous. Anatomical items
of interest can be defined by VSs in a simple and flexible way using the IP to trace
the different geometries. These VSs can, in turn, be used to define or align coordinate
systems based on relevant anatomy. Creating a VS requires two steps: 

 

collection 

 

of
a VM array and 

 

fitting 

 

of the array to a template.

 

30.3.1 C

 

OLLECTION

 

The first step in defining a VS is to collect an array of VMs. This can be as simple 
as pointing to a specific landmark, or as complex as tracing out the contour of a 
bony landmark. The VM array is acquired by capturing data while the IP is moved 
over the region(s) of interest. When collecting the VM array, it is important to identify 
as much of the shape as possible. This will help minimize errors and uncertainties 
associated with irregularities in the surface to be identified. At each captured frame 
of a VS definition trial, a VM is defined at the end of the IP. For the purposes of 
this chapter, the array of VMs will be denoted 

 

S 

 

= {

 

v

 

k 

 

, 

 

k 

 

= 1, 

 

Ν

 

}

 

, where 

 

v

 

 is the 
VM in the global reference frame, 

 

k

 

 is the frame number, and 

 

N

 

 is the total number 
of frames captured.

 

30.3.2 F

 

ITTING

 

Once the VS definition trial has been completed, the next step is to fit the VM array
to an underlying shape template (e.g., circle). The VM array (

 

S

 

) is fit to the template
by minimizing a cost function, such as the sum of squared errors between the VM
array and the template. The cost can be based on point-by-point matching between
the VM and the template

 

6

 

 or by using the entire array of VMs to derive the equation
for a more general geometry such as a line or plane. In the procedure presented
here, the cost functions are derived such that the difference between the VM array
and the template shape is minimized in a least squares sense. The choice of a least
squares minimizer is arbitrary but well documented.

 

7

 

 The number of VSs that are
possible is obviously limitless. For the sake of clarity and practicality, several
common/useful shapes will be described in more detail. These are the 

 

point, line,
circle

 

, and 

 

plane

 

. 

 

30.3.2.1 Point

 

A point is the simplest VS possible. Some examples for virtual points are the tibial
tubercles, metatarsal heads, and acromium processes. In fact, a point VS can be
defined as a single frame capture of a VM. For the sake of introducing the VS fitting
concept, however, the entire point VS method will be explicitly described.
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For this and subsequent examples, consider the task of locating the template
shape relative to the global reference system. The problem of transforming between
global and local reference systems is well understood and not the focus of this
chapter.

The template for a point VS is a single point in space t 

 

= (

 

t

 

x

 

,

 

t

 

y

 

,

 

t

 

z

 

) . As noted
earlier, the VM array is a set of points in space 

 

S 

 

= {

 

v

 

k
 

 

, 

 

k 

 

= 1, 

 

Ν

 

}

 

. The procedure
is to minimize the distance between the template point and the array of points in a
least squares sense. Of course, this is a trivial task for the case of a point VS. If the
error associated with identifying the point (IP instability, reconstruction error, etc.)
is assumed to be symmetric, the least squares answer is the mean of the array of
points, so t 

 

= (

 

v

 

k
  

 

=

 

 

 

)

 

.

 

30.3.2.2 Line (Figure 30.5)

 

A virtual line is defined using the IP to trace a portion of line on a body segment.
For example, the tibial ridge is used to define the superior/inferior direction of the
tibial coordinate system. The template line consists of a point on the line p = (px, py, pz)
and an unknown unit direction vector parallel to the line . The VM
array consists of a set of points along a line traced by the IP. Alternatively, two VMs
or point VSs could be used. The advantage to the traced line is that it provides a
richer set of information, such as the precise shape of the landmark and how closely
the landmark fits the template (the cost).

The first step is to translate the array so that its centroid ( ) is at the origin. This
is not necessary, but simplifies the computations since it allows p to be chosen as the
origin. Let the translated VM array be . The distance from
each  to the line of best fit is then . Choose an objective
function to be the sum of the squared distances . The goal is then to find

FIGURE 30.5 Virtual line: A virtual line fit to an array of VMs.
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that minimizes Φ, subject to the constraint that . This is a standard minimization
problem that can be solved in a number of different ways, most conveniently using
the normal equations, as described in multiple places including Ref. 8. Once the unit
direction vector is found, the line is translated from the origin back to its original
location in space.

30.3.2.3 Plane (Figure 30.6)

Defining a plane is done in much the same way as defining a line. Instead of moving
the pointer along a line, it is moved along a surface. An example is the plantar
surface of the calcaneous (or entire foot). The template plane consists of a point on
the plane p = (px, py, pz) and an unknown unit direction vector normal to the plane

.
As with the line, the array is translated so that its centroid is at the origin.

Again, let the translated VM array be . It can be shown
that the centroid of the original distribution lies on the plane of best fit. Thus
the distance from each to the plane of best fit is then . The
objective function is once again minimized relative to the unit nor-
mal vector constraint , and the resulting plane is translated back to the
original centroid.

FIGURE 30.6 Virtual plane: A virtual plane fit to an array of VMs. The method is general-
izable to any surface, no matter how nonplanar.
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30.3.2.4 Circle (Figure 30.7)

More complex geometries can also be used as templates for VSs. A circle, for
example, can be defined around the malleoli or the condyles of the femur. Several
revolutions are traced around the anatomical landmark using the IP. Finding the best-
fit circle consists of several steps:

A plane of best fit is found as described above. Once the plane is found,
all points in the distribution are projected onto this plane. Next, the data are
rotated so that the least squares plane is the x–y plane (this step is for algebraic
simplicity). Denote the projected and transformed VM array by 

. A circle is fit to the projected and rotated points using a least
squares approach. The template circle consists of the unknown center coordinates
(xc,yc) and the radius of the circle (r). It is straightforward to show that the distance

function becomes . Choose an objective

function to be the sum of the squared distances . The unconstrained
minimum of Φ can be found to yield the center and radius of the circle. Once the
circle is found, it can be transformed back to the original coordinate system.

30.4 DISCUSSION

Both VMs and VSs can be valuable tools for defining anatomical coordinate systems
or identifying anatomical landmarks. A whole host of anatomical landmarks can be
identified, which would otherwise require PMs. In addition, landmarks/regions not
well modeled by individual markers can be mapped using VSs. This technique has

FIGURE 30.7 Virtual circle. A virtual circle fit to an array of VMs. The markers were traced
along the perimeter of the first author’s medial malleolus.
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the potential to improve the flexibility of model design and data acquisition. VSs
represent a novel extension of the VM paradigm. A uniform approach to defining
VSs using least squares estimates should make the development of processing
software simple. More elaborate applications of VSs, such as template bone matching
algorithms, offer exciting possibilities for the application of VM and VS methods
to subject-specific musculoskeletal modeling tasks.6

VMs are as accurate as their physical counterparts as long as care is taken to
place PMs appropriately. Even in cases where accuracy must be sacrificed due
to geometric constraints, the results of the study presented here give guidelines as
to how deleterious consequences can be minimized. In practice, adding VSs (and
VMs) to standard collection protocols adds only a few minutes of testing time and
processing time. Given these facts, VMs should be exploited in clinical gait analysis
and advanced modeling of the foot and ankle.
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31.1 INTRODUCTION

 

Joint kinematics can vary substantially between individual subjects, and errors in
joint definitions can have pronounced effects on the results of clinical gait analyses.

 

1–3

 

This variation in joint mechanics has motivated the development of “functional”
methods, in which the locations of joint centers and joint axes are determined from
the measured joint rotations rather than being defined relative to bony landmarks.
Functional methods for location of the flexion axis of the knee

 

1,4,5

 

 and the center of
rotation of the hip

 

1,6–10

 

 have been widely studied in research settings, and these
methods are gaining acceptance in clinical laboratories. Evaluations of functional
methods under controlled conditions suggest that they are more accurate, robust,
and reproducible than methods that rely upon anatomical landmark location.

 

1,4,8

 

The development and implementation of functional methods for the location of
ankle joint axes, however, have lagged behind those proposed for the hip and knee.
The ankle complex has received less attention for two reasons: First, the mechanical
analog commonly used to represent the joints of the ankle is more complex than
those in use at the other joints. The knee is usually modeled as a simple uniaxial
hinge joint, and the hip is modeled as a ball-and-socket joint, while the combined
talocrural (TC) (tibiotalar) and subtalar (ST) (talocalcaneal) joints are often described
as functioning like a universal joint consisting of two successive, nonparallel hinge
joints.

 

11

 

 Second, to characterize hip and knee motions, one must record the motions
of large, easily identifiable body segments, the pelvis and thigh for the hip and the
thigh and shank for the knee. At the ankle, one of the body segments, the talus, is
inaccessible and cannot be tracked with skin-mounted markers.

It is possible, however, to use numerical optimization to compute the locations
of two joint axes from the motions of the proximal and distal segments, even when
the motion of the intermediate segment cannot be measured. Sommer and Miller

 

12

 

described such an algorithm and its implementation for the location of wrist joint
axes, and van den Bogert

 

13

 

 used a similar approach to locate the TC and ST joint
axes. Aside from the joints upon which the algorithms were tested, the primary
difference between the two studies is that the algorithm used by Sommer and
Miller minimized differences between experiment and model as represented by
translations and Euler rotations, while the algorithm of van den Bogert minimized
differences between experimental and model-reconstructed marker positions. In
both studies, the repeatability of the optimization methods, rather than their
accuracy, was the primary criterion for their evaluation. Promising repeatability
results were reported by van den Bogert for the ankle complex, but aside from
the optimized axes being generally consistent with previous 

 

in vitro

 

 studies, there
was no indication that those axes properly represented the true anatomical joint
axes. Siston et al.,

 

14

 

 however, recently used two-axis optimization to define a
point ankle joint center that did correspond well to the center of the distal tibial
articulating surface.

The purpose of the present study was to assess the accuracy of two functional
methods for ankle joint axis location. One of these methods is a two-axis optimiza-
tion, similar to those proposed by previous authors;

 

12,13

 

 the other is a motion-based
technique for location of the ST joint axis alone. Both methods were evaluated using
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a cadaver model in which the motions of the tibia, talus, and calcaneus could be
measured directly using bone-mounted markers.

 

31.2 OPTIMIZATION-BASED LOCATION OF TWO AXES

31.2.1 O

 

PTIMIZATION

 

 A

 

LGORITHM

 

A technique similar to that described by Sommer and Miller

 

12

 

 was implemented for
fitting a kinematic model to measured tibia–calcaneus motion. The kinematic model
consisted of two fixed revolute (hinge) joints. Twelve parameters described the place-
ment of the TC joint axis relative to the tibia, of the ST joint axis relative to the
calcaneus, and of the two axes relative to one another. These parameters were adjusted
by the optimization algorithm until the motion of the model best fit the experimentally
measured motion. The fit of the model kinematics to the experimental kinematics was
assessed by decomposing tibia-to-calcaneus transformation matrices into three trans-
lations (

 

r

 

1

 

,r

 

2

 

,r

 

3

 

, in units of cm) and three Euler angles (

 

ψ

 

1

 

,

 

ψ

 

2

 

,,

 

ψ

 

3

 

 

 

, in units of radians).
The differences between model and experimental values were computed, and the sum
of the squares of these residuals over all frames was computed:

(31.1)

where 

 

m

 

 is the number of frames, the primed terms denote the experimental values,
and unprimed terms denote the model values. The above objective function 

 

f

 

 was
minimized using a Levenberg–Marquardt algorithm that was implemented in MatLab
(ver. 6.5, Mathworks, Natick, MA). A Gauss–Newton algorithm was used for an
“inner” optimization executed for each frame to estimate the TC and ST joint angles
in the model.

 

31.2.2 E

 

XPERIMENTS

 

31.2.2.1 Mechanical Linkage 

 

Initial experimental tests were performed on an anthropomorphic mechanical linkage
that incorporated both TC and ST joints (Figure 31.1). These mechanical joints
produced idealized hinge motions that were affected by stereophotogrammetric error.
The orientations of the revolute joints were adjustable, so that different axis config-
urations could be tested. The testing protocol for the linkage was similar to that
described below for cadaver specimens.

 

31.2.2.2 Cadaver Specimens

 

Three fresh-frozen lower right leg specimens were tested (80 yr. F, 69 yr. M, and
68 yr. M). The specimens were thawed and sectioned 35 cm above the plantar
surface. Soft tissues were removed from the proximal 10 cm to accommodate
attachment of coupling hardware and a steel rod to the proximal tibia. A single

f r r
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screw was used to fix the fibula to the tibia in its physiological position at the
proximal end of the specimen.

 

31.2.2.3  Cadaver Testing Apparatus

 

A custom-designed apparatus (Figure 31.2) was used to apply a constant load along
the long axis of the tibia during continuous movements of the ankle complex. The
foot rested on a nonskid base plate and was otherwise unconstrained during the tests.
The proximal tibia was moved in plantarflexion/dorsiflexion and inversion/eversion,
and combinations of these motions while the foot remained nearly stationary.
A square plate was attached proximal to the tibia rod, and a thin nylon cord was
attached to each corner of this plate. These cords were passed through holes in the
base plate, and weights were attached to each cord, resulting in a constant compres-
sive force directed along the tibial shaft. Each cord remained nearly parallel to the
tibial long axis during the ankle motions, with the cords sliding slightly in the holes
of the base plate during motion.

 

FIGURE 31.1

 

Mechanical linkage used for initial experimental assessment of the two-axis
optimization algorithm. Marker clusters are mounted on tibia, talus, and calcaneus segments.
Two hinges represent the TC and ST joints.

'Subtalar' 

'Talocrural' 
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An Eagle video-based motion analysis system (Motion Analysis Corp., Santa
Rosa, CA) was used to track bone motions. Rigid marker clusters, each consisting
of four 10 mm in diameter spherical markers with inter-marker distances of 4 to 8
cm, were fixed on a pin rigidly fastened to the proximal tibia, superior neck of the
talus, and medial calcaneus. The soft tissues in the vicinity of the mounting points
were dissected away, and screws were used to attach the clusters. Three cameras
operating at 100 Hz were positioned so that they surrounded the lateral and posterior
aspects of the foot. The calibrated volume was approximately 60 

 

×

 

 60 

 

×

 

 60 cm, and
the average residual from the manufacturer’s dynamic calibration was approximately
0.15 mm.

 

31.2.2.4 Testing Protocols

 

To facilitate the creation of anatomical coordinate systems fixed to the bone seg-
ments, a series of static trials were performed with the foot and shank in an ana-
tomically neutral position. A two-marker pointer

 

15

 

 was used to locate the following
anatomical landmarks: lateral malleolus, medial malleolus, two points on opposite
sides of the tibia rod, the most posterior point on the heel, the dorsum of the second
metatarsal head, and three non-collinear points on the base plate. The coordinates
of the markers attached to the bones were also recorded during these trials.

During dynamic trials, the proximal tibia was moved manually while the motions
of the tibia, talus, and calcaneus markers were recorded. The proximal tibia was
moved in a cross-pattern (dorsiflexion/plantarflexion followed by inversion/eversion)

 

FIGURE 31.2

 

Schematic diagram of apparatus used for 

 

in vitro

 

 testing of the two-axis
optimization method. A constant axial load is applied to the tibia while it is manually moved
in dorsiflexion/plantarflexion and inversion/eversion. Marker clusters are attached to the bones
for tracking of the tibia, talus, and calcaneus.

Tibia rod

Base plate

Weights

Handle
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followed by a box pattern (dorsiflexion–eversion, dorsiflexion–inversion, plantar-
flexion–inversion, and plantarflexion–eversion). An axial load of 225 N was applied
to the tibia. Five trials, each approximately 30 sec in duration, were performed for
each specimen. The first specimen was a pilot specimen for which a 300 N load
was applied and three trials were performed. For mechanical linkage testing, ranges
of motion similar to those applied to the specimens were applied. Five trials were
collected for each of three axis configurations.

 

31.2.2.5 Kinematic Data Processing and Axis Fitting

 

The static trial data were used to establish bone-fixed anatomical coordinate systems
for each of the three segments. For the tibia coordinate system: (1) the origin was
positioned midway between the malleoli; (2) the 

 

Z

 

-axis pointed along the transmal-
leolar line laterally; (3) the 

 

X

 

-axis pointed anteriorly and perpendicular to a plane
made by the malleoli and the midpoint of the two tibia rod points; and (4) the 

 

Y

 

-
axis pointed superiorly and was orthogonal to the 

 

X

 

- and 

 

Z

 

-axes. The calcaneus-
fixed coordinate system had a roughly similar orientation: (1) The origin was posi-
tioned at the head of the second metatarsal; (2) the 

 

Y

 

-axis pointed superiorly and
perpendicular to the plane containing the three base plate points; (3) the 

 

X

 

-axis
pointed anteriorly along the projection on the base plate plane of the vector from
the heel point to the head of the second metatarsal; and (4) the 

 

Z

 

-axis pointed laterally
and was orthogonal to the 

 

X

 

- and 

 

Y

 

-axes. The talus coordinate system was located
with the same position and orientation as the tibia coordinate system at the neutral
position.

The dynamic data were first filtered using a low-pass, fourth order, Butterworth
filter with a 10-Hz cutoff frequency implemented in MatLab. The data were then
resampled to reduce the number of data frames using a method based on distance
moved by tibia markers, resulting in retained frames that were not equally spaced
in time but rather were more evenly distributed in space.

 

13

 

 A frame was retained
only if at least one tibia marker had moved greater than a given distance (typically
4 to 7 mm) from its position at the last previously retained frame. The number of
retained frames was between 225 and 275 for each trial.

The resampled marker trajectories were then used along with the known
coordinates of the segment markers relative to their respective anatomical coor-
dinate systems to compute the global rigid body kinematics of each bone for each
frame. Homogeneous transformation matrices were computed using a least-
squares method

 

16

 

 in order to take advantage of the redundant fourth marker in each
segment cluster.

Finite helical axes were computed in order to locate the “true” joint axes. Relative
motions of the tibia and talus were used to locate the TC axis, and the ST axis was
determined from relative motions of the calcaneus and talus. For every possible pair
of retained data frames, the position and orientation of the helical axis were computed
along with the rotation about and translation along that axis.

 

17

 

 Helical axis decom-
positions with rotations smaller than 7.5

 

°

 

 were discarded due to the potentially
greater influence of measurement noise. A single “mean” helical axis was computed
for each joint using a least-squares method that minimized the sum of the perpendicular
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distances from all individual axes to the mean axis. Inclination and deviation angles
were computed, which described the orientations of the joint axes relative to the
planes of the calcaneus coordinate system with the foot in the neutral position
(Figure 31.3).

The optimization method was used to determine TC and ST axis locations from
the relative motions of the tibia and calcaneus. Ten optimizations with ten different
sets of initial parameter estimates were executed for each trial. The final 12 param-
eters and associated axis locations were almost always insensitive to the starting
guess, suggesting that global minima of the objective function (Equation 31.1) were
achieved. Inclination and deviation angles of the axes resulting from optimization
were computed relative to the calcaneus coordinate system in the anatomically
neutral position (Figure 31.3).

The TC and ST axis locations resulting from optimization were compared to
the corresponding mean helical axis in order to assess the accuracy of the optimi-
zation. For both joints, the angle between the optimization axis and the helical axis
was computed. The shortest distance between the axes occurring within an anatom-
ically relevant region was also determined. For the TC joint, this region was bounded

 

FIGURE 31.3

 

Definitions of inclination and deviation angles for both the TC and the ST
joints. Positive angles are shown. The angles are measured from anatomically aligned planes
of the calcaneus coordinate system (indicated by the dashed lines).

TC deviation angle TC inclination angle
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by the two malleoli, and for the ST joint, the region was bounded by the posterior
aspect of the heel and a point 10 cm anterior to the heel.

 

31.2.3 R

 

ESULTS

 

Mechanical linkage axes located using the two-axis optimization were quite close
to their counterparts found using helical axis decomposition, but this was not true
for joint axes found in the cadaver specimens (Figure 31.4). Axis location errors
were typically 5

 

°

 

 or smaller for the linkage but were 20

 

°

 

 or larger for the cadaver
tests. The distances between optimized and true axes were also larger for the cadaver
tests (range across specimens: 1.3 to 14.5 mm) than for the linkage (range across
configurations: 0.6 to 1.2 mm).

 

31.3 “SUBTALAR ISOLATION” METHOD FOR SUBTALAR 
JOINT LOCATION

31.3.1 R

 

ATIONALE

 

If the talus did not move with respect to the tibia, then the motion of the calcaneus
with respect to the tibia would be identical to the motion of the ST (talocalcaneal)
joint. Location of the ST joint could then be accomplished using helical axis decom-
position of the tibia–calcaneus motion. This immobilization of the talus may occur
when the foot is placed in a slightly dorsiflexed position, because the dome of the
talus, which is wider anteriorly than posteriorly,

 

18,19

 

 becomes wedged in the mortise
formed by the distal tibia and fibula. The potential for dorsiflexion to reduce talar
motion is the reason that dorsiflexion is often applied during clinical examinations

 

FIGURE 31.4

 

Angular errors for the two-axis optimization method for both the mechanical
linkage and the cadaver tests. Similar results were obtained for the TC axis, although those
results are not shown.
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of the ST joint

 

20

 

 and in part forms the basis for the palpation-based method for ST
joint location proposed by Kirby.

 

21

 

 We sought to examine the possibility that talar
immobilization could be achieved and thus permit location of the ST joint from
measured foot motion.

 

31.3.2 C

 

ADAVER

 

 E

 

XPERIMENTS

 

31.3.2.1 Cadaver Specimens

 

Six fresh-frozen, unpaired lower leg specimens (from donors aged 56 to 79 yr;
5 M, 1 F; 3 R, 3 L) were tested. The specimens were prepared as described previously
for the two-axis optimization testing, with the exception that the Achilles tendon
was left intact proximally.

 

31.3.2.2 Cadaver Testing Apparatus

 

A custom-designed apparatus (Figure 31.5) was used to apply motion to the foot.
The specimen was attached to the apparatus with the foot hanging down. A horizontal
bar was secured to the plantar surface of the forefoot using a nylon cable tie, and

 

FIGURE 31.5

 

Apparatus used to apply foot motions in the “ST isolation” tests. The upper
horizontal bar is manually rotated to induce motion in the forefoot and at the ST joint.
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this bar was connected to a second, parallel bar above the specimen using two thin
nylon cords. The upper horizontal bar could then be manually rotated about a fixed
hinge to produce foot motion. The position of the specimen was adjusted prior to
the motion trials such that the foot was in 5 to 10

 

°

 

 of dorsiflexion. The Achilles
tendon was clamped in series with a spring scale, and a tension of 25 N was applied
to it.

 

31.3.2.3 Testing Protocol

 

The motion analysis system setup; attachment of reflective marker clusters to the
tibia, talus, and calcaneus; and static trial protocol were similar to that described
above for cadaver tests of the two-axis optimization method. The dynamic trials
consisted of applying foot motions and measuring the motions of the tibia, talus,
and calcaneus segment markers. In each trial, the upper horizontal bar was rotated
until resistance to the motion was felt by the tester. Approximately six cycles of
motion were completed during the trial in 30 sec. Ten trials were performed for each
specimen. Specimen 1 was a pilot specimen for which only five trials were per-
formed, and this specimen was previously dissected of all soft tissues except liga-
ments proximal to the midfoot.

 

31.3.2.4 Kinematic Data Processing and Helical Axis 
Decomposition

 

The bone-fixed anatomical coordinate systems for each segment were established
from the static trials as described previously, except that the calcaneus coordinate
system origin was positioned at the heel. The dynamic trial data were filtered using
a low-pass, fourth order, Butterworth filter with a 10-Hz cutoff. The data were
resampled to change the sampling frequency from 100 to 10 Hz (with equal
temporal spacing). The global rigid body kinematics of the tibia, talus, and cal-
caneus anatomical coordinate systems were then computed as in the previous set
of experiments.

Finite helical axes were computed from calcaneus–talus motion to locate the
“true” ST joint axis. Finite helical axes were also computed for calcaneus–tibia
motion. For both sets of helical axes, a single “mean” helical axis was computed,
and these two axes were compared in order to assess the accuracy of the ST
isolation technique.

Motions at the TC joint were also quantified by decomposing the transformations
associated with the relative motion of the tibia and talus. Three angles, 

 

α

 

, 

 

β

 

, and 

 

γ

 

,
were extracted from the rotation submatrix for each frame using a 

 

Z

 

–

 

X

 

–

 

Y

 

 fixed (with
respect to tibia) angles convention. In the anatomically neutral position, 

 

α

 

, 

 

β

 

, and

 

γ

 

 were all zero, because the talus coordinate system was aligned with the tibia
coordinate system.

 

31.3.3 R

 

ESULTS

 

Errors in locating the true ST joint axis using the ST isolation method were variable
across the specimens tested (Figure 31.6). For four of the six specimens (1, 2, 4,
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and 6), the errors in axis orientation were approximately 10

 

°

 

 or smaller, but for
two specimens (3 and 5), these errors were 20

 

°

 

 or larger. Similar results were
obtained for the minimum distances between the fit and true axes, with errors of
3 and 4 mm for specimens 3 and 5, and errors approximately 1 mm or less for the
other four specimens. Examination of the TC joint rotations (Figure 31.7) explained
the differences among specimens in the measured errors: Specimens for which
small TC rotations were measured (e.g

 

.

 

, specimen 2) had small-axis location errors
and specimens with larger TC rotations (e.g

 

.

 

, specimen 5) generally had larger-axis
location errors.

 

31.4 DISCUSSION

31.4.1 E

 

VALUATION

 

 

 

OF

 

 E

 

XPERIMENTAL

 

 A

 

XIS

 

 LOCATION ACCURACY

Previous studies using cadaver models have indicated that intersubject differ-
ences in the orientations of ankle joint complex axes are as high as 40°.22,23

Estimates of ST joint kinetics during walking have suggested that the ground
reaction force vector passes close to the joint axis, perhaps between 0 and 5 cm
away. Given this degree of variability and the required precision for inverse
dynamic computations, a reasonable expectation is that methods for locating
these axes should be accurate to within 5° and 2 mm. Neither of the methods
tested in this study consistently met this standard, but results for the ST isolation
method were promising. Errors in two of six specimens were sufficiently small
to indicate that clinically useful axes were determined, and the accuracy thresh-
old was nearly met in two additional specimens.

FIGURE 31.6 Angular errors for the “ST isolation” method in cadaver tests. The angle
between the calcaneus–tibia mean helical axis and the calcaneus–talus (ST) mean helical axis,
averaged across trials with error bars indicating the range, is shown.
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31.4.2 LIMITATIONS

The primary limitations of this study were that testing was performed on cadaver
specimens rather than on living subjects, and that a small number of specimens were
tested for each method. Cadaver testing permits invasive tracking of bone motions
but leaves open the question of whether accurate axis locations could be repeated
in patients under conditions of realistic joint loading. There are many different ways
to formulate and solve the two-axis optimization problem,12–14,24 and it is difficult

FIGURE 31.7 Angular motions at the TC joint during cadaver tests of the “ST isolation”
method. Angles α, β, and γ, which describe orientations of the talus with respect to the sagittal,
frontal, and transverse planes, respectively, of the tibial anatomical coordinate system, are
plotted for single trials for two specimens. The range of α (amount of dorsiflexion/plantarflexion
movement of the talus) is considerably larger for specimen 5; this specimen also had the
worst ST axis location errors.
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to know if the poor results discovered for it here could be overcome by different
choices for the objective function, optimization algorithm, and the locations of the
marker clusters relative to the bones. Work is currently underway in our laboratory
to address these questions.

31.4.3 INHERENT DIFFICULTIES WITH TWO-AXIS OPTIMIZATION

There is strong evidence suggesting that the simultaneous identification of fixed
TC and ST joints from measured tibia–calcaneus motion is an ill-posed problem.
Previous studies of in vivo ankle joint kinematics using three-dimensional location
of radio-opaque markers implanted in the tibia, talus, and calcaneus25 have shown
that neither of these joints is fixed as movement occurs, and that the TC joint, in
particular, undergoes substantial changes in orientation with dorsiflexion and plan-
tarflexion. It may not be possible, simultaneously, to characterize these joints using
fixed-axis models. In the present study, the optimization performed well on the
mechanical linkage but poorly on the cadaver specimens. The primary difference
between the two tests was that the mechanical linkage had fixed axes while the
specimens did not.

When two hinge axes are fit to tibia–calcaneus motion, it is possible that errors
in locating one axis will compensate for errors in locating the second axis. In such
cases, the motion reconstructed from the optimized model is essentially the same
as the measured motion, but both axis locations will be wrong. A model of an
idealized universal joint (Figure 31.8) was analyzed to illustrate this point. Two
segments, A and B, are connected by two intersecting, orthogonal joint axes about
which rotations α and β occur.

The angle φ describes the rotation of the universal joint with respect to A below
the joint, and a rotation of -φ is applied above the joint. When φ = 0°, the transfor-
mation describing the pose of B relative to A is

(31.2)

where α1 and β1 are the two joint angles for this configuration, and lA and lB are the
distances from the intersection point of the two joint axes to oA and oB, respectively.

For φ ≠ 0°, the universal joint is rotated in the horizontal plane while the segments
A and B are held in place; such a configuration can be taken to represent an axis
location that is erroneous compared to the true axis location given by φ = 0°.
The components of the transformation describing the pose of B relative to A
are given by
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(31.3)

The point oB can be made to trace the same path in an A-fixed coordinate system
for φ = 0° and for some arbitrary nonzero value of φ. Equating the translation vector
of and , we can determine the relationship between the joint angles for
the two configurations such that oB has the same position for both configurations:

(31.4)

(31.5)

If we now attach a marker P to B (as shown in Figure 31.8) and move the
mechanism such that oB traces the same path for both configurations, we find that
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the differences in the paths traced by marker P can be quite small. For example,
consider P attached to B at a distance d = 100 mm from oB along axis xB. For φ =
30° (representing a 30° displacement of both joint axes), we compute the position
of P in space using Equation 31.3 for a series of poses of the mechanism with joint
angles α2 and β2 both ranging between −30° and 30°. For φ = 30°, Equation 31.4
and Equation 31.5 are used to determine α1 and β1, such that the path of oB is the
same for both configurations. We then compute the position of P for φ = 0°, using
the calculated joint angles α1 and β1 and Equation 31.2. Finally, we compute the
distance between the position of P for φ = 0° and the position of P for φ = 30° for
all pairs of α2 and β2 (Figure 31.9).

We see from this analysis that when the relative segment motions are small,
those motions are nearly identical for two very different joint axis orientations. Over
much of the approximate ranges of motion of the TC and ST joints (–10° < α2 <
10° and –10° < β2 < 30°; indicated by the dashed box in Figure 31.9), the marker

FIGURE 31.8 Simplified kinematic model used to demonstrate difficulties in applying the
two-axis optimization method. Segment B is connected to segment A by a universal joint
with intersecting, orthogonal axes.
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errors resulting from φ = 30° errors in axis location are less than 1 mm. With the
added complications of moving joint axes, stereophotogrammetric error, and skin
movement, the optimization algorithm likely has difficulty in “choosing” between
different joint configurations, because the resulting differences in model kinematics
(e.g., marker errors) may be small. Even when small marker errors are computed,
it is possible that there are underlying large errors in axis location; optimization
performed on a second anthropomorphic computer model with intentionally dis-
placed joint axes underscores this point (Table 31.1).

FIGURE 31.9 Contour plot showing errors in marker location in mm for mislocated axes
computed using the model shown in Figure 31.8. Errors are distances between the positions
of marker P obtained with φ = 0° and positions obtained with φ = 30° and are plotted vs.
joint angles α2 and β2 (see text). The dashed box indicates the approximate expected range
of ST and TC joint motion.
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31.5 CONCLUSION

It is important to have subject-specific determinations of ankle joint axes because
these axes vary substantially from subject to subject, making generic joint models
of limited use in patient evaluations. Isman and Inman23 characterized the orientation
of the ankle complex joint axes and found that the range of inclination and deviation
angles formed by these axes with the cardinal planes (Figure 31.3) was greater than
40° in some cases. Knowledge of these axes together with marker sets that allow
differential tracking of foot segment motions (such as those described elsewhere in
this book) would facilitate more clinically meaningful gait analysis of movement
disorders of the foot and ankle.

Although the “Subtalar isolation” method yielded inconsistent results across
specimens in this study, we believe that it is worthy of further investigation. It may
be possible to modify the application of loads to the foot, such that the dorsiflexion
load applied to the forefoot is kept constant, and variations in the moments applied
about the TC joint are minimized as ST joint motions are applied. Also unclear is
the degree to which the TC joint is immobilized by dorsiflexion alone. These
possibilities are currently being investigated using in vitro and in vivo models in
our laboratory.
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32.1 INTRODUCTION

 

Measurement of three-dimensional (3D) human motion has been practiced in the
clinic for almost 50 yr. These measurements have provided critical information for
understanding and treating abnormalities of human gait, posture, balance, and sports
performance. Over the past 10 to 15 yr, there has been a growing capability for more
accurate and precise measurements of the moving human skeleton using dynamic
radiographic imaging techniques. These observations permit novel analyses such as
wear modeling of total knee replacement components

 

1

 

 and assessing impingement
and dislocation of total hip replacements.

 

2

 

 To date, radiographic kinematic studies
primarily have been carried out on the major weight-bearing joints of the body,
determining the relative kinematics of large bones in the hip and knee.

Measuring the dynamic motions of joints in the foot and wrist, which involve
numerous small bones interacting in complex motions, has proven challenging.
Computed tomography (CT)/magnetic resonance (MR) imaging,

 

3

 

 radiostereometric
analysis (RSA),

 

4,5

 

 

 

in vitro

 

 tests,

 

6–8

 

 mechanical devices,

 

9

 

 and skin and bone-pin
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mounted markers (both electromagnetic

 

10,11

 

 and optical

 

12–17

 

) have contributed to our
understanding of the kinematics of the foot/ankle complex. RSA and CT/MR meth-
ods provide excellent resolution but limited dynamic capability. 

 

In vitro 

 

methods
suffer from uncertainty of muscle loads. Marker-based motion capture (MoCap),
the standard for gross skeletal kinematic studies, suffers inaccuracy from skin
movement relative to the underlying bones.

 

5,17,18

 

 The ideal tool, then, permits accu-
rate, noninvasive measurement of skeletal kinematics under normal loading condi-
tions. Furthermore, it should allow the study of natural bones and artificial implants
with equal facility.

In what follows, we will present a tool we believe addresses all these require-
ments — dynamic radiographic measurements. Our lab, along with colleagues across
the globe, have used this measurement technique to characterize the motions in
hundreds of knees, including healthy knees, knees with anterior cruciate ligament
(ACL) injury and/or reconstruction, and knees with over 25 different types of
arthroplasty. Figure 32.1 is an example of this technique applied to the study of the
motions of the natural knee. Activities such as treadmill gait, stair, sit-to-stand, lunge,
and kneeling have also all been studied. Other researchers have used the same method
to characterize the motions of the hip.

 

2,19,20

 

 This method is also currently being
applied to the shoulder and elbow joints as well as the spine.

The organization of this chapter is as follows: First, we will describe the current
state-of-the-art in dynamic radiographic measurements. Most of this discussion
will focus on application to the knee joint since it is the joint that has received

 

FIGURE 32.1

 

The top row is a series of x-ray images obtained from a dynamic movement
trial, and the bottom row is their associated solutions found using single-plane shape regis-
tration methods. (Images contributed by Takaaki Morooka, M.D.) 

 

3971_C032.fm  Page 544  Thursday, June 28, 2007  4:27 PM



 

Dynamic Radiographic Measurement of Three-Dimensional Skeletal Motion

 

545

 

the most attention to date. We will follow this with a discussion of how dynamic
radiographic measurement methods might be applied to the foot/ankle complex.
Finally, we will conclude with a discussion of new technologies we expect to be
using within a few years.

 

32.2 STATE OF THE ART

32.2.1 O

 

VERVIEW

 

The dynamic radiographic measurement approach is based on imaging the joint of
interest as it moves, using x-ray fluoroscopy to obtain a sequence of images in which
the bones or prostheses are projected as two-dimensional (2D) perspective silhou-
ettes. These images are processed to remove any distortions created by the imaging
hardware. From knowledge about the imaged objects (e.g., a computer-aided design
(CAD) model or volumetric model from CT/MRI data) and the projection geometry,
the image creation process can be recreated on a computer — essentially creating
a virtual fluoroscope. With the only unknowns being the six pose variables of the
imaged object (three translations and three rotations), an iterative generate and test
process can be carried out on the virtual fluoroscope until some sort of match
criterion is met between the output of the virtual fluoroscope and the real x-ray
images. When the two projections match, the 3D pose of the model can be taken as
an estimate of the real object’s pose relative to the imaging reference frame. 

 

32.2.1.1 Image Calibration

 

All methods of surface or volumetric registration to 2D images, whether a single-
or biplane study, begin with a perspective model of the imaging hardware. Camera
calibration is the process of determining the internal camera geometric and optical
characteristics (intrinsic parameters) and/or the 3D position and orientation of the
camera frame relative to a reference coordinate system (extrinsic parameters).

 

21

 

 For
dynamic radiograph measurements, all 3D position and orientation measurements
are made relative to the fluoroscope. The reason for this will become clear when
the shape-matching problem is formally defined. As a result, we can ignore the
extrinsic parameters of the fluoroscope. Therefore, to recreate a perspective projec-
tion model of the fluoroscope, the intrinsic parameters of interest are the principal
distance (

 

C

 

pd

 

) and principal point (

 

u

 

0

 

,v

 

0

 

), as shown in Figure 32.2. Fluoroscopic
images generally have significant geometric distortion due to the system of curved
phosphors and lenses employed to form the image. Accurate comparisons between
computer-synthesized and experimentally acquired images can only be made if there
is no systematic geometric distortion in the experimentally measured views. There
are other sources of distortion including those introduced by digitizing the fluoro-
scopic video as well as deviation from the perspective model due to x-ray scatter
and beam-hardening phenomenon. These other sources, however, are generally neg-
ligible and not considered in most studies.

There are many approaches to single-camera calibration.

 

21–23

 

 Zhang categorizes
methods into those that observe a known 3D object (photogrammetric calibration)
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and those that film the same static scene from different viewpoints (self-calibration).

 

23

 

Most methods for fluoroscopic calibration fall in the photogrammetric category
because it is relatively inexpensive and easy to construct a calibration object. Most
published methods include extra parameters to account for the image distortion in
addition to the geometric parameters. However, we separate the distortion removal
and fluoroscope calibration into two steps. Doing so makes the forward projection
model (simulating the fluoroscope) much simpler as we can ignore distortion in the
model since it is removed from the original images. There are several methods that
have been proposed for removing distortions from fluoroscope images.

 

24–29

 

 Gronen-
schild reported a global dewarping method

 

27

 

 with superior accuracy, noise sensi-
tivity, and reproducibility compared to bilinear interpolation and two other local
dewarping methods.

 

30

 

Our method for determination of the other internal camera parameters is accom-
plished by imaging a star-shaped distribution of control points parallel to the fluo-
roscopic image intensifier. The relations between 

 

m

 

 Cartesian control points with
spatial locations ( ) for 1 

 

≤ 

 

i 

 

≤ 

 

m

 

, the image coordinates (

 

u

 

i

 

,v

 

i

 

) of the control
points, and the internal orientation parameters can be derived from basic geometric
principles

 

i

 

 

 

= 1⋅⋅⋅

 

m

 

(32.1)

Equation 32.1 yields an overdetermined system of 2*

 

m

 

 equations and three
unknowns. Solving Equation 32.1 to find the unknown intrinsic camera parame-
ters can be posed as a least-squares–fitting problem: ,

 

FIGURE 32.2

 

Pictorial representation of the camera intrinsic parameters. 

 

C

 

pd

 

 and (

 

u

 

0

 

,

 

v

 

0

 

) are
the principal distance and principal point, respectively.
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32.2.1.2 Shape Registration

 

The problem of registering 3D models to 2D images is complex. We will restrict
our discussion to rigid models of bone or implant surfaces or volumes. A general
problem description for single-plane studies can be stated: Given a rigid body model,

 

M

 

, a target image, 
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, and a dissimilarity measure, 

 

E

 

, find the best transformation, ,
that associates any point of 

 

M

 

 to a corresponding point in 
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 and minimizes the
dissimilarity measure between the transformed model 
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 and the target image 
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.
The problem statement for biplane studies is nearly identical. After calibration, we
have knowledge of the transformation from image coordinates in 

 

I

 

 to an intermediate
coordinate system, 

 

C

 

, which we defined earlier in Equation 32.1 and can be manip-
ulated into a transformation matrix we will call . Therefore we can rewrite as

(32.1)

The unknown then becomes the transformation from the intermediate coordinate
system to the model coordinate system, . The pose of any object in space can
be described with six independent variables, typically three Cartesian translations
(
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) and three Euler rotations (
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). In our studies, we typically use a 3-1-2
cardan sequence for body-fixed ordered rotations.
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 Finally, the unknown transfor-
mation, , can be written as a function of these six independent variables,

(32.2)
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The problem statement can then be more precisely stated as: find the best combi-
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), which can be used along with camera calibration parameters
to transform any point of 
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 to a corresponding point in 
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 and minimize the dissimilarity
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Typically we want to know the relative motions between multiple bones or

implants (e.g., relative pose between a talus, 
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, and tibia, 
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). If  and can
be found by shape matching, then the transformation from 
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With the problem defined, surface or volume registration reduces to a choice of
similarity measure and optimization algorithm to iteratively determine the six inde-
pendent pose variables.

32.2.1.2.1 Single-Plane Fluoroscopic Studies
Image registration techniques have been used for biomechanical measurements
since 1991.32 This involved a template matching technique based on computation-
ally efficient Normalized Fourier Descriptors.33 This technique worked well with
limited computer power, but required the entire object boundary curve to be visible
for accurate results. Techniques now employ numerical optimization and two
classes of similarity measures: direct image-to-image and model-to-projection
ray measures.

With the direct image-to-image similarity measure, You et al.34 or Mahfouz
et al.,35 for example, took advantage of the increasing speed of the average personal
computer. A projected image of the model and x-ray was compared directly in
image space using a weighted average of the normalized cross-correlations
between the intensity and edge images. Due to the large number of local minima
(or false solutions) predicted by this similarity measure, Mahfouz utilized a global
optimization method, simulated annealing. While a global optimizer generally
takes much longer than a local optimization method to arrive at a solution, it
decreased the solution’s sensitivity to the initial pose guess. This aspect of their
work is particularly appealing in a clinical setting, because it reduced the amount
of work required by an operator to put a model into a good initial pose. From in
vitro testing, they were able to report root-mean-square (RMS) errors of 0.68 mm,
1.7 mm, and 1.3°, in XY (in-plane) translation, Z (out-of-plane) translation, and
rotation, respectively. 

The second class of similarity measures was introduced for medical imaging by
Lavallee and Szeliski.36 They showed that the 3D pose of a model could be deter-
mined by projecting rays from contour points in an x-ray image back to the x-ray
focus and noting that all of these rays are tangent to the model surface. Hence, an
optimization method could be used to minimize the sum of Euclidean distances
between all projected rays and the model surface. To reduce the time spent computing
distances between projected rays and the model surface, a 3D distance map of the
model was precomputed and used for these distance calculations. Lavallee and
Szeliski developed their method for use with stereo images, and Zuffi et al. later
applied it to single-plane fluoroscopy with total knee replacements.37 Except for
some problems with occlusion, they recorded relative pose errors between femoral
and tibial components in vitro on the order of 1.5 mm and 1.5°, in position and
orientation, respectively.

While both Mahfouz and Zuffi examined the application of single-plane fluo-
roscopy to knee arthroplasty kinematics, numerous factors prohibit direct compari-
son of the matching accuracy, including image quality and model geometry. To date,
there has not been a thorough comparison of published methods to determine
measurement accuracy as a function of image quality and model geometry.

All single-plane or monocular measurement techniques exhibit greater uncer-
tainties for translations perpendicular to the image plane. One obvious solution is
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to add another, ideally orthogonal, perspective projection. Alternatively, the mea-
surement technique can be augmented to better estimate out-of-plane translations.
Yamazaki et al.38 utilized Zuffi’s 3D distance map technique to estimate the implant
pose. They then used response-surface techniques39 to refine the out-of-plane trans-
lations, reporting RMS errors improved from 3.2 to 1.4 mm for in vitro tests.

32.2.1.2.2  Biplane Fluoroscopic Studies
As mentioned above, the main shortcoming of single-plane studies are larger mea-
surement errors for translations orthogonal to the image plane. The obvious solution
is to add another simultaneous x-ray projection. If the two x-ray projections are
made orthogonal, then out-of-plane translations in one image become the in-plane
translations in the other. The addition of a second image complicates the similarity
measure, but several groups have reported methods for matching CT/MRI-derived
bone models or total knee replacement (TKR) models to biplane sequences.34,40–44

You et al.34 used bone models derived from CT scans to create digitally recon-
structed radiographs (DRRs). These DRRs were compared to x-ray images using a
normalized cross-correlation, an approach similar to that of Mahfouz et al.35 You
et al. reported errors during in vitro testing on the order of 0.5 mm in translations
and 1.4° for rotations. Other groups have reported similar results matching fluoro-
scopic images with implant components42,43 and bones.40,41 Finally, others have
reported similar measurement results using manual alignment of a model’s contours41

or a point-cloud representation of the model44 using commercial or custom software.

32.3 APPLICATION TO THE ANKLE JOINT SYSTEM

Fluoroscopic measurements have been applied to the foot/ankle complex.45–48 These
studies primarily have used fluoroscopy to gather 2D measurements of foot ground
angle and ankle dorsi/plantar flexion angle. To date, no report applying shape match-
ing techniques to determine the 3D kinematics of the bones of the foot has appeared
in the English literature.

Measurements of the foot and ankle complex are possible, but present specific
experimental challenges. The close apposition of bones in the foot results in over-
lapping or occluding of the bony outlines on radiographic projections. Lateral pro-
jections will show the talus and calcaneous clearly, while the navicular, cuboid, and
cuneiforms will have overlapping projections. Transverse projections will reverse
the situation. A sagittal oblique projection shows each of the hindfoot bones clearly
and may prove useful for quantifying hindfoot bone kinematics during weight-
bearing activities (Figure 32.3). Biplane imaging might also be used to provide better
precision and more uniformly distributed errors.

The use of force platforms for simultaneous recording of ground reactions forces
would seem an obvious and desirable adjunct to any dynamic radiographic study.
Unfortunately, commercially available fluoroscopy units are quite difficult (or impos-
sible) to use at ground level, necessitating a robust elevated walkway to support
elevated force platforms. This inconvenience provides, in part, motivation for the
development of a radiographic imaging platform with greater flexibility for dynamic
studies of skeletal motions. 
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32.4 THE FUTURE OF DYNAMIC RADIOGRAPHIC 
MEASUREMENTS

Recovering 3D kinematic information from 2D x-ray or fluoroscopic images has
proved to be a useful tool to clinicians and researchers. While several improvements
and variations of single- and biplane fluoroscopy have been proposed since the
method’s introduction to the biomechanics community, much remains to be done.

Previous methods for analysis have focused on recovering the pose of an object
one image at a time. This provides accurate data, but requires a trained operator to
provide a good initial guess of the object’s pose for each image in the sequence.
Global optimizers have been introduced to make the pose estimation more robust
to poor initial guesses,35 but these still require the initial guess. If dynamic radio-
graphic techniques for skeletal motion measurement are ever to find wide research
or clinical utilization, then the algorithm should require minimal user supervision.
Current shape-registration methods do not enforce continuity constraints on bone
trajectories. Figure 32.4 shows a typical solution for the anterior and superior trans-
lations for a clinical image sequence obtained using traditional methods, showing
numerous discontinuities. This issue typically is addressed by either filtering the
time history data or fitting smooth functions to the discrete solutions. Because
continuity was not enforced as a constraint during the initial optimization, the filtered
or fitted data are no longer optimal. Furthermore, by optimizing on a per image
basis, one cannot avoid the fact that the absolute best pose that can be achieved will
be directly related to the noise in that particular image. Unfortunately in clinical
x-ray studies, there are many sources of noise in an image, including image blur
and edge erosion by soft tissue. We currently are addressing these problems with
studies aimed at solving the sequence level optimization problem rather than the single-
image optimization problem. Inspired by similar work done by Mazza and Cappozzo,49

the unknown time history of the motion of the imaged object is parameterized by n
equally spaced knots of a fifth order B-spline curve. The n knots are treated as the

FIGURE 32.3 Current fluoroscopy systems have limited vertical travel, requiring patients to
be elevated above the ground in order to obtain sagittal oblique projections of the foot/ ankle
complex.

(a) (b)
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design variables of an optimization process. If an optimal set of B-spline knots can
be found, which minimizes some similarity measure across the entire image
sequence, then, by the properties of the B-spline parameterization, a continuous
time-history solution can be found. Theoretically, we would expect this method to
be more accurate and more robust than previous methods. Initial results have not
yet proved this conjecture, but they have at least indicated that our early investiga-
tions are feasible and that they deserve further investigation. 

Realizing that commercial fluoroscopic hardware is designed to image humans
resting supine on an operating table, there is no surprise finding limitations when
applying these devices to observe dynamic skeletal motion. We feel that the imaging
hardware deserves attention equivalent to that given algorithms. Imaging hardware
limitations directly influence the future impact of this measurement approach, and
can be considered as follows: activity restrictions, anatomy limitations, exposure to
ionizing radiation, and bone-model generation. 

Patients can have quite different clinical outcomes depending upon how they
recruit their muscles as dynamic joint stabilizers.50 Similarly, the motions of joint
replacements differ significantly depending upon the activity.51 These findings under-
score the need to observe motions during normal loading conditions when deciding
on surgical interventions or assessing device design/performance relationships. The
challenge is finding clinically important activities where the joint remains in a small
volume of space suitable for fluoroscopic observation with a 23 to 30 cm field of
view. This has been “solved” for the knee by using modified stairclimbing and gait

FIGURE 32.4 Typical solutions for the (a) anterior and (b) superior translations of the femur
relative to the tibia from a single-plane fluoroscopic study. The data show the discrete and
discontinuous nature of solutions determined one frame at a time with no continuity constraints
imposed.
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activities where a combination of activity modification and multiple positions of the
fluoroscope is used to obtain the required images. However, it has not been possible
to observe knee joint motions during normal ground-level steady walking, stair
descent, or chair sit/stand. As previously mentioned, available imaging systems do
not permit observations centered less than ~100 cm from the ground, requiring
platforms to elevate the subject into the field of view (Figure 32.3). This means more
equipment is required, the subject is elevated into a visually uncomfortable position,
and accessory sensors like floor-mounted force plates (for measuring ground reaction
forces) are not easily used. 

Current fluoroscopic imaging systems also impose restrictions on the anatomic
locations, which can be observed during dynamic motion. “Lift with your legs” is
a simple, sensible admonition to avoiding low back injury. However, it precludes
fluoroscopic observation of the low back during relevant lifting activities due to a
small field of view. Similarly, it is impossible to obtain a transverse view of the
patella, a so-called skyline view, during a chair-rise or bicycle activity without an
imaging system that can dynamically align the view to the anatomy of interest.
Similar arguments apply to the shoulder, foot and ankle, and hip, where biomechan-
ically interesting or clinically important observations are not possible because of the
limited field of view or immobility of existing radiographic imaging systems. 

Ionizing radiation of any level remains a critical concern for both research and
clinical observations. Although radiation exposure often is justified by the clinical
need or importance of the information so obtained, it must be minimized to the
extent possible. Current fluoroscopic systems rely on human operators to initiate
and terminate exposures. Because the operator has only qualitative feedback on the
timing and alignment of the exposure, the patient receives greater than the minimum
exposure required for the well-aligned and timed diagnostic image sequence. Thus,
limiting radiographic exposures to only useful views by some automatic procedure
has the potential to reduce exposure even during routine examinations.

Lastly, the model-based image measurement approach assumes a digital model
of the implant, or bone surface is available for registration with the radiographic
image sequence. Obtaining models for manufactured objects is not difficult. How-
ever, it is inconvenient, expensive, and time consuming to obtain separate tomo-
graphic scans of the patient or study subject to create the bone models required for
dynamic radiographic motion analysis.

We now are attempting to address all of these hardware limitations by creating
a novel imaging platform specifically intended for recording dynamic skeletal motion
and cone-beam CT (Figure 32.5). This robot-based imaging platform will use real-
time motion capture to measure the patient’s movement and pass this information
to the robotic system for automatic tracking and gated acquisition of the desired
radiographic sequence. The same machine capabilities will permit cone-beam CT,
so that dynamic imaging and bone-model creation can be performed using one
imaging platform in a time- and space-efficient manner. These capabilities will
remove or reduce the activity, anatomy, exposure, and bone-model generation lim-
itations of standard fluoroscopy systems — permitting application of dynamic skel-
etal imaging and model-based analyses in a wide range of clinical and research
contexts. We believe this technology has the potential to advance research and
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clinical diagnostic capabilities for conditions affecting hundreds of millions of peo-
ple each year, and hope to demonstrate a working prototype of this system shortly
after publication of this monograph.

32.5 CONCLUSIONS

Shape-matching based radiographic measurement techniques are currently used by
many groups throughout the world to determine dynamic motion patterns in hips,
knees, shoulders, and other joints, and to characterize joint function, surgical efficacy,
implant performance, articular wear, and arthroplasty failure mechanisms. These
techniques provide a valuable complement to traditional motion measurement capa-
bilities, providing dynamic weight-bearing intra-articular motion measurements that
are difficult to otherwise obtain. Current efforts focus on automating the analysis to
provide skeletal kinematics from image sequences with little operator intervention,
and to develop novel radiographic imaging platforms with specific capabilities for
tomography and dynamic imaging of the skeleton in motion. In principle, and as a
direct extension of existing capabilities, these same techniques could be used for
evaluating dynamic 3D motion of the natural foot and ankle. 
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33.1 INTRODUCTION

 

Movement of the rearfoot relative to the lower leg is influenced by the motion of two
joints: the talocrural and subtalar joints. Fundamental understanding of how these two
joints influence rearfoot movement is based on classic work that began in the 1940s
and 1950s on anatomical specimens.

 

1–4

 

 These early studies described talocrural joint
rotation as occurring about a simple floating hinge joint, implying that the rotation
direction was constant, but the axis of rotation could move during joint motion.

 

1,4

 

Rotation of the subtalar joint has been described as occurring about either a fixed hinge
joint

 

1,3,5,6

 

 or a fixed screw axis.

 

2

 

 These earlier studies found that neither the talocrural
joint nor the subtalar joint axes were oriented within one cardinal body plane so that
rotations about these axes were triplanar. Thus the terms “supination” and “pronation”
were coined,

 

2

 

 terms that are still commonly, although not consistently, used today.
Supination consists of plantar flexion (PF) in the sagittal plane, inversion in the frontal
or coronal plane, and internal rotation or adduction in the transverse plane. Pronation
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consists of dorsiflexion (DF), eversion, and external rotation or abduction.

 

2

 

 In total,
these studies concluded that the talocrural joint axis was primarily a transverse axis,
while the subtalar joint axis was directed anteriorly and superiorly. Thus, rearfoot PF
was attributed almost purely to talocrural rotation, whereas inversion and internal
rotation were attributed to subtalar rotation.

 

1,2,6,7

 

Clinical measures of the foot and the treatment decisions on which they are
based (e.g., adhesive strapping, footwear prescription, and orthotic device design)
are still closely tied to the conclusions of these early studies, even though more
recent work has thrown these original findings into question. The assumption that
calcaneal inversion/eversion occurs predominantly at the subtalar joint was restated
as recently as 2005.

 

8

 

 However, in the late 1980s, investigators demonstrated that
commonly held beliefs in regard to the rearfoot axes of rotation were true or partially
true only under specific circumstances. In an 

 

in vitro

 

 study of 15 limbs, Siegler
et al.

 

9

 

 clarified that DF–PF was the dominant motion at the talocrural joint and
inversion/eversion was the dominant motion at the subtalar joint at or near the
neutral position, but less so toward the end of the range of motion. They also reported
that less than 10% of the DF–PF range of motion was coupled with inversion/eversion
or ab/adduction. In an 

 

in vivo 

 

study of eight subjects, Lundberg et al.

 

10

 

 showed the
association between inversion and PF was weak and even associated with DF in
some subjects. For foot eversion, they found more total motion occurred at the
talonavicular joint than at the subtalar joint.

 

10

 

Therefore, while more recent literature has suggested that the partition of motion
between the talocrural and subtalar joints and the coupling of motion across planes
may be less distinct than once thought, these studies have been few in number. The
paucity of data, possibly due to the lack of noninvasive or minimally invasive tech-
niques available to measure talar motion, may explain why clinicians have been slow
to incorporate these findings and continue to base clinical practice on the older classic
anatomical papers.

 

1–4

 

 For example, a recent gait study tracked calcaneal eversion
relative to the tibia as a proxy measure of subtalar joint pronation, based on the
assumption that the three-dimensional rotations could be distinctly divided between
the two joints.

 

8

 

 More contemporary studies of 

 

in vivo

 

 talocrural and subtalar joint
motion are needed to provide additional evidence on which to base clinical practice.
Therefore, the purpose of this study was to test the feasibility of applying a noninvasive

 

in vivo

 

 technique for the study of three-dimensional joint motion, fast-phase contrast
magnetic resonance imaging (fast-PC MRI) to the study of talocrural and subtalar joint
kinematics. To this end, we addressed three specific questions: (1) Do the talus and
calcaneus move independently of each other? (2) If they do, can the rotation observed
at the calcaneal–tibial complex be separated between the two joints? (3) Are the motions
in one plane coupled with motions in other planes of movement?

 

33.2 METHODS

 

Six healthy male subjects (age 

 

=

 

 25.5 

 

±

 

 3.4 yr; weight 

 

=

 

 66.3 

 

±

 

 11.0 kg; height 

 

=

 

175.6 

 

±

 

 5.6 cm), free of any foot pathology or pain, participated in this Institutional
Review Board–approved study. For one subject (A6 and A7) both feet were studied
because time permitted. After obtaining informed consent, subjects were placed
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supine in a 1.5 T MR scanner (LX; GE Medical Systems, Milwaukee, WI, U.S.), with
the hip and knee maintained in full extension. A dual transmit–receive phased array
MR coil was stabilized by a custom-built ankle loading device (ALD) medial and
lateral to the ankle (Figure 33.1). The foot, covered only with a sock, was strapped to
the freely moving foot pedal, with the heel resting in a heel groove located on the
device base. A base plate extended from the pedal to the mid-calcaneus. This foot
pedal allowed three degrees of rotational freedom at the ball of the foot. An optical
trigger, which synchronized dynamic data collection to the motion cycle, was placed
on the device, so that it would receive a signal at maximum DF. 

After the subject was placed in the magnet and prior to the dynamic data
collection, the ALD was locked into a position that allowed the subject to remain
in the neutral position (tib–foot angle 

 

≈

 

 0

 

°

 

– Figure 33.1) without muscle activation.
The other two degrees of freedom were not locked. An axial gradient echo sequence
(Table 33.1) was then acquired.

For the dynamic scans, the locking pins, used statically, were moved such that
the subject’s motion was limited to a comfortable, repeatable range. This range was

 

FIGURE 33.1

 

Subject placement within the MR imager. Each subject was placed in the MRI,
such that the knee and hip were in full extension. The foot was then attached to the ALD
using Coban

 

®

 

 

 

(3M, St. Paul, MN), so that the ball of the foot rested on the foot pedal of the
ALD. A rope attached to the ALD passed over a pulley to a weight hanging outside the MRI,
so that it provided resistance in PF. The ALD was designed so that the rope ran over a cam,
creating a fixed moment arm for the tension in the rope. 
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typically 1 to 5

 

°

 

 less than the subject’s maximum range of motion. The external weight
system (Figure 33.1) was adjusted, so the cable was taut with a 2.3 kg (5 lb) weight,
hanging freely outside of the bore. The weight system was specifically designed to
apply a load to the ankle joint away from the subject, to ensure artifacts did not disrupt
the MR images, and to provide resistance during PF. Subjects maintained a repeated
DF–PF movement of the foot relative to the tibia at the rate of 35 cycles/min guided
by an auditory metronome, for each dynamic sequence.

A dynamic exam involved three movement trials. A fastcard sequence
(Table 33.1) in a sagittal–oblique imaging plane (Figure 33.2a) that bisected the
Achilles tendon and passed through the tibia, talus, and calcaneus was acquired first.
This dataset was used as a practice for the subject and also served to ensure that the
fast-PC sequence was selected at the proper imaging location. Next, at a single
sagittal or sagittal/oblique location, a full fast-PC dataset (Table 33.1 — anatomic
and 

 

x

 

, 

 

y

 

, and 

 

z

 

 velocity images) was acquired (Figure 33.3). Finally, a fastcard
sequence was acquired at two axial levels (Table 33.1). The axial planes were defined
from the anatomic image representing neutral foot position, relative to the tibia, in
the fast-PC image set (Figure 33.2b). The tib–foot angle (Figure 33.4) was defined
as the angle between a vector perpendicular to the anterior edge of the tibia and a
vector connecting the most inferior, posterior calcaneal point to the inferior meta-
tarsal heads. The orientation and displacement of the calcaneus, talus, and tibia were
individually quantified by integrating velocity data, obtained during the fast-PC
acquisition, using Fourier integration.

 

11

 

 The initial bone orientation was then calcu-
lated using anatomically based coordinate systems that were identified in a single

 

TABLE 33.1
Imaging Sequence Parameters

 

Imaging Sequences 3D GRE Fastcard Fast-PC Fastcard

 

Plane Axial Sagittal oblique Sagittal oblique Axial
Number of slices ~ 80–100 1 1 2
Repetition time 
(msec)

12.2 5.0 9.0 5.0

Echo time (msec) 5.2 1.3 4.3 1.3
Field of view (cm) 24 

 

×

 

 24 24 

 

×

 

 24 30 

 

×

 

 30 24 

 

×

 

 24
Slice thickness (mm) 1.5 10.0 10.0 10.0
Flip angle (deg) 30 20 20 20
Max. velocity 
encoding

— — 30 —

Number of averages 1 1 2 1
Number of views — 16 2 16
Temporal resolution 
(msec)

— 54 72 54

Time frames — 24 24 24
Imaging time 6:30 0:17 3:42 0:34
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FIGURE 33.2

 

Dynamic imaging planes. 

 

Line A:

 

 Defined the sagittal–oblique imaging plane
(seen on the right); bisected the Achilles tendon; and passed through the tibia, talus, and
calcaneus. This imaging plane was used for acquisition of fast-PC data (anatomic and 

 

x, y, and
z 

 

velocity images). 

 

Line B:

 

 Defined the tibial axial imaging plane (

 

left

 

) and was selected through
the most anterior portion of the distal tibia in the sagittal view. 

 

Line C:

 

 Defined the calcaneal
axial plane and was selected through the most anterior inferior point on the calcaneus. The latter
two imaging planes were used for acquisition of fastcard data (anatomic images only).

 

FIGURE 33.3

 

Fast-PC MRI images in the PF position. The above images represent a single time
frame, out of 24, in the DF–PF cycle of ankle A4. Black and white pixels indicate the minimum
(–30 cm/sec) and maximum (30 cm/sec) velocities, respectively. During this time frame, the foot
is plantar flexing relative to the tibia. This results in an inferior movement of the toes and a superior
movement of the calcaneus. These velocities are represented by the white pixels at the toes and
the darker pixels at the calcaneus. Less velocity is seen in the other two directions. 

a

b

c

S/I (y) 
velocity

A/P (x) 
velocity

M/L (z) 
velocity

Anatomic

+ 30 cm/s

−30 cm/s
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time frame only (Figure 33.5). Using matrix multiplication, the attitude of all three
bones relative to the imaging coordinate system throughout the movement was
defined using the anatomically based coordinate systems. Again, using matrix mul-
tiplication, the orientation matrices for each bone relative to the imager were con-
verted into the orientation matrices of the talus relative to the tibia (talocrural joint),
the calcaneus relative to the talus (subtalar joint), and the calcaneus relative to the
tibia (calcaneal–tibial complex). The entire movement cycle was used for the inte-
gration process, but all further analysis and data presentation were limited to the PF
portion of the movement. Then orientations for the talocrural, subtalar, and calca-
neal–tibial joints were simplified to three cardan rotation angles using a 

 

zyx

 

-body-fixed
sequence. After the rotation angles were calculated, the rotations about the 

 

x

 

- and

 

y

 

-axes and translations along the 

 

z

 

-axis were negated for the right leg and the
rotations about the 

 

z

 

-axis were negated for both legs. Thus, the first rotation was
about the 

 

z

 

-axis, and PF was positive, the second rotation was about the 

 

y

 

-axis and
external rotation was positive, and the third rotation was about the 

 

x

 

-axis and eversion
was positive. Using the known time-dependent orientation and translations of the
calcaneal–tibial complex, the tib–foot angle (Figure 33.4) was tracked by assuming

 

FIGURE 33.4

 

Determination of the tib-foot angle

 

.

 

 The above figure is from the static series
of A5. The tib-foot angle is the angle between 

 

y

 

 and 

 

x

 

 

 

– 90

 

°

 

, where 

 

y

 

 is the line adjacent to
the anterior tibia and 

 

x

 

 is the line connecting the most posterior, inferior point on the calcaneus
and the inferior metatarsal heads. This calculation allows the neutral position to be defined
as 0

 

°

 

. The points defining 

 

x 

 

and 

 

y

 

 are defined once and tracked throughout the motion cycle
based on the integrated fast-PC data. The point on the inferior metatarsal heads is assumed
to be rigidly connected to the calcaneus. Note that this image was taken with a tib-foot angle
slightly less than 0

 

°

 

.

x

y
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that the point on the inferior metatarsal heads was rigidly attached to the calcaneus.
Since these data were taken with respect to time and not the tib–foot angle, inter-
polation was used to present the orientation angles with respect to tib–foot angle in
1

 

°

 

 increments.

 

33.3 RESULTS

 

The rotations (Figure 33.6) and translations (Figure 33.7) of the talocrural and subtalar
joints demonstrated that the two joints did not move as a single joint, as they are often
modeled, nor did the joints rotate as typically described clinically. The majority of all
rotations occurred at the talocrural joint, with minimal rotations occurring at the
subtalar joint. At the talocrural joint, supination was observed for all subjects. The
consistency across subjects varied based on the degree of freedom (three rotations

 

FIGURE 33.5

 

Anatomically based coordinate system. All axes were defined in the image
representing the tib-foot angle as close to the neutral position as possible. The 

 

x

 

-axis was
defined first. The tibial 

 

tx

 

 (C) was defined as the line connecting the most anterior and posterior
points on the distal tibia in the sagittal image. The calcaneal 

 

cx 

 

(D) was defined as the line
connecting the most anterior inferior point and the most posterior inferior on the calcaneus
in the sagittal image. The talar 

 

ax 

 

(C) was defined as the line that bisects the arc formed by
the two lines connecting the talar sinus, with the most anterior superior and anterior inferior
talar points in the sagittal image. A temporary 

 

z

 

-axis (

 

tz

 

temp

 

, 

 

cz

 

temp

 

) was formed for the tibia
and calcaneus. The tibial 

 

tz

 

temp

 

 (A) was defined as the line connecting the most lateral and
medial points in the tibial axial image. The calcaneal 

 

cz

 

temp

 

 (B) was defined as the line
connecting the most convex point of the posterior medial curve and the most convex point
of the posterior lateral curve of the calcaneus in the calcaneal axial image. A temporary 

 

y

 

-
axis (

 

ay

 

temp

 

) was formed for the talus. The talar 

 

ay

 

temp

 

 (D) was defined as the line which
bisected the arc formed by the lines from the talar origin, ao, to the anterior point at which
the superior surface changes from concave to convex on the talar dome and the most posterior
point on the talar dome in the sagittal image. The 

 

y

 

-axis for the tibia and calcaneus was
defined as the cross-product of the 

 

x

 

-axis and its temporary 

 

z

 

-axis. The 

 

z

 

-axis for the talus
was defined as the cross-product of the 

 

x

 

-axis and its temporary 

 

y

 

-axis. Then the tibial and
calcaneal 

 

z

 

-axis was defined as the cross-product between the 

 

x

 

- and 

 

y

 

-axes for each body.
The talar 

 

y

 

-axis was formed by the cross-product of the talar 

 

z

 

-axis and the talar 

 

x

 

-axis.

Ao 

~ay 

~cz 

~tz 
To 

Co 

cx 

b da

tx 

ax 

c

 

3971_C033.fm  Page 563  Thursday, June 28, 2007  4:30 PM



 

564

 

Foot Ankle Motion Analysis

 

FIGURE 33.6 3D orientations of the calcaneus relative to the talus (left column) and talus
relative to the tibia (right column). These angles are based on a zyx-body fixed cardan angle
rotation sequence. To maintain anatomical directions, the rotations about the inferior–superior
axis (y) and the posterior–anterior axis (x) are negated for the right leg, and rotations about
the right–left axis are negated for both legs. Thus, PF, external rotation, and eversion are
positive.
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FIGURE 33.7 3D translations of the calcaneus origin relative to the talar coordinate system
(left column) and the talus origin relative to the tibial coordinate system (right column). To
maintain anatomical directions, the translation along the right–left axis are negated for the
right leg. Thus, the anterior, superior, and lateral are positive.
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and three translations), but for nearly all rotations, the variation became minimal in
the range of maximum DF (~ –15°) to neutral ankle angle (0°).

PF occurred primarily at the talocrural joint, with little PF at the subtalar joint
(Figure 33.6, top row). Talocrural PF was quite consistent across subjects, but the
curves were offset from each other. On the other hand, subtalar PF demonstrated
differences in both value and slope across subjects. One subject, A1, demonstrated
a DF trend at the subtalar joint and a PF trend at the talocrural joint.

For the majority of subjects, there was only slight internal rotation, and this
occurred primarily at the talocrural joint (Figure 33.6, middle row). Unlike the other
two rotations, a small but consistent pattern of internal rotation was seen. 

Inversion clearly occurred at the talocrural joint (Figure 33.6, bottom row), with
an average internal rotation of 10.7° (Table 33.2). At the subtalar joint, there was
typically minimal inversion, but interestingly, three subjects (A1, A5, and A6) dem-
onstrated eversion at this joint. The strong eversion of A6 (15.6°) pulled the average
rotation for all subjects up to 0.7° (Table 33.2). Internal rotation at the subtalar joint
and inversion at the talocrural joint had the most consistent patterns and values,
across subjects, out of all the angles reported.

All subjects followed consistent patterns of displacement for both joints
(Figure 33.7). In general, the calcaneus shifted medially and superiorly with little
anterior movement and the talus moved laterally, slightly inferiorly, and posteriorly

TABLE 33.2
Change in Orientation for Each Joint during PF

A1 A2 A3 A4 A5 A6 A7 Average

Plantar Flexion (deg)

Talocrural 44.1 36.1 30.0 27.5 29.2 34.5 44.2 35.1
Subtalar 11.8 −6.5 5.7 4.9 6.9 10.7 11.6 6.4
Cal-tib 37.6 31.4 33.5 31.5 35.5 42.8 47.7 37.1

External Rotation (deg)
Talocrural 3.8 –10.0 –5.6 –9.0 –12.6 –15.1 –3.8 –7.5
Subtalar –9.6 –3.7 –3.4 6.4 4.5 –5.8 –5.8 –2.5
Cal-tib –8.3 –10.4 –5.6 –5.8 –11.8 –18.0 –7.8 –9.7

Eversion (deg)
Talocrural –18.8 –11.8 –10.1 –10.7 –11.2 –16.9 –12.1 –13.1
Subtalar 8.5 –5.2 –4.1 –3.7 3.8 15.6 –10.0 0.7
Cal-tib –18.4 –10.0 –12.6 –14.3 –9.8 –6.0 –17.4 –12.6

Each entry represents the difference in value of rotational degree of freedom (PF — top,
external rotation — middle, and Eversion — bottom) between maximum and minimum
tib-foot angle. The sign associated with each entry defines if a positive or negative change
in angle occurred between the maximum and minimum tib-foot angle. Due to the nonlinear
nature of cardan rotation angles, the rotation at the talocrural and subtalar joints do not
necessary need to sum to the rotation at the calcaneal–tibial complex.
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during PF. While the patterns of rotation were consistent across subjects, there were
larger offsets between subjects in lateral translation for both joints and superior
translation of the subtalar joint. 

33.4 DISCUSSION

In order to improve diagnostic accuracy, prevent injury, and reduce the impact of
impairments on rearfoot function, an understanding of the in vivo kinematics of the
talocrural and subtalar joints is critical. Previous studies have shown that fast-PC
MRI12 is an excellent tool for quantifying musculoskeletal dynamics and is both
accurate13 (system bias = 0.06 mm (SD, 0.35) and a measured average absolute error
of 0.35 to 0.5 mm) and precise14 (SD between two trials for six subjects was equal
to 1.2, 1.5, and 0.7° for tibiofemoral extension, external rotation, and valgus, respec-
tively). Such precision and accuracy are quite comparable to biplane radiographic
imaging.15 This study was able to build upon these earlier imaging studies and
demonstrate that this noninvasive and nonionizing technique was a feasible and
revealing tool for the in vivo study of talocrural and subtalar joint three-dimensional
kinematics joints during volitional activity. The results from this and future fast-PC
MRI studies will help advance clinical areas such as total ankle replacement devel-
opment, orthosis design, and ankle pathology diagnostics.

The functional movement evaluated in the current study can be related to a subject
standing with the balls of their feet on a beam under their own muscular control,
raising and lowering partial body weight through a range of motion just shy of the
maximum PF and DF. In general, intersubject variability was small and typically more
variability occurred due to offsets between subjects than due to the pattern of move-
ment. For nearly all rotations, the intersubject variability was lower from maximum
DF to neutral tib–foot angle, and there was less nonsagittal plane rotation in this range
than in later PF. These kinematic patterns are likely due to the talus “locking” into the
mortise. Also, for the subtalar joint, the manner in which the current coordinate system
was defined forced the external rotation angle to be zero at the neutral tib–foot angle.
Alterations to the coordinate system are planned, which will eliminate any predefined
relationships, with an ultimate goal of finding an easily defined coordinate system that
produces minimal intersubject variability. 

Classic clinical knowledge,1,6,9,16 stating that the majority of the PF excursion
observed at the calcaneal–tibial complex occurs at the talocrural joint, was confirmed
in this study, with an average of 95% of total calcaneal–tibial motion occurring at the
talocrural joint. However, these prior studies also predicted that motion in the frontal
and transverse planes occurred at the subtalar, not the talocrural joint.1,2,6,7,9,16 Total
motion at the subtalar joint on average was less than 7° about any axis and much
smaller than those reported in any prior study of this joint.2,7,17 This study demonstrated
that on average 77% of the total internal rotation of the calcaneus relative to the tibia
occurred at the talocrural joint, not the subtalar joint. Even more surprisingly, total
inversion excursion was slightly greater on average at the talocrural joint than at the
calcaneal–tibial complex, with three subjects demonstrating eversion at the subtalar
joint. It is important not to overstate this result; two (A1, A5) of the three subjects
(A1, A5, A6) demonstrating eversion at the subtalar joint did so to only a small extent.
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In total, these results call into question the assumptions of prior kinematic studies
regarding, which joint motions calcaneal–tibial angles truly represent.8 

Although direct comparison to previous studies is difficult due to the unique
advancements of the current study, these past studies do provide excellent checks
in terms of the observed ranges of motion. The current data do agree that calcaneal–
tibial motion about a transverse axis showed the greatest excursion. On average
37.1° of PF was observed at the calcaneal–tibial complex with 35.1° occurring at
the talocrural joint. Previous static evaluations of the talocrural joint have reported
43°,18 53°,10 and 66°9 of available DF–PF range of motion. As previously noted,
subjects’ volitional motion in this study typically occurred within 1 to 5° of their
available maximum and Lundberg et al.16 clearly stated that the 53° was not easily
obtained in living subjects. The even greater amount of DF–PF seen in cadaver
studies is likely outside a reasonable anatomical range due to the loss of soft-tissue
forces. In these previous studies, total joint excursion was determined from the peak-
to-peak motion during movement imposed in one plane of motion, while joint
position in the other two planes was maintained near the neutral position. For these
other axes of motion, 13.1° of talocrural inversion in this study is a bit higher than
the reported 7.3°10 and 9.8°9 of total inversion/eversion excursion, and the average
7.5° of talocrural internal rotation appears more reasonable when compared to 11.8°16

than 26.5°9 of total internal/external rotation excursion reported in previous studies. 
The likely reason for the discrepancies between the early cadaver studies and

the current results is the fact that, in these cadaver studies, the talus was either forced
against the tibia6 or the talocrural joint was placed in a more dorsiflexed position,
which would lock it into the mortise and limit its rotational freedom in inversion
and internal rotation. Previous studies1,6 distributed rotation among the talocrural
and subtalar joints based on the joint axes of rotations, defined from statically
positioning the joint in various poses. A later cadaver study9 quantified the three-
dimensional orientations of each joint, but proportionally assigned equal internal
rotation to both joints. The feet were statically positioned through a range of postures
by using a single-axis rotational displacement, while maintaining the orientation
about the other axes near neutral position. Since the three-dimensional rotations of
a joint are not independent from each other, single-axis rotation limits the ability to
generalize these data. Also, when working with cadavers, the effect of volitional
muscular control and postmortem changes cannot be easily quantified. 

The work of Lundberg et al.10,16 in living subjects clearly shows the limits of
talus rotation when the calcaneal–tibia complex is put into a more dorsiflexed
position. When subjects were statically positioned in varying degrees of tibial–cal-
caneal inversion/eversion,10 with the joint maintained in a more dorsiflexed position,
nearly all the rotation was isolated to the subtalar joint. Yet, when the foot was
brought through a range of DF–PF in these same subjects,16 nearly all the rotation
occurred at the talocrural joint. Thus, it would appear that both the subtalar and the
talocrural joints are able to invert and internally rotate, but these motions only occur
at the talocrural joint if the talus is not locked into the mortise.

A recent invasive study19 provided a methodology that was closer to the current
study by evaluating in vivo rearfoot kinematics during gait, using bone screws, and
found that PF occurred primarily at the talocrural joint. Note, that the range of PF
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was limited (average range was 13.5°) potentially by either the bone screws or the
gait pattern studied. This gait study measured a three-dimensional orientation in
terms of two-dimensional projection angles. Such projection angles could easily
produce different results when compared to three-dimensional cardan rotation angles
for the identical movement. Unlike previous cadaver studies, Arndt et al.19 found
that inversion and internal rotation was proportioned almost equally between the
talocrural and subtalar joints, with high variability across subjects. Compared to this
invasive study of rearfoot kinematics during gait, the current results showed greater
excursions at both joints, with the exception of subtalar inversion and internal
rotation.13,14 The greater excursions are consistent with the greater DF–PF motion
seen in the current data, and the exceptions at the subtalar joint are likely due to
individual subjects who demonstrated a change in orientation that was opposite to the
majority of subjects. For example, A4 demonstrated internal rotation except in the early
portion of PF, creating an overall external rotation pattern. Thus, in general, this previous
study19 and the current study appear to support each other’s results.

As noted above, PF clearly was associated with inversion and, to a lesser extent,
internal rotation, the three components of supination. These results support the concept
of coupled rotations across the three planes of movement first proposed in early studies,2

but not the work of Siegler et al.,9 who reported less than 10% of PF range of motion
was coupled with inversion or adduction. Coupled rotations were clearly seen at the
talocrural joint, but were more ambiguous at the subtalar joint. Paradoxically, three feet
(A1, A5, and A6) demonstrated subtalar joint eversion during PF, while both the
talocrural joint and the calcaneal–tibial complex showed inversion. Lundberg et al.10

also reported some variability in the association between DF–PF and inversion/eversion
in some of their subjects, but noted this at the subtalar, not the talocrural joint. In this
study, internal rotation during PF was minimal at both the talocrural and the subtalar
joints, suggesting this motion may occur at joints within the foot distal to the subtalar
joint. While Lundberg16 found comparable amounts of internal rotation at both the
talocrural and the subtalar joints, they did note 10° more internal/external rotation at
the talonavicular joint than at the two more proximal joints.

Joint translations were noted at both joints along all three directions of motion
to varying extents. This is not consistent with early literature that described the
talocrural and subtalar joints as simple fixed hinge joints.1,3,5 The talus origin dem-
onstrated posterior along with minimal superior displacement, indicating that the
origin is likely close to the axis of rotation and that the whole bone translates
posteriorly during PF. Similarly, the calcaneal origin translates superiorly with little
anterior displacement, most likely indicating an overall anterior movement of the
bone. Future analyses based on the finite helical axes are planned to better flush out
the relationships between orientation and displacement, but from the current results,
it is clear that neither joint is a fixed hinge joint.

33.5 CONCLUSIONS

This study accomplished its stated goal in demonstrating fast-PC MRI a feasible
and useful tool to noninvasively study three-dimensional joint motion and provided
new insight into the study of talocrural and subtalar joint kinematics. It revealed that
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the talocrural and subtalar joints do move independently of one another, but not in the
manner described in classic anatomical studies. Talocrural motion accounted for
greater than 77% of calcaneal–tibial motion in all three rotational directions, while
subtalar joint motion was minimal. Results did confirm earlier reports of coupled
motions, finding that PF was accompanied by inversion and, to a lesser extent, internal
rotation, but these motions all occurred at the talocrural joint, not the subtalar joint.
These findings call into question the earlier anatomical studies on which much of
clinical practice on the foot and ankle is based. The two key sources for this discrepancy
are the locking of the talus into the mortise during DF, and the realistic movements
that are associated with noninvasive in vivo studies. Thus, future study is warranted.
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34.1 INTRODUCTION

 

Analysis of net joint moments and powers is routinely used in gait analysis to assist
with clinical decision making and in research to understand function and surgical
outcomes. If a more detailed analysis of the motion of the foot was available, this
could potentially lead to better clinical decision making and better understanding of
both the normal and pathological functions of the foot. Unfortunately, standard gait
models treat the foot as a single rigid segment and neither the motions nor the forces
within the various joints in the foot are computed.

Recently, spurred by advancements in camera technology, there have been several
publications concerning multisegment foot modeling.

 

1–9

 

 These studies have all mea-
sured kinematics within various joints of the foot. Kinetic measures of these same
joints are not computed due to a number of technological difficulties. This chapter
will discuss these difficulties, how they may be overcome with current technology,
and how future technological advancements may be applied to make this assessment
a clinical reality. The methods described here have been used to report kinematics
and kinetics of a normal pediatric population.

 

10

 

 An expansion of the procedures used
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in this study is presented here along with additional suggestions, which may stream-
line and improve the process. The methodology is outlined in general terms and is
not limited to a specific kinematic model. A flowchart of these methods is presented
in Figure 34.1.

 

34.2 METHODS

34.2.1 D

 

ISTRIBUTED

 

 F

 

ORCE

 

 M

 

EASURES

 

In clinical gait analysis, kinetic measurements are possible when a single force vector
is measured acting on a single segment (typically the foot, treated as a single, rigid
segment). As many movement lab practitioners are aware, when both feet contact
the same force plate, kinetics are invalidated in the gait model. The problem is that

 

FIGURE 34.1

 

Flowchart depicting the sequence of methods used to derive kinetics in a
multisegment foot model.
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a single force vector cannot be used to establish the relative forces and centers of
pressure of multiple segments. When treating the foot as a multisegmental body,
this situation of multiple segment contact on a force plate may be present throughout
stance phase, depending on the location and definition of the individual segments.

Thus, to measure forces within multiple segments of the foot, some form of
distributed force measure is required. This may be achieved through the use of either
small force sensors placed in a shoe under the segments of interest or a contiguous
grid of sensors to span multiple segments. Such grids are designed to either be placed
in a shoe or as stationary mat or platform systems to walk over.

 

34.2.2 S

 

HEAR

 

 F

 

ORCES

 

One drawback of these sensor grids is that they currently are only able to measure vertical
force, equivalently expressed as pressure, giving rise to the term “pedobarograph.” One
potential solution to measure the full compliment of ground reaction forces is to
integrate the pressure mat and forceplate technology. Normal forces and center of
pressure may be determined by the sensor grid for each individual segment, and
shear forces may be approximated by distributing the force vector among the various
segments by a weighting scheme based on the percentage of normal force in each
segment, such that the normal force F

 

n

 

 is the sum of each of its 

 

n

 

 components:

The shear force 

 

Fs 

 

for any given segment 

 

i

 

 is given by

This would be applied to each of the shear components, which include a medial/
lateral shear force, anterior/posterior shear force, and moment in the plane normal
to the plantar surface. If such a scheme is employed, it must be validated for any
particular model, as it is possible to have high shears in some areas in the absence
of significant normal force.

 

34.2.3 D

 

ATA

 

 C

 

OLLECTION

 

 

 

AND

 

 S

 

YNCHRONIZATION

 

Currently, collection of the full complement of data necessary to make kinetic
computations of the foot is only achievable through separate systems of hardware
and software. This requires postprocessing of the data to achieve both spatial and
temporal synchronization. One possibility that solves or at least simplifies both the
spatial and temporal issues is to physically integrate the hardware systems by
attaching a mat system to a force plate; however, thickness of the pressure mat and
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the raised flooring necessary for some systems to accommodate this thickness may
prove a deterrent. If data are collected in separate walking trials, identification of
stance phase events (initial contact and final contact) and time normalization may
be used to temporally synchronize the data. Spatial synchronization may be per-
formed either by using reflective markers to identify pressure devices or through
separate volume calibrations. If the latter approach is used, registration between the
two devices may be achieved by aligning the reference frames with appropriate
offsets. The local coordinate systems used during measurement in each system must
also be appropriately accounted for with postprocessing. Ideally, force and pressure
systems may be integrated such that data are collected simultaneously, with syn-
chronized onsets of data collection and sampling at equal rates or multiples of rates
(an example of the latter is video collected at 60 Hz and force plate data collected
at 600 Hz or 1200 Hz).

In the cited publication, force and plantar pressure systems could not be inte-
grated because of dimensional constraints, and data for each system had to be
collected from separate trials.

 

10

 

 Additionally, data from the plantar pressure system
could only be collected at 50 Hz while data from the motion capture system could
only be collected at multiples of 60 Hz. Thus, there were several obstacles to
overcome regarding data synchronicity. First, it is recognized that although stance
in healthy individuals is highly repeatable, there may be slight differences in stance
time due to velocity or other changes, which may result in small differences between
trials. To minimize these changes, the force plate trials were matched with plantar
pressure trials according to stance time, which could be accurately determined by
monitoring the forces and pressures to identify initial and final contact events. The
single force plate trial, which most closely matched the average stance phase duration
of the five pressure platform trials, was selected. To account for the differences in
the data collection rates, each data set was time normalized and resampled at every
2% of the stance phase using a spline technique.

 

10

 

 This procedure additionally
allowed trials of varying stance times to be compared and averaged as data were
interpolated to specific percentages of stance phase. While this procedure may
be valid for highly repeatable stance phases, individuals with various pathologies
may exhibit variations large enough that this process of trial matching would not
yield accurate results.

 

34.2.4 P

 

ARTITIONING
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RESSURE

 

 D

 

ATA

 

For kinetic computation, each segment of the foot, which contacts the ground, must
have a specified six component ground reaction force vector consisting of a normal
force (F

 

z

 

), medial/lateral and anterior/posterior shear forces (F

 

x

 

 and F

 

y

 

), normal
moment (M

 

z

 

), and a center of pressure location of the vector (COP

 

x

 

 and COP

 

y

 

).
The measurements for each of these segments must somehow be derived from the
force and/or pressure measurement technology used for data collection. How this is
achieved is dependent upon the measurement technology used.

If in-shoe force sensors are used for measurement, the force locations relative
to the foot may be known 

 

a priori

 

; however, such force sensors may only cover
small regions of the foot and some contact information may be lost. If a pressure

 

3971_C034.fm  Page 576  Thursday, June 28, 2007  4:38 PM



 

Kinetic Measures of the Foot: Overcoming Current Obstacles

 

577

 

sensor matrix is used, another set of problems arises. With this technology, the
sensors span the various contact segments, resulting in a time-varying continuum of
data representing the entire plantar surface. Some partitioning of the data must be
undertaken to relate pressure regions to the segments of interest. In our own work,
we resorted to hand drawing “masks” on pressure data to correlate with the contact
segments defined in our kinematic model (Figure 34.2).

 

10

 

 This process involves the
qualitatively selective process of interpretation of the foot shape and the definition

 

(a)

(b)

(c)

 

FIGURE 34.2

 

(a) Is an example of the continuum of pressure for the entire foot during stance
with the center of pressure line indicated. Bottom images are examples of specific areas of
the foot, which have been masked from the continuum. (b) Shows the entire heel as a segment;
(c) Shows the hallux. The segmental center of pressure lines are shown for these segments.
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of locations and orientations of segment boundaries. Fortunately, for this particular
model, when applied to a healthy population, the motion segments defined matched
well with pressure areas, which were easily identifiable because of the large gradients
demarcating the boundaries of interest. In pathological feet, however, these bound-
aries may not be present, and thus error could be introduced to the model due to
the subjective interpretation of matching pressure areas to contact areas.

This problem of introducing subjective interpretation into the partitioning of the
pressure continuum is easily overcome. Knowledge of reflective marker locations
could potentially be used to automatically partition the pressure data using accurate
positional data, which could be mapped directly onto the pressure matrix. This could
further be enhanced by the use of virtual markers, marker points determined during
static trials, which are used to relate anatomical points to physical marker points.
These virtual markers could be used to specify the boundaries of the pressure map
using anatomical references. This would require integration of the video and pressure
systems, which, to date, has not been accomplished commercially, but could be over-
come with custom software.

Once “masks” are applied to the pressure continuum, the problem then shifts to
one of how to utilize the data contained within these areas of interest. How this is
performed is of course dependent both upon the system and software utilized to collect
and process the pressure data and upon the application, which will then utilize these
data. In our work, this process required the following cumbersome procedure. The
entire pressure continuum file reflecting stance phase of the whole foot was opened,
then one mask at a time was hand drawn using a software application to outline the
contact segment of interest (in our model there were six such contact segments). All
pressures outside this mask were then deleted and a new file was created, which
contained only the pressures within the masked area. An additional step was required
using another program to override automated side and orientation manipulation as the
software attempted to interpret each mask as an entire left or right foot oriented in a
forward or backward direction. Once corrected to specify the correct side and orien-
tation of the segment, yet another application was needed to export the data to an
ASCII file format, which could then be read by subsequent software, which extrapo-
lated the normal force and center of pressure within the mask. This process was then
repeated for each contact segment. The remaining shear terms were then added using
the force plate data according to the process described previously. This resulted in a
full complement of force components for each individual contact segment. The follow-
ing discussion covers utilization of this force information.

 

34.2.5 F

 

ORCE

 

 I
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PECIFICATIONS

 

While custom software may be developed to perform inverse dynamic computations,
most users would likely prefer to use the same software utilized for clinical gait analysis
or another commercial package, which interfaces with the hardware, database, and file
formats used for motion capture. One obstacle caused by using these commercial
products is their reliance on standard file formats (e.g., the C3D or TRC file format)
for input. The commercial software packages are set up to handle various force infor-
mation stored in the standard file format by reading information contained within the
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file, which specifies the type of commercial force plate used to generate the data.
Appropriate gains, scales, and offsets are applied to translate analog voltage data into
force values. Plantar pressure systems are not recognized as valid devices. To utilize
information from a pressure mat or platform, pressure data must be converted and
written to the standard file format in a format that mimics one of the commercial force
plate types. Appropriate gains, scales, and offsets must also be stored so that translation
of the force data occurs appropriately. To achieve this in our study, each of the segments
of the foot that contacts the ground was treated as a virtual individual force plate.

 

10

 

Each of the virtual force plates was specified to have the same dimensions as the active
surface of the plantar pressure mat and was located appropriately with respect to the
laboratory coordinate system to match the location during calibration. In this arrange-
ment, each of the force plates, which is used to express the segment force data, occupies
exactly the same space as far as the software reading the standard file format (in our
case, the C3D file format) is concerned. Each of the ground reaction force vectors
associated with the various contact segments is then written as data corresponding to
one of the virtual force plates (Figure 34.3).

 

(a)

 

FIGURE 34.3

 

Sequence depicting segmental force application, which represents the culmi-
nation of the integration of the pressure and force measurement systems. Foot segments are
shown as geometrical shapes; ground reaction force vectors are indicated by line segments.
Force data are stored as separate overlapping force plates for each contact segment. At initial
contact (a) only the heel segment contacts the ground. During mid-stance (b), heel and midfoot
segments contribute to the ground reaction force. During push off (c) the toe segments and
the medial forefoot contribute. Shear force contributions are clearly evident by the angle of
the force vectors during contact and push off.
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(b)

(c)

 

FIGURE 34.3

 

(Continued).
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34.2.6 S
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The external forces acting on the foot during gait include the ground reaction force,
gravitational forces of the foot segments and the body segments proximal to the
foot, and inertial forces. To accurately compute inertial forces, both the motions of
the segments and the properties of the segmental masses must be known. These
mass properties include the segment mass, the location of the mass centroid, and
mass moments of inertia or, equivalently, the radii of gyration. While these quantities
are readily available for more standard segments such as the pelvis, femur, or shank,
and even for the foot as a whole, properties of individual segments of the foot are
unknown. To estimate these values in our work, we employed a solid modeling package
to partition a solid three-dimensional bone model reconstructed from a computed
tomography (CT) scan into segments matching the kinematic model.

 

10

 

 The masses,
center of mass locations, and radii of gyration were computed on the basis of a
percentage of the mass of the total foot. Total foot mass was estimated by scaling
published data for adult feet to the subject-specific foot based on foot length. This
process could be improved by using a more complete model of the foot, which would
include muscles, ligaments, skin, and the appropriate densities for these various struc-
tures. However, given the relatively small contribution of inertial forces, particularly
during stance phase, to the overall force components, such detailed analysis may not
significantly improve the overall model.

 

34.2.7 I

 

NVERSE

 

 D
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 C

 

OMPUTATION

 

The remaining steps toward computing kinetics are to first specify the locations of
the model’s motion segments (and correspondingly express the intersegmental
angles, though this is only integral to the kinematic process), and then to use the
measured ground reaction forces on each of the segments contacting the ground to
compute the joint moments. The process of combining inertial forces, gravitational
forces, and ground reaction forces to compute net joint moments through a kinematic
chain is generally termed “inverse dynamics.” The Euler equations of motion for
this process are well defined, but somewhat complex due to the many terms. Hence
most users prefer to take advantage of existing software to perform these computa-
tions. In the referenced publication, we utilized one such package, Vicon Body-
Builder (Vicon Motion Systems, Lake Forest, CA).

 

10

 

 We chose this modeling package
for several reasons. First, it interfaced with the motion capture data format; second,
the kinematic model could be defined and evaluated; third, the inverse dynamics
computations could be carried out; and finally, the resulting code could easily be
shared with other laboratories for their own use and further enhancements. Compu-
tation of inverse dynamics within this package necessitated the ground reaction force
data formatting as previously addressed. Aside from this formatting and the associ-
ated manipulation of the C3D file, the remainder of the process was straightforward.
One nonstandard process that was required, however, was to manually associate
each contact segment with the specific force plate, which held its data. Because each
of these virtual force plates occupied the same space, the default automatic associ-
ation between segments and force plates failed to function appropriately.
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34.3 DISCUSSION

 

The detailed methods presented here demonstrate that kinetic measures of the foot are
possible with current technology. However, the procedures necessary for computation
are too cumbersome and time intensive for most clinical applications; we are aware
of only two efforts that have attempted to determine kinetics within the foot.

 

10–13

 

 This
is largely because the necessary hardware and software have not been integrated with
commercial motion capture systems. Currently, with some software packages, it is not
even possible to collect marker and pressure data simultaneously from a single work-
station. Proprietary file formats embedded with pedobarograph systems are an addi-
tional hurdle to integration. While commercially available software was used to develop
a model that could be shared for future development, there are currently no software
packages capable of automating the process for integration of pressure data within any
standard motion file format. Additionally, the pressure-masking process and other steps
necessary to separate out the normal force and center of pressure data for individual
contact segments from the pressure continuum are time intensive. These hurdles make
the kinetic portion of the model difficult to attain. Such difficulties highlight the need
for manufacturers to work together to create an integrated system, as has been done
with motion capture and electromyography (EMG) and force plate technologies.
Pedobarograph systems present a special challenge because they cannot be simply
channeled through a standard analog to digital (A/D) collection unit as force plate and
EMG data are. Reading the data stream from such a device would necessitate a
multiplexor that may be incorporated into the standard A/D board or as a separate unit
generating a separate data file. This type of development, however, will not occur until
user demands drive the development and give such a system an advantage in the
marketplace.
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35.1 INTRODUCTION

 

The reaction forces exerted on the plantar surface of the foot can be resolved into
vertical, anterior–posterior (A–P), and medial–lateral (M–L) components. Knowl-
edge of these forces and the corresponding pressure distributions has both research
and clinical applications. For example, plantar pressure measurements are incorpo-
rated into kinetic foot models. Existing commercial pressure mats measure vertical
plantar pressure, and this information is used to determine the contribution of each
foot segment to the total vertical ground reaction force. Because there is no device
that measures the shear pressure distribution, assumptions are necessary to complete
kinetic foot models, and shear loads are often distributed on the basis of the seg-
mental contribution to the vertical ground reaction force.

 

[1]

 

 Plantar pressure mea-
surements also provide information regarding the effect of footwear on gait, the
diagnosis of foot pathology, and the effectiveness of clinical intervention. For example,
research has shown that prolonged application of large mechanical forces acting on
the skin lead to cell necrosis and ulceration.

 

[2]

 

 A number of studies have shown that
the largest vertical pressures caused ulceration,

 

[3]

 

 whereas other studies have shown
that ulceration occurs where the shear stress is maximum.

 

[4]

 

 Force plates are used
to simultaneously measure all three force components on the plantar surface of the
foot, but force plates permit only a single determination of the aggregate force and
do not allow the measurement of the loading in the individual segments of the foot.

 

[2]

 

The Emed System

 

®

 

 (Novel Electronics, Inc., St. Paul, MN) and the F-Scan

 

®

 

/F-Mat
System (Tekscan, Inc., South Boston, MA) are the most widely used commercial
technologies for measuring vertical, static, and dynamic pressure distributions
beneath the plantar surface of the foot. 

A limited number of experimental sensors have been developed to measure the
shear stresses on the sole of the foot.

 

[5–11]

 

 These sensors are embedded in shoe insoles
and are only used by the investigators to measure shear stress at discrete locations
on the plantar surface of the foot. These experimental shear sensors have been tested
clinically, but only the sensors developed by Lebar et al.

 

[10]

 

 and Hosein and Lord

 

[11]

 

have been fully characterized. Additionally, a pressure plate, utilizing strain gauge
technology, has been designed by Davis et al. to measure vertical, A–P, and M–L
shear forefoot pressures.

 

[12]

 

 However, design limitations included fabrication, main-
tenance, and size restrictions. Therefore, in order to accurately complete the kinetic
foot model, continued development of a sensor that simultaneously measures vertical
and shear pressures at multiple discrete locations on the plantar surface of the foot
is necessary. 

 

35.2 METHODOLOGY

35.2.1 S

 

ENSOR

 

 D

 

ESIGN

 

The active shear components of the triaxial plantar force sensor were a central post
surrounded by four parallel plates. These components were clearly visible in the
first prototype, as shown in Figure 35.1. The active vertical components of the sensor
were the central post and a load cell. As shown in Figure 35.2, the shear and vertical
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FIGURE 35.1

 

Triaxial plantar force sensor: shear components.

 

FIGURE 35.2

 

Triaxial plantar force sensor: shear and vertical components.
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components were housed in a structure consisting of a top, intermediate, central,
and base plates. This design, which included the shear and vertical components, was
used to characterize the sensor and conduct subject testing. When conducting subject
testing, this sensor was designed to be an in-ground array embedded in a walkway
surface instead of being inserted into footwear. The sensor’s specifications are listed
in Table 35.1. 

A novel differential capacitive sensing technique was developed to measure the
A–P and M–L plantar shear forces. The central post and parallel plate configuration
made it possible to clearly distinguish the A–P direction from the M–L direction, and
a square post was selected instead of a circular post to ensure that the applied forces
were resolved into discrete A–P and M–L components. Capacitive sensing was pre-
ferred over strain gauge approaches due to the fabrication, maintenance, and size
limitations associated with using strain gauges. The arrangement of the central post
and the four parallel plates created a capacitor between each face of the post and the
parallel plate that it opposed. The bottom of the post was tightly secured to the top of
a compression load cell and the top of the post extended 1.5 cm beyond the top of
each of the plates. When a subject exerted force on the post, the forces on the plantar
surface of the foot caused the post to be deflected. As the post was deflected, it bent
like a vertical cantilever beam. The distance between the post and each of the plates
changed and this altered the capacitance. Calibration data were used to determine the
applied force. In the current application, the pressure was calculated by dividing the
applied pressure by the surface area of the post (SA 

 

=

 

 9.0 mm

 

2

 

). 
A commercial load cell was used in conjunction with the central square post to

simultaneously measure the vertical plantar force. The bottom of the central post
was secured tightly in a square hole in a bolt that was screwed into a hole in the
sensing arm of the load cell (Model SBO-50, Transducer Techniques, Temecula, CA).

 

TABLE 35.1
Triaxial Plantar Force Transducer: Specifications

 

Component

 

Specification

 

Post Material Brass
Height 60 mm 
Cross-section 3.0 

 

×

 

 3.0 mm

Parallel plates Material 1/16 in. double-sided FR10 glass epoxy 
PCB with 1 mil copper (one side) 

Height 45 mm 
Width 5.0 mm 
Distance from post 1.0 mm 

Load cell Height 6.35 cm
Cross-section 5.1 

 

×

 

 1.9 cm
Maximum load 222 N

Support structure Material Aluminum
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This transducer utilized strain gauge technology, and the load cell’s specifications
are listed in Table 35.1. As the subject’s foot applied force to the post, the post was
loaded vertically and the applied vertical force was measured. 

 

35.2.2 S

 

IGNAL

 

 C

 

ONDITIONING

 

 C

 

IRCUITS

 

A signal conditioning circuit was designed to convert the capacitance signal of the
transducer to a proportional voltage signal. The shear components of triaxial plantar
force sensor were a spacing variation sensor, meaning the capacitance changed as
the distance between the post and plate changed. The capacitance was nonlinear
with the spacing, so an appropriate circuit design helped linearize the sensor.

 

[13]

 

 Prior
to designing an appropriate signal conditioning circuit, a Vector Network Analyzer
(Model 8753A, Hewlett-Packard, Houston, TX) was used to measure the capacitance
between the post and each of the four plates. The average capacitance of the sensor
when the post was not deflected was 4.9 pF, and the average capacitance of the
sensor when the post was in maximum deflection was 7.6 pF. 

The parallel plate arrangement of the triaxial sensor created a differential pair
transducer for each shear direction. A separate signal conditioning circuit was nec-
essary for each shear direction, so the parallel plate configuration for each direction
was placed in a separate bridge circuit. However, both shear signal conditioning
circuits were implemented on the same printed circuit board and the board was
enclosed in a solid plastic case for shielding purposes. Each parallel plate was connected
to an SubMiniature version A (SMA) connector on the base of the transducer. A voltage
regulator (78L06) and voltage converter (MAX660, Maxim Integrated Products, Inc.,
Sunnyvale, CA) were used in the circuit to provide the correct voltage to the op amps
and the potentiometers. A crystal oscillator (HSC-2E, Fox Electronics, Fort Myers, FL)
was used to provide a 1 MHz sine wave excitation signal. The high bridge power supply
frequency, provided by the 1 MHz crystal oscillator, was also used to reduce the sensor’s
capacitive reactance to reasonable levels, which increased the sensitivity of the system
to small deflections. When the post was deflected, the bridge was unbalanced and the
differential signal was amplified. The signal was then converted from an AC signal to a
DC signal and the signal was amplified again. 

In the circuit for the shear force system, as shown in Figure 35.3, the parallel
plates for each shear direction (C1, C2) made up two arms of the bridge and were
connected to the circuit via SMA connectors and coaxial cables. The bridge was
completed with two capacitors (C3 

 

=

 

 C4 

 

=

 

 7.5 pF). As the post was deflected, there
was a change in capacitance between the post and the parallel plates. This unbalanced
the bridge and altered the amplitude of the excitation wave. The parallel plate
arrangement of the transducer created a differential pair transducer for each shear
direction, which was beneficial because differential measurements improve the lin-
earity of a sensor by canceling out or removing even harmonics and doubling the
sensor’s sensitivity. After the bridge was unbalanced, the output was amplified (U1 

 

=

 

LT

 

®

 

1722) (Linear Technology Corporation, Milpitas, CA); R1 

 

=

 

 R2 

 

=

 

 10 k

 

Ω

 

, R3 

 

=

 

R4 

 

=

 

 100 k

 

Ω

 

; C5 

 

=

 

 C6 

 

=

 

 1.0 nF), filtered (C8 

 

=

 

 10 nF, R5 

 

=

 

 1.0 k

 

Ω

 

, fc 

 

=

 

 16 kHz),
and rectified (D1 

 

=

 

 Schottky common anode; C9 

 

=

 

 10 nF, R6 

 

=

 

 10 k

 

Ω

 

, fc 

 

=

 

 1.6 Hz).
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The signal passed through a final amplification stage before it was acquired (U2 

 

=

 

LT1722; R7 

 

=

 

 10 k

 

Ω

 

, R8 

 

=

 

 6.8 M

 

Ω

 

; R12 

 

=

 

 1 k, R9 

 

=

 

 R10 

 

=

 

 13 k

 

Ω

 

; C10 

 

=

 

 C11 

 

=

 

C13 

 

=

 

 C14 

 

=

 

 C15 

 

=

 

 1 nF). 
As shown in Figure 35.4, a separate signal conditioning circuit was designed

for the sensor’s vertical components. When the post was loaded vertically, the applied
vertical load was transferred directly to the load cell and the load cell’s internal
strain gauge was unbalanced. The differential signal was then amplified using two
amplification stages. The amplifier used in both gain stages was a single-supply
instrumentation amplifier (LT1167). 

 

FIGURE 35.3

 

Shear force signal conditioning circuit.

 

FIGURE 35.4

 

Vertical force signal conditioning circuit.
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35.2.3 S

 

ENSOR

 

 C

 

ALIBRATION

 

To perform a static calibration of the shear components, a piece of nylon line was
tied to the top of the central post and suspended over the top of a pulley, as shown
in Figure 35.5. The shear components were calibrated using a series of loads
ranging from 0 to 1400 g, applied in 100 g increments. To perform a static
calibration of the vertical components, the weights were applied directly to the
top of the post. The calibration was done using vertical loads of 11 N, 22 N, 33 N,
and 44 N. For both the shear and vertical static calibrations, the sensor was loaded
and unloaded incrementally with the applied loads and the corresponding voltage
output was measured for each load. The data were then used to generate a cali-
bration curve to characterize the sensitivity and linearity of the sensor. The hys-
teresis was also determined from the loading and unloading data, and the cross-talk
matrix was generated by monitoring the output in all three directions simulta-
neously (A–P shear, M–L shear, and vertical) during the loading and unloading
routines. The rise time and the natural frequency of the post were also determined
using a step impulse. The step impulse was applied by placing the post in maximum
deflection in each direction. The post was then released and allowed to return to
its original position. 

 

FIGURE 35.5

 

Shear force calibration technique.
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35.2.4 S

 

UBJECT

 

 T

 

ESTING

 

Subject testing was conducted to evaluate the response of the sensor to forces applied
by the plantar surface of the foot. The sensor was placed on the floor and a platform
(length: 2.4 m, width: 1.0 m, height: 17 cm) was built around the sensor to provide
a walkway surface that was level with the top of the sensor. Data from each of the
three channels of the triaxial sensor were collected at a sampling rate of 1000 Hz
using a LabView data acquisition program. One subject (age: 26, body weight: 66
kg, height: 1.68 m) was tested barefoot to evaluate the sensor’s performance. The
volunteer was a normal, healthy adult with no history of foot and ankle surgery or
pathology. Testing was completed when the subject made direct contact with the
triaxial plantar force sensor five times with each foot during heel strike. The subject
was instructed to walk at a comfortable pace, but unfortunately, due to the sensor’s
small surface area, targeting was not avoided. The sensor’s axis system followed the
lab’s axis system. Deflection of the central post in the direction of the walkway
occurred in the 

 

±

 

x

 

-direction, which corresponded to A–P shear and deflection of the
central post perpendicular to the direction walkway occurred in the 

 

±

 

y

 

-direction, which
corresponded to M–L shear. Lastly, deflection of the post vertically occurred in the –

 

z

 

-
direction. The forces in each direction were computed using the calibration data.

 

35.3 RESULTS

35.3.1 S

 

TATIC

 

 C

 

ALIBRATION

 

The sensor was calibrated in each direction and each plate was characterized individ-
ually to simulate forward and reverse shear forces in both the A–P and M–L directions.
The results of the calibration and sensor characterization are summarized in Table 35.2.
The calibration curve for plate three is shown in Figure 35.6. A linear regression for
each of the calibration plots was calculated to generate the calibration curves and
determine the sensor’s sensitivity. Because the shape and orientation of the plates with
respect to the post was the same for all four plates, it was not unexpected that the
performance (sensitivity) of each of the four plates during shear force calibration was
similar. Therefore, the linear regressions of the calibration curves were averaged to
generate a single shear force calibration curve with a mean sensitivity of 133 mV/N.
The post and load cell were also calibrated to generate a vertical calibration curve, as
shown in Figure 35.7. An average linear regression was calculated using the loading
and the unloading curves with a mean vertical sensitivity of 25 mV/N.

 

35.3.2 C

 

ROSS

 

-T

 

ALK

 

 S

 

ENSITIVITY

 

The cross-talk sensitivities were determined for both shear and normal loading. The
output was graphed for each of the unloaded (off-axis) channels and the slopes of
the regression lines were used to determine the cross-talk sensitivities. The average
sensitivity of the shear components of the sensor to off-axis shear loads was 2.8 mV/N.
The shear cross-talk due to the vertical loading was also minimal. The average
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sensitivity of the shear components of the sensor to vertical loads was 45 mV/N.
The vertical components did not experience any cross-talk during shear loading.

 

35.3.3 N

 

ONLINEARITY

 

The nonlinearity was described as the percentage of maximum deviation of the input
from a best-fit straight line with respect to the full-scale input (shear calibration:
1400 g; vertical calibration: 44 N). The overall (average) nonlinearity of the shear
components was 6.6 

 

±

 

 0.5%. The nonlinearity of the vertical components of the
sensor was 15%. 

 

TABLE 35.2
Triaxial Plantar Force Transducer: Calibration and Characterization 
Results

 

Shear Components Vertical Components

 

Force range 0–14 N 0–44 N
Sensitivity 133 mV/N 25 mV/N
Nonlinearity 6.6% 15%
Hysteresis 0.33% 2.5%
Cross-talk sensitivity (off-axis shear loads) 2.8 mV/N 0%
Cross-talk sensitivity (normal loads) 45 mV/N —
Response time 5 msec
Natural frequency Overdamped system

 

FIGURE 35.6

 

Shear force calibration curve.
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35.3.4 H

 

YSTERESIS

 

The hysteresis of the transducer was computed by calculating the maximum differ-
ence between the loading and unloading curves and then dividing the difference by
the full-scale output. The overall mean hysteresis of the shear components was 0.33%

 

±

 

 0.35% and the hysteresis of the sensor’s normal components was 2.5%. 

 

35.3.5 R

 

ISE

 

 T

 

IME

 

 

 

AND

 

 N

 

ATURAL

 

 F

 

REQUENCY

 

A step impulse was manually applied to the sensor to test the rise time and natural
frequency of the post. The rise time was described as the time in seconds for the
amplitude of the signal to rise from 10 to 90% of its final value. The rise time of
the sensor was 5 msec. After the application of the step impulse, the post returned
to its equilibrium position without overshoot, which demonstrated that the system
was overdamped.

35.4 SUBJECT TESTING RESULTS

35.4.1 PEAK SHEAR AND VERTICAL FORCES

A single triaxial plantar force sensor was used to collect preliminary triaxial plantar
force data from one subject during the initial contact phase of gait. Even though the
subject contacted the sensor during initial contact five times with each heel, due to
targeting and deviations in heel placement, only four of the ten trials with heel
contact produced a measurable signal in all three directions. The results from one
of the four successful trials are shown in Figure 35.8. Based on these four successful
trials, peak A–P, M–L, and vertical forces were calculated. The average peak forces
were 6.0 N ± 1.0 N in the A–P direction, 3.3 N ± 1.0 N in the M–L direction, and
33.5 N ± 2.4 N in the vertical direction. 

FIGURE 35.7 Vertical force calibration curve.
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35.4.2 INITIAL HEEL CONTACT DURATION

The initial contact durations were calculated for each trial and the results were extremely
variable. Contact time between the heel and the sensor during the initial contact phase
of gait ranged from 41 to 67 msec. For the four successful trials, the average contact
time between the heel and the sensor was 58 ± 12 msec. 

35.5 DISCUSSION

35.5.1 SENSOR CHARACTERISTICS

The novel triaxial plantar pressure sensor was calibrated and extensively character-
ized, as shown in Table 35.2, to understand the sensor’s performance characteristics
and to allow an evaluation of the data collected during subject testing. The measur-
able shear (0 to 14 N) range designed for this sensor was appropriate for the subject
evaluated in this study and it fell within the range of the measured shear forces at
the heel, 1.2 N[10] to 15 N,[9] as reported in the literature for previous in-shoe shear
sensors. Altering the post dimensions, materials, and the post/parallel plate spacing
would allow for a change in the full-scale shear force input. However, it may not
be necessary to increase the full-scale capabilities of this sensor. The previous shear
sensors were discrete in-shoe sensors, and these sensors may have measured artificial
shear forces as the shoe insole interacted with the foot and the shoe. The sensor
developed in this chapter was a surface mount sensor mounted on a stable surface.
The only forces acting on this sensor were the applied loads. 

The calibration data demonstrated that the triaxial plantar force transducer was
extremely sensitive (133 mV/N) in the shear direction, even though the capacitance
values were very small and the post experienced minimal deflection. The sensitivity was
predicted by the initial capacitance measurements. The difference between the initial
and maximum capacitance measurements was a large percentage of the initial measure-
ments, which indicated that the transducer was capable of detecting small changes.

FIGURE 35.8 Triaxial subject force data.

0 6 12 18 24 29 35

35
Subject tri-axial data: Trial one

Vertical

M-L A-P

30

25

20

15

Ap
pl

ie
d 

lo
ad

 (N
ew

to
n)

10

5

0
41 47
Percent response

53 59 65 71 76 82 88 94 100

3971_C035.fm  Page 595  Thursday, June 28, 2007  4:40 PM



596 Foot Ankle Motion Analysis

Therefore, this sensor was appropriate for measuring small shear forces, which was
beneficial considering shear forces were typically less than 20% of a human subject’s
total body weight. This sensor exhibited nearly linear behavior and it experienced
minimal cross-talk and hysteresis, as shown in Table 35.2. The major sources of non-
linearity with the shear components were due to the mechanisms of attachment between
the post and the load cell and the nonlinearity associated with capacitive sensing when
a distance change occurred between the capacitive plates. The source of nonlinearity
with the vertical components was also due to the fixation of the post within the sensor.
The post was designed to only be attached to the load cell for a pure transfer of the
vertical load through the post to the load cell. Although, in order to constrain the
deflection of the post, it passed through a snug hole in the central base and a percentage
of the vertical load was also transferred to the central base. The post–load cell combi-
nation will need improvement to increase the linearity of the vertical components. 

35.5.2 SUBJECT APPLICATION

The evaluation of a healthy, normal subject demonstrated that the triaxial plantar force
sensor could measure and withstand the shear and normal forces of repetitive gait.
The peak shear and normal forces at heel strike and their corresponding heel contact
intervals were calculated. The mean peak forces were 6.0 N ± 1.0 N in the A–P
direction, 3.3 N ± 1.0 N in the M–L direction, and 33.5 N ± 2.4 N in the vertical
direction. (Pressure can be calculated by dividing the measured force by the surface
area of the post.) Few authors have collected hindfoot pressures, and the shear and
vertical pressures reported by these authors varied greatly from study to study. In order
to compare the different hindfoot pressures and the data collected in this study, the
applied forces were calculated using the sensor’s surface area. With regards to shear
forces, Lebar et al.[10] used a discrete optoelectric insole sensor and reported a mean
peak value of 6.7 kPa (1.2 N) A–P shear at the posterior heel. Laing et al.[7] developed
a magnetoresistive insole sensor and reported mean pressures of 80 kPa (6.3 N) at the
medial heel and 120 kPa (9.4 N) at the lateral heel. Akhlaghi and Pepper[9] tested with
a biaxial insole shear sensor and reported peak pressure values of 150 kPa (15 N) in
the A–P direction and 60 kPa (6 N) in the M–L direction at the heel. Finally, Hosein
et al.[11]  used an insole magnetoresistive sensor at the heel and noted a peak shear
pressure of 48.5 kPa (9.7 N). The results of these studies indicated that applied shear
forces at the heel ranged from 1.2 N[10] to 15 N[9]. Additional studies have been
reviewed to examine vertical hindfoot pressures. Bryant et al.[14]  tested with an EMED-
SF-4 pressure mat and noted a peak vertical heel pressure of 350 kPa (8.75 N) and a
mean vertical heel pressure of 167 kPa (4.2 N). Kanatli et al.[15]  also tested with an
EMED-SF pressure mat and reported a peak vertical pressure value of 317 kPa (15.85
N) at the heel. The results of these studies indicated that applied peak vertical forces
at the heel ranged from 8.75 N[14] to 15.85 N[15]. The differences noted among these
studies may be attributed to the different sensors (sensor dimensions and sensing
technology), variations among subject populations, different test protocols, calibration
procedures, and other sensor characteristics. 

The shear force values measured using the triaxial plantar force sensor fell within
the range of values reported by other authors. Therefore, the results of this study
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demonstrate that the allowable maximum deflection of the post, which determined the
full-scale input, was sufficient for measuring shear plantar forces. Additionally, at
initial contact, the A–P shear was typically greater than the M–L shear and the results
collected with the triaxial plantar force sensor reflect this. The relative magnitudes of
the forces were also consistent with traditional findings. The average A–P force was
about 20% of the average vertical force and the average M–L force was about 10%
of the average vertical force. The vertical forces measured, using the triaxial plantar
force sensor, were significantly smaller than the values reported by the authors. Again
though, the relative magnitudes of the three forces were consistent with traditional
findings. When analyzing the shear and vertical forces, it was necessary to remember
that only one active sensor was utilized during subject testing. Also, the surface area
of the triaxial plantar force sensor was small and the subject employed minimal
targeting to ensure solid contact between the heel and a single post during the initial
contact phase of gait. This extra awareness to foot placement and adjustment of the
gait pattern may have impacted the force measurements. 

35.6 CONCLUSION

A unique sensor was successfully designed to simultaneously measure A–P and M–L
shear plantar forces and vertical plantar force in human subjects. Future projects
involve optimizing the post design, modifying the vertical sensing components, and
incorporating the individual triaxial plantar force sensor into an array containing
multiple sensors to measure plantar pressure. In order to successfully improve the
triaxial plantar force sensor and develop a matrix of triaxial force sensors, it is
necessary to implement a smaller vertical sensing component. The current commer-
cial load cell is too large to develop an appropriate array of sensors. These steps are
necessary for developing a functional matrix of triaxial force sensors. The data
collected with this sensor may greatly aid in the final development of a complete
kinetic foot model. Additionally, triaxial plantar force data from this transducer will
provide a greater understanding of foot function and foot kinetics, and they have
the potential to advance both clinical and research projects.

ACKNOWLEDGMENT

E.J. Miller wishes to acknowledge the support of the Orthopaedic and Rehabilitation
Engineering Center, OREC (Marquette University/Medical College of Wisconsin)
and the Biomedical Telemetry Laboratory (Marquette University) in the completion
of this project. 

REFERENCES

1. Abuzzahab, F.S., Harris, G.F., Kidder, S.M., Johnson, J.E., A kinetic biomechanical
model of the foot and ankle,  IEEE-EMBC and CMBEC Theme 5: Neuromuscular
Systems/Biomechanics, IEEE Press, 1995, 1271–1272.  

2. Koulaxouzidis, A.V., Homes, M.J., Roberts, C.V., Handerek, V.A., A shear and vertical
stress sensor for physiological measurements using Fibre Bragg Gratings, 22nd
Annual EMBS International Conference, Chicago, IL, 2000.

3971_C035.fm  Page 597  Thursday, June 28, 2007  4:40 PM



598 Foot Ankle Motion Analysis

3. Pollard, J.P., Le Quesne, L.P., Method of healing diabetic forefoot ulcers, BMJ, 286,
436–437, 1983.

4. Ctercteko, C.G., Dhanendran, M., Hutton, W.C., Le Quesne, L.P., Vertical forces
acting on the feet of diabetic patients with neuropathic ulceration, Br J Surg, 68,
608–614, 1981.

5. Tappin, J.W., Pollard, J., Beckett, E.A., Method of measuring ‘shearing’ forces on
the sole of the foot, Clin Phys Physiol Meas, 1, 1, 83–85, 1980.

6. Pollard, J.P., Le Quesne, L.P., Tappin, J.W., Forces under the foot, J Biomed Eng, 5,
37–40, 1983.

7. Laing, P., Deogan, H., Cogley, D., Crerand, S., Hammond, P., Klenerman, L., The
development of the low profile Liverpool shear transducer, Clin Phys Physiol Meas,
13, 2, 115–124, 1992.

8. Lord, M., Hosein, R., Williams, R.B., Method for in-shoe shear stress management,
J Biomed Eng, 14, 181–186, 1992.

9. Akhlaghi, F., Pepper, M.G., In-shoe biaxial shear force measurement: the Kent shear
system, Med Biol Eng Comput, 34, 315–317, 1996.

10. Lebar, A.M., Harris, G.F., Wertsch, J.J., Zhu, H., An optoelectric plantar “shear”
sensing transducer: design, validation, and preliminary subject tests, IEEE Trans
Rehabil Eng, 4, 4, 310–319, 1996.

11. Hosein, R., Lord, M., A study of in-shoe plantar shear in normals, Clin Biomech, 15,
46–53, 2000.

12. Davis, B.L., Perry, J.E., Neth, D.C., Waters, K.C., A device for simultaneous mea-
surement of pressure and shear force distribution on the plantar surface of the foot,
J Appl Biomech, 14, 93–104, 1998.

13. Baxter, L.K., Capacitive Sensors: Design and Applications. Piscataway, NJ: IEEE
Press 1997, 1, 57–59.

14. Bryant, A.R., Tinley, P., Singer, K.P., Normal values of plantar pressure measurements
determined using the EMED-SF system, J Am Podiatr Med Assoc, 90, 6, 295–299,
2000.

15. Kanatli, U., Yetkin, H., Simsek, A., Besli, K., Ozturk, A., The relationship of the heel
pad compressibility and plantar pressure distribution, Foot Ankle Int, 22, 8, 662–665,
2001.

3971_C035.fm  Page 598  Thursday, June 28, 2007  4:40 PM



 

599

 

36

 

Quasi-Stiffness of the 
Ankle during Able-Bodied 
Walking at Different 
Speeds: Implications
for Design of Prostheses

 

Andrew H. Hansen, Steven A. Gard, 
and Dudley S. Childress

 

CONTENTS

 

36.1 Introduction ................................................................................................599
36.2 Methodology ..............................................................................................600

36.2.1 Experimental Protocol..................................................................600
36.2.1.1 Data Processing............................................................601

36.3 Results ........................................................................................................602
36.4 Discussion ..................................................................................................609
36.5 Conclusions ................................................................................................611
Acknowledgments..................................................................................................611
References..............................................................................................................612

 

36.1 INTRODUCTION

 

Muscles within and surrounding the ankle–foot complex contain active and passive
elements that are important during walking. However, the net effect of these active
and passive muscular elements could create a system that can be mimicked by a
prosthesis using purely passive elastic elements under appropriate conditions. Davis
and DeLuca

 

(1)

 

 and Mesplay

 

(9)

 

 have examined the 

 

quasi

 

-

 

stiffness

 

 of the ankle during
walking by creating and analyzing ankle moment vs. ankle dorsiflexion curves. Davis
and DeLuca

 

(1)

 

 did not report on the effects of speed on 

 

quasi-stiffness

 

 properties and
Mesplay

 

(9)

 

 examined the effects of changing cadence on the ankle moment-angle
curve with one subject. The term 

 

quasi-stiffness

 

 used here, as suggested by Latash and
Zatsiorsky,

 

(8)

 

 refers to the slope of the ankle moment vs. ankle dorsiflexion curve and
is used because measurements are not performed at equilibrium and because the exact
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nature of the moments are not known. Palmer 

 

(10)

 

 studied sagittal plane ankle moment
vs. ankle dorsiflexion curves during various stages of the gait cycle and concluded
that an augmented system would be needed to replicate the behavior of the able-
bodied ankle at most walking speeds. The work described in this chapter aims at
examining the behavior of the able-bodied ankle joint during walking at various
speeds. Understanding the quasi-stiffness of the able-bodied ankle during walking
could help in the development of biomimetic ankle-foot prostheses, i.e., artificial
limbs that mimic the biological human ankle and foot complex. Knowledge of quasi-
stiffness behavior at different speeds could assist in creating prostheses that can
adapt as prosthesis users change their walking speed. 

The purpose of this study was to examine the ankle moment vs. ankle dorsiflexion
relationship for able-bodied persons walking over a range of speeds. We hypothesized
that quasi-stiffness properties would change with walking speed. This hypothesis was
based on our previous findings that the effective rocker shapes created by the ankle-
foot system from heel contact to opposite heel contact (OHC) did not change appre-
ciably with changes in speed.

 

(6)

 

 These effective rockers—the ankle–foot roll-over
shapes—did not change with speed although forces experienced by the ankle–foot
system clearly increase with walking speed. The combination of increased forces and
similar deflections (similar ankle flexion angles and ankle–foot roll-over shapes) sug-
gested a stiffening of the ankle as walking speed was increased.

 

36.2 METHODOLOGY

36.2.1 E

 

XPERIMENTAL

 

 P

 

ROTOCOL

 

Data were collected from gait analyses that were performed on 24 able-bodied
subjects (10 male, 14 female). Each of the subjects signed a consent form approved
by Northwestern University’s Institutional Review Board. The age, height, and weight
of each subject were recorded directly before or after the gait analysis sessions.
Subjects walked at either three (slow, normal, and fast) or five (very slow, slow, normal,
fast, and very fast) self-selected walking speeds ranging from 0.4 to 2.4 m/sec. All
subjects walked using soft-soled gym shoes. Markers were placed on the subjects
according to a modified Helen Hayes marker set 

 

(7)

 

. This marker set included the
following markers that were used in the analysis: ANKLE (lateral malleolus), TOE
(dorsum of foot, near the midline of the foot), HEEL (posterior to the calcaneus), and
KNEE (lateral femoral condyle). Data were acquired at the VA Chicago Motion
Analysis Research Laboratory, which has eight motion analysis cameras (Motion
Analysis Corporation, Santa Rosa, CA, U.S.) and six force platforms (Advanced
Mechanical Technology, Incorporated, Watertown, MA, U.S.). Trials were repeated at
a given walking speed until three “clean” force platform hits had been performed by
each foot. “Clean” force plate hits were ones in which only one foot contacted a force
platform, without stepping over the edges of the platform. Ankle dorsiflexion angles
were computed in the plane of progression by finding the angle between a line
connecting a heel and toe marker and a perpendicular line to the line through the ankle
and knee markers (Figure 36.1, left). The ankle moment for each sample was computed
assuming a static equilibrium in the plane of progression, i.e., it was found by multiplying
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the ground reaction force (GRF) by the perpendicular line connecting it and the ankle
marker (Figure 36.1, right). Ankle moments found using this approach were found to
have negligible differences when compared with ankle moments found using the inverse
dynamics approach.

 

(12)

 

 Ankle powers were estimated by multiplying the normalized
ankle moments by the angular velocities of the ankle joint. Ankle angular velocities
were found by numerical differentiation of the ankle angular position data. 

 

36.2.1.1 Data Processing

 

Walking speed for each trial was estimated by dividing the total displacement of the
sacral marker in the direction of forward progression during the trial (approximately
5 m) by the length of time taken for the sacral marker to move this distance. Ankle
moments from all subjects were first normalized by the mass of the subjects (in kg)
and then the moments and angles were sorted into five ranges of walking speeds:
0.4 to 0.8 m/sec, 0.8 to 1.2 m/sec, 1.2 to 1.6 m/sec, 1.6 to 2.0 m/sec, and 2.0 to 2.4
m/sec. A cubic spline interpolation was used to convert the moments and angles
from individual trials into equal length arrays (length equal to 101 samples). The
mean ankle moments and angles at each of the equal length arrays’ points in each
walking speed range were calculated. The standard deviations of ankle dorsiflexion
and ankle moment were also calculated and were represented at each point as lines
extending from the mean values. 

Ankle powers were treated in a similar fashion as ankle moment data. After each
trial was sorted into the appropriate speed range, the ankle power data were converted
into equal length arrays (using a cubic spline interpolation), and the means and
standard deviations at each normalized time sample were found.

 

FIGURE 36.1

 

(Left) Ankle dorsiflexion was measured in the sagittal plane as the angle
between a line connecting the heel and toe markers and a perpendicular to the line connecting
the ankle and knee markers. (Right) Ankle moments were found as the product of the GRF
and the perpendicular distance from the ankle to the GRF.

Knee

Heel
Ankle Toe

d

Ground
reaction

force (GRF)

θ

θ = Ankle dorsiflexion Ankle moment = GRF × d
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36.3 RESULTS

 

The mean age of the subjects was 27 yr (standard deviation of 5 yr), their mean
height was 172 cm (standard deviation of 10 cm), and their mean mass was 74 kg
(standard deviation of 18 kg). The numbers of trials sorted into each walking speed
range are shown in Table 36.1. The ankle moment vs. ankle dorsiflexion angle curves
are shown in Figure 36.2 for the five ranges of walking speed. Dots are shown on

 

TABLE 36.1
Number of Trials Included in the Calculation 
for Each Walking Speed Range

 

Walking Speed Range (m/sec) Number of Trials Included

 

a

 

0.4–0.8 61
0.8–1.2 244
1.2–1.6 337
1.6–2.0 341
2.0–2.4 103

 

a

 

Trials were pooled from 24 able-bodied participants.

 

FIGURE 36.2

 

Ankle moment vs. ankle dorsiflexion angle curves during stance phase for
various walking speed ranges: (a) 0.4 to 0.8 m/sec, (b) 0.8 to 1.2 m/sec, (c) 1.2 to 1.6 m/sec,
(d) 1.6 to 2.0 m/sec, and (e) 2.0 to 2.4 m/sec. Dark solid curves indicate the mean moments
and angles for all trials from the 24 subjects that were in the particular range of walking
speeds. Lighter lines appear at every 10% of the stance phase (with respect to time) and
indicate standard deviations of the moments and the angles. An asterisk is shown in each plot
to indicate the time of OHC. Arrows indicate the direction of the trace with time.
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FIGURE 36.2

 

(Continued).
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the curves at each 10% increment of time within the period of heel contact to toe-
off to help show the timing of these curves during stance. Asterisks are shown at
the time of OHC. Arrows are shown to indicate the direction of these curves during
loading and unloading. The moment vs. angle characteristics of the anatomical ankle
joint changes as walking speed is increased, supporting the hypothesis.

 

FIGURE 36.2

 

(Continued).
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For the fastest speed range, the second peak in the vertical GRF (VGRF) occurs
prior to the OHC, illustrating a short period of descending force just prior to the
complete unloading of the foot to the contralateral side (Figure 36.3). The timing
of the second peak of the VGRF was found to be at nearly the same point in time
as the time of OHC for the other four walking speed ranges. 

The mean loading and unloading portions of the ankle moment vs. ankle dorsi-
flexion angle curves (Figure 36.2) are plotted in separate graphs in Figure 36.4. The
loading and unloading curves in Figure 36.4 are shown without standard deviation
lines and are superimposed onto the same graph to facilitate comparison of the
curves at different speeds.

The ankle power curves for increasing walking speed are shown in Figure 36.5.
Large vertical lines in each of the graphs indicate the timing of OHC. Smaller lines
extending from each point of the curve indicate one standard deviation from the
mean ankle power at each point in time.

 

FIGURE 36.3

 

Closeup of the ankle moment vs. ankle dorsiflexion angle curve for the fastest
walking speed range (2.0 to 2.4 meters/second). The asterisk shows where OHC occurs and
an “X” has been added to show the time of the second peak of the VGRF. The ankle
plantarflexes only slightly before the second peak in VGRF. The main plantarflexion of the
ankle occurs after the second peak in VGRF and the OHC also occurs after this second peak.
The differences in timing of these events for the other speed ranges were much smaller than
the difference shown for this range of speeds.
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FIGURE 36.4

 

Loading (top) and unloading (bottom) curves of ankle moment vs. ankle
dorsiflexion angle for five walking speed ranges. Loading curves illustrate quasi-stiffness
behavior between the time of heel contact to OHC and unloading curves show quasi-stiffness
of the ankle between OHC and toe-off events. The quasi-stiffness of the ankle in loading
changes as speed is changed, becoming more nonlinear as persons walk faster. The unloading
curves have similar slopes but tend to shift toward plantarflexion, suggesting a change in the
ankle’s resting position, or zero torque position.
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FIGURE 36.5

 

Ankle power vs. fraction of stance time for various walking speed ranges: (a)
0.4 to 0.8 m/sec, (b) 0.8 to 1.2 m/sec, (c) 1.2 to 1.6 m/sec, (d) 1.6 to 2.0 m/sec, and (e) 2.0 to
2.4 m/sec. Dark solid curves indicate the mean ankle powers for all trials from the 24 subjects
that were in the particular range of walking speeds. Lighter lines appear at every hundredth of
the stance phase and indicate standard deviations of the ankle powers. A long dark vertical line
is drawn in each plot to indicate the mean time of OHC. The lighter vertical lines on each side
of the dark line indicate one standard deviation in each direction of the time of OHC. A circle
is drawn in each plot to indicate the mean ankle power at the time of OHC.
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FIGURE 36.5

 

(Continued).
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36.4 DISCUSSION

 

While the overall system appearance of the ankle in the sagittal plane may be approx-
imated using this methodology, it is important to remember that complex active and
passive components are involved inside the system to create the kinematics and kinetics
involved in the analysis. Also, the precise physical nature of the resistive torques
measured is disregarded in the analysis.

 

(8)

 

 However, for use in the field of prosthetics,
the information gathered about the overall system appearance may have value for use
in the design of simple and effective devices because the entire physiologic systems
are frequently being replaced in these cases. 

The ankle moment vs. dorsiflexion angle curves show clockwise hysteresis loops
for the two slowest walking speed ranges (0.4 to 1.2 m/sec). The area between the
loading and unloading phases of the curves appears to be reduced as the speed nears
the normal range (1.2 to 1.6 m/sec). At the normal range of speeds, the loading and
unloading curves are nearly the same. As the speed is increased above the normal
range of speeds (1.6 to 2.4 m/sec), the hysteresis loops start traversing a counter-
clockwise pattern. The direction of the hysteresis loops indicates whether net work
is lost in the cycle (clockwise) or whether net work is generated by the system
(counterclockwise). Therefore, the results indicate that at slow speeds, the ankle has
an overall system appearance that is passive. The passive system appearance continues
up to the typically normal range of walking speeds (1.2 to 1.6 m/sec). Above the
normal range of walking speeds, the ankle begins to have an active system appearance.
The curves at speeds in the 1.6 to 2.0 m/sec range are similar to the curves shown by
Mesplay

 

(9)

 

 and by Davis and DeLuca.

 

(1)

 

 The area within the hysteresis loops indicates

 

FIGURE 36.5
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the amount of net work that is lost or generated by the system. At slow speeds, energy
is lost, and as the speed is increased less energy is lost. Near the normal range of
speeds, almost no energy is lost. As the speed is increased above the normal range of
speeds, energy appears to be generated by the system and the amount generated seems
to increase with the speed. This finding is consistent with the work of Fujita et al. 

 

(3)

 

who also suggested a passive-to-active function of the ankle plantar flexors as walking
speed is increased. 

Because the biologic ankle plantarflexes prior to OHC when walking at very
high speeds (2.0 to 2.4 m/sec), the question arose as to whether or not this behavior
was the ankle “pushing” against the weight of the body at this speed or whether this
could possibly be attributed to effects of the GRF. For this reason, the timing of the
second peak of the GRF was found on all moment vs. angle curves shown in
Figure 36.3. All curves except for the fastest walking speed range showed second
peaks in the GRF that occurred at nearly the same time as the OHC event. Only in
the fastest speed range was there a large shift in these timings (this is why these
times are shown only for the fastest speed in Figure 36.3). As Figure 36.3 shows,
the second peak in the GRF happens near the time at which the ankle begins to
plantarflex. The ankle then plantarflexes up until and beyond the time of OHC. This
implies that the plantarflexion may come from the rapid reduction in the force that
is acting on the system. Regardless of the nature of the plantarflexion, this analysis
cannot determine where energy from the ankle goes (i.e., whether it is used to push
the body forward, help initiate swing of the leg, or do something else).

The moment vs. angle loading curves [as shown in Figure 36.4 (top)] show that
as the walking speed is increased, the ankle’s moment vs. angle relationship becomes
more and more nonlinear. It would probably be possible, however, to approximate
the loading moment vs. angle characteristics of the biologic ankle closely with a
passive mechanical device for speeds up to 1.2–1.6 m/s. The moment vs. angle
unloading curves [Figure 36.4 (bottom)] all seem to have a similar slope but appear
to be offset with respect to the dorsiflexion angle. There appears to be a shift of the
zero torque angle (i.e., the angle at which there is no torque). Mesplay 

 

(9)

 

 suggested
this explanation based on moment–angle curves of one subject walking at various
cadences. This shifting behavior is a characteristic that may be explained by
Feldman’s

 

(2)

 

 equilibrium point theory.

 

(9)

 

 This changing behavior during unloading
may be difficult to replicate in a prosthetic device without the use of active or
biarticular components.

Figure 36.5 shows the mean ankle power for the five different walking speed
ranges. At speeds less than 1.2 m/s the mean ankle power at OHC is negative,
indicating that the ankle is absorbing energy (i.e., is being “worked” on). As speeds
approach the normal range (1.2 to 1.6 m/sec), the power at the ankle at OHC is
nearly zero. At higher walking speeds (1.6 to 2.4 m/sec), the power at the ankle at
OHC becomes positive, indicating that the ankle is actively generating work. These
characteristics support the idea that the ankle has a passive system appearance at
slow walking speeds and an active appearance at high speeds. The characteristics
also suggest that persons may choose to walk at speeds that minimize the amount
of hysteresis in the moment–angle relationship, i.e., at the maximum speed that still
appears passive. 
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The total amount of work done on or by the ankle system over the walking cycle
can be found by examining either the area under the ankle power vs. time curve or
the area under the moment vs. angle curve. These two approaches, in theory, should
give identical results because:

(36.1)

where 

 

M

 

 is moment, 

 

θ

 

 is angle, 

 

t

 

 is time, and 

 

P

 

 is power. However, examining the
work using the moment vs. angle plots may be a superior method because a numerical
differentiation of the angle data is not needed.

 

(5)

 

Another approach for examination of the ankle-foot system in walking is the roll-
over shape.

 

(4)

 

 The ankle–foot roll-over shape is the effective rocker shape that the foot
and ankle combine to create during the period of heel contact to OHC and is found
by transforming the center of pressure of the GRF into a shank-based coordinate
system. The roll-over shapes of the able-bodied ankle–foot system do not appear to
change as drastically as ankle quasi-stiffness as walking speeds are increased.

 

(6)

 

 In
fact, the ankle quasi-stiffness may become more nonlinear as speeds increase to
maintain the same general roll-over shape of the combined foot-ankle system. With
increased speeds, the forces on the ankle increase. Without modifying the quasi-
stiffness, the displacement of the ankle would increase and produce changes in the
roll-over shape radius. In particular, the radius of the roll-over shape could be expected
to decrease with increased walking speed if changes were not made with regard to
quasi-stiffness. However, the radius stays relatively constant for most speeds and
actually increases somewhat as walking speed reaches the higher levels.

 

(6)

 

 This behav-
ior may serve to physically push the leg into swing near the end of stance phase, or
could be overcompensation of the system trying to obtain a target roll-over shape. 

Because of its more invariant nature, roll-over shape has been used as a constraint
in the design of a low-cost prosthetic ankle-foot mechanism.

 

(11)

 

 Designing new
prosthetic ankle–foot mechanisms based on able-bodied roll-over shape and quasi-
stiffness characteristics simultaneously may provide the most biomimetic function
for prosthesis users. 

 

36.5 CONCLUSIONS

 

The biologic ankle appears to change quasi-stiffness characteristics as walking speed
is increased, perhaps to keep a similar roll-over shape at all speeds. The ankle also
appears to have a passive system appearance at slow walking speeds and an active
system appearance at high walking speeds with a crossover near the normal walking
speed range (1.2 to 1.6 m/sec).

 

ACKNOWLEDGMENTS

 

The authors would like to acknowledge the use of the VA Chicago Motion Analysis
Research Laboratory of the Jesse Brown VA Medical Center, Lakeside CBOC,
Chicago, Illinois.

Md M
d
dt

dt Pdtθ θ= =∫∫ ∫

 

3971_C036.fm  Page 611  Thursday, June 28, 2007  4:49 PM



 

612

 

Foot Ankle Motion Analysis

 

The work described in the paper was supported by the Department of Veterans
Affairs, Rehabilitation Research and Development Service and is administered through
the Jesse Brown VA Medical Center, Lakeside CBOC, Chicago, Illinois.

This work was also funded by the National Institute on Disability and Rehabili-
tation Research (NIDRR) of the U.S. Department of Education under grant Nos.
H133E980023 and H133E030030. The opinions contained in this publication are those
of the grantee and do not necessarily reflect those of the Department of Education.

 

REFERENCES 

 

1. Davis R., DeLuca P., 1996. Gait characterization via dynamic joint stiffness. 

 

Gait
Posture,

 

 4(3), 224–231.
2. Feldman, A., 1986. Once more on the equilibrium-point hypothesis (lambda model)

for motor control. 

 

J Mot Behav,

 

 18(1), 17–54.
3. Fujita M., Matsusaka N., Norimatsu T., Suzuki R., 1983. The role of the ankle plantar

flexors in level walking. In: Winter, D. et al., eds. 

 

Biomechanics

 

 IX-A, 484–488.
4. Hansen A., 2002. Roll-Over Characteristics of Human Walking with Applications for

Artificial Limbs. PhD thesis, Northwestern University, Evanston.
5. Hansen, A., Childress, D., Miff, S., Gard, S., Mesplay, K., 2004A. The human ankle

during walking: implications for design of biomimetic ankle prostheses and orthoses.

 

J Biomech,

 

 37(10), 1467–1474.
6. Hansen, A., Childress, D., Knox, E., 2004B. Roll-over shapes of human locomotor

systems: effects of walking speed. 

 

Clin Biomech,

 

 19(4), 407–414.
7. Kadaba M., Ramakrishnan H., Wootten M., 1990. Measurement of lower extremity

kinematics during level walking. 

 

J Orthop Res,

 

 8, 383–392.
8. Latash M., Zatsiorsky V., 1993. Joint stiffness: myth or reality? 

 

Hum Mov Sci,

 

 12,
653–692.

9. Mesplay K., 1993. Mechanical Impedance of the Human Lower Limb During Walk-
ing. PhD thesis, Northwestern University, Evanston.

10. Palmer M., 2002. Sagittal Plane Characterization of Normal Human Ankle Function
Across a Range of Walking Gait Speeds. MS thesis, Massachusetts Institute of Technology,
Cambridge.

11. Sam, M., Childress, D., Hansen, A., Meier, M., Lambla, S., Grahn, E., Rolock, J.,
2004. The 

 

shape&roll

 

 prosthetic foot (Part I): design and development of appropriate
technology for low-income countries. 

 

Med Confl Surviv,

 

 20(4), 294–306.
12. Wells R., 1981. The projection of the ground reaction force as a predictor of internal

joint moments. 

 

Bull Prosthet Res,

 

 18(1), 15–19.

 

3971_C036.fm  Page 612  Thursday, June 28, 2007  4:49 PM



 

613

 

37

 

Development of an 
Advanced Biofidelic Lower 
Extremity Prosthesis*

 

Moreno White, Brian J. Hafner, 
and Walter J. Whatley

 

CONTENTS

 

37.1 Introduction ................................................................................................613
37.2 Establishing Design Parameters.................................................................615

37.2.1 Kinematic Analysis......................................................................616
37.2.2 Kinetic Analysis...........................................................................618
37.2.3 Analysis and Design of the ABLE Prosthetic Ankle..................621
37.2.4 Detailed Analysis and Design .....................................................624
37.2.5 E. Center Support Design............................................................624
37.2.6 Preclinical Trials ..........................................................................625

37.3 Tension Band Design .................................................................................627
37.3.1 Nonlinear Tension Band ..............................................................628
37.3.2 Tension Band Fabrication and Mechanical Validation Tests ......632
37.3.3 Preclinical Evaluation..................................................................632

37.4 Conclusion..................................................................................................636
Acknowledgments..................................................................................................637
References..............................................................................................................637

 

37.1 INTRODUCTION

 

Loss of a limb is a traumatic and life-altering event. For many amputees, recovery and
rehabilitation after limb loss include the use of a prosthetic limb to replace the lost
extremity. In the case of a lower-extremity amputation such as a transtibial, or below-
knee (BK) amputation, the prosthesis typically includes a socket, pylon, and prosthetic
foot. The design of the prosthetic foot is critical because it functionally replaces the
intact foot–ankle complex. This sophisticated collection of bones, tendons, ligaments,
and muscles supports the body’s weight, accommodates the ground surface, and
propels the body forward.

 

* This research is funded by a grant from the National Institute of Child Health and Human Development
(NICHHD), National Institutes of Health; Grant No. 5 R01 HD 038933–04.
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The objective of this research was to develop a lower-extremity prosthesis
capable of mimicking a natural, nonamputee gait. To meet this ambitious objective,
the researchers combined clinical data from both nonamputees and lower-extremity
amputees to develop gait and force data during ambulation. These data were used as
inputs to a three-dimensional (3D), dynamic, nonlinear finite element model (FEM)
of a transtibial prosthesis. The results of these analyses were used to design the
advanced biofidelic lower extremity (ABLE) prosthetic ankle. This device uses novel,
patented,

 

1

 

 advanced composite architecture tension bands, which provide the nonlinear,
unidirectional rotational or bending moments (sagittal and coronal) for the ankle.

This chapter gives an overview of ongoing research

 

2

 

 to develop and validate the
function of a flexible, multiaxial, lower-limb ABLE prosthetic ankle with dynamic
properties that allow the amputee to mimic a nonamputee gait. As outlined above, the
ABLE prosthesis concept utilizes functional gait analysis, including both amputee and
nonamputee clinical data to define inputs and boundary conditions for a dynamic finite
element analysis (FEA) of the ABLE prosthetic limb. Data from the analytical models
are used to develop a biofidelic prosthesis that will be clinically evaluated by amputees.
Functionally, the unique multiphase response of the ABLE elastic elements closely mimics
the function of the triceps surae and tibialis anterior muscles. This enhances mid-stance
stability while providing a natural dynamic response for all phases of gait (from heel
strike, to foot-flat, through mid-stance, to toe-off). The ABLE prosthesis design was
developed using nonlinear, unidirectional (tension-only) springs (tension bands) to control
the angular rotation of the prosthetic ankle during the gait cycle. The ability to partially
or totally decouple the anterior/posterior (A/P) and medial/lateral (M/L) response allows
the prosthetist to select a customized set of tension bands for specific amputees.

The intact foot–ankle complex provides a number of important functions
throughout gait, including positioning the foot, accommodating to the ground, con-
trolling the motion of the leg, and propelling the leg forward. When the heel of the
foot first contacts the ground in the walking gait, the ankle functions to position the
foot to accept weight and serve as a pivot point throughout stance. The pretibial
muscles eccentrically contract to provide controlled plantarflexion of the foot down
to the ground in order to provide a solid and stable base of support for the stance
limb. This controlled plantarflexion also serves to promote knee flexion and the
forward rotation of the tibia. This important mechanism, often referred to as “heel
rocker,” converts some downward momentum into useful forward momentum.

 

3

 

 Cur-
rent prosthetic foot designs are limited in their ability to replicate this function in
the ambulatory amputee. Single-axis prosthetic feet rapidly plantarflex after initial
contact, but do not promote motion of the tibia over the stance foot. Conversely,
rigid-ankle feet pivot on the heel and advance the tibia quickly, often pitching the
amputee forward and requiring excessive action of the knee muscles. This demand
on the knee is even more apparent when descending an incline. Although not ideal,
the cushioned heel of the foot can absorb shock and simulate the plantarflexion
motion, but it still requires excessive muscular effort from the amputee.

Once the foot is flat on the ground, the contralateral, or opposing limb, lifts off
the ground. The ankle then dorsiflexes throughout stance phase as the body passes
over the limb. During this time, the foot must be stable and provide a smooth “roll-
over” motion of the tibia. While many prosthetic feet have a suitable rollover
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behavior on level ground, most do not accommodate well to uneven terrain. In this
situation, the foot must invert or evert and sometimes rotate in the transverse plane
to achieve a stable position. Clinical feedback from patients and prosthetists suggests
that lower-limb prostheses function could be greatly improved if the prosthetic foot
and ankle were better able to accommodate to the individual and to the various
terrains that a patient encounters on a daily basis. Some prosthetic feet available to
patients today offer a small degree of customization, such as the selection of com-
pression “bumpers” that are inserted in the foot to control plantar and dorsiflexion.
These designs do not, however, allow for customization of the M/L or rotational com-
ponents of the foot.

The ABLE prosthesis is an advanced design that can provide greater customi-
zation, improved accommodation, and a more natural motion than current prosthetic
designs. Such a design requires nonlinear rotational stiffness at the ankle; a decou-
pling of rotations in the three planes of motion; and the use of novel advanced composite
materials to provide controlled plantarflexion in early stance, multidimensional sta-
bility in mid-stance, and energy response to promote swing phase in late stance.
Figure 37.1 shows an assembled and exploded view of the initial ABLE prosthetic
ankle baseline design concept. In the initial design, the center “hourglass” component
(so named due to its shape) would carry the axial load while allowing relatively free
rotation in both the sagittal and lateral planes. The tension bands provide the non-
linear bending load resistance, and the tension band support allows angular adjust-
ment of each tension band. The tension bands incorporate SPARTA’s 

 

In situ

 

 Dynamic
Engineered Compliance (IDEC) technology to achieve the nonlinear response
needed to mimic nonamputee gait.

 

37.2 ESTABLISHING DESIGN PARAMETERS

 

The preliminary design requirements for the ABLE prosthesis were derived from
the clinical trials of able-bodied subjects and unilateral, transtibial amputees conducted
by the Prosthetics Research Study (PRS, Seattle, WA). Although kinetic (force) and
kinematic (motion) data for able-bodied subjects and transtibial amputees have been

 

FIGURE 37.1

 

Assembled and exploded views of the baseline ABLE prosthesis.
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reported in literature,

 

4–9

 

 variations in study design, anatomical modeling, and capture
methods limit the usefulness of these data for establishing the rigid design require-
ments of the ABLE prosthesis.

Because the goal of the ABLE project is to replicate the motion of the able-
bodied ankle joint in a prosthetic ankle, the clinical trial was designed first to assess
the kinematics of able-bodied gait, and then to assess the gait of transtibial amputee
subjects. Twenty-four able-bodied subjects (11 males and 13 females with a mean
age of 35 yr) were first recruited to establish a baseline for walking function. All
subjects were required to be physically healthy and possess no abnormal gait devi-
ations. Kinematic analysis of the foot and ankle was performed (see ‘‘Kinematic
Analysis” section below) to assess able-bodied function of the ankle joint.

Ten unilateral, transtibial amputees (six males and four females with a mean
age of 51 yr) were recruited from the local-area amputee population to assess kinetics
and kinematics of amputee gait (see section ‘‘Kinetic Analysis” and ‘‘Kinematic
Analysis” section below). Inclusion criteria required subjects to be Medicare Func-
tional Classification Level (MFCL) 3 (i.e., community ambulators), physically
healthy, and at least 3 yr postamputation. Subjects were excluded if they exhibited
gross ambulatory problems or residual limb problems, such as sores, or if they
experienced significant pain while walking. Experimental procedures for both able-
bodied and amputee subjects were approved by the University of Washington’s
Human Subject Division, and informed consent was obtained from all subjects.

 

37.2.1 K

 

INEMATIC

 

 A

 

NALYSIS

 

Three-dimensional kinematic data of both able-bodied and amputee subjects were
collected using a two-camera motion analysis system and Spica DMAS 5.0 motion
capture software (Spica Technology, Kihei, HI). Reflective markers were placed on
the toe, heel, ankle, knee, hip, mid-leg, and mid-thigh to define foot, leg, and thigh
segments of a kinematic model (Figure 37.2).

 

FIGURE 37.2

 

Kinematic markers placed on the (A) able-bodied and (B) transtibial amputee
subjects.
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Kinematic (able-bodied and amputee subjects) and kinetic (amputee subjects only)
data were collected during level-ground walking at self-selected walking velocities
(SSWV), level-ground walking at slow-walking velocity (80

 

%

 

 of SSWV), level-
ground walking at fast-walking velocity (130

 

%

 

 of SSWV), incline (10

 

°

 

) walking at
SSWV, and decline (10

 

°

 

) walking at SSWV. These data represent the predominant
activities that a K3-level amputee would experience during daily use of a prosthesis.

All subjects were tested walking indoors on a carpeted floor or plywood ramps
without the use of shoes. Amputee subjects were fitted with a specialized Dynamic
Prosthesis designed by PRS (Figure 37.3).

 

FIGURE 37.2

 

(Continued).

 

FIGURE 37.3

 

PRS dynamic prosthesis prototype.
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The stiffness of the Dynamic Prosthesis ankle is controlled by the selection of
four compression bumpers located anterior, posterior, medial, and lateral to a universal
joint hinge. Subjects were allowed to walk, as desired, in the laboratory while bumpers
of varying stiffness were interchanged in the test prosthesis. Each subject was allowed
to select the bumpers he or she found most comfortable during normal gait. These
selected bumpers were then used in the initial clinical study for the ABLE ankle.

 

37.2.2 K

 

INETIC

 

 A

 

NALYSIS

 

Preliminary kinetic analysis of the amputee subjects was acquired using a novel pylon-
mounted force transducer. The prosthesis force transducer (PFT) was developed at
PRS for the remote monitoring of forces and moments imposed at the socket–pylon
interface. The system includes a customized six-degree-of-freedom load cell, power
supply, 12-bit digital signal processing board, and RS232 wireless data transmission
system (Figure 37.4).

Unlike traditional force platforms, which are typically mounted in the floor of
a gait laboratory, the PFT is contained within the prosthesis. This allows the research
team to collect kinetic data over multiple steps in sequence or along a nonlevel
surface, such as stairs or ramps, where placement of a force platform would be
difficult, if not impossible.

 

FIGURE 37.4

 

PRS PFT system.
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Marker coordinates were sampled at 120 Hz and exported to tab-delimited ASCII
files. A minimum of five samples per walking speed and incline were collected for
each amputee subject. The exported kinematic data were digitally filtered with a
fourth-order Butterworth low-pass filter and fit with a B-Spline using custom-written
MatLab (MathWorks, Natick, MA) software. The splined data were evaluated at 200
data points between initial contact and terminal stance, as defined by the motion of
the heel marker. The 3D marker coordinates were used to define the kinematic model
and determine the position of the foot and leg segments in the coronal and sagittal
planes with respect to the ground plane. The relative positions of the model segments
were then used to assess ankle flexion and angular velocity during stance, and
reported as a function of mean stance time. The leg (or shank) angle, with respect
to the ground and the foot segment, was reported in both the sagittal and coronal
planes. Additionally, temporal data such as the mean stance time and time to foot-
flat were obtained from the kinematic records. Each trial as well as each individual-
and population-specific minimum, maximum, and mean data were presented in graph-
ical and tabular formats for both the able-bodied and amputee populations.
Figure 37.5 illustrates an example of the angular motion and forward velocity derived
from the PRS video image laboratory. These data were used to develop the inputs
and boundary conditions of the 3D FEM.

The axial force, M/L force, A/P force, and moments about all three axes were
collected at 100 Hz using a customized LabVIEW (National Instruments, Austin, TX)
interface. The data were collected in binary format and exported for postprocessing
with the kinematic data. The kinetic data were similarly filtered, splined, and sampled
at 200 data points over the stance period, as defined by the vertical force channel.
Axial force, M/L force, A/P force, axial torque, and A/P and M/L bending data were
obtained in this manner. The coronal and sagittal ankle moments were calculated from

 

FIGURE 37.5

 

Video image of camera 1 motion tracing with sample output curve of shank-
foot angle and angular velocity as a function of gait.
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a combined analysis of the kinetic and kinematic data using MatLab software, as
shown in Figure 37.5.

The

 

 

 

results of this clinical trial served as the preliminary design parameters for
the ABLE prosthesis. Approximately 1800 data files from the PRS clinical results
were normalized to percent of gait. To bound the design space, shown in Table 37.1,
the minimum, maximum, and average parameters were calculated throughout the
gait cycle, as shown in Figure 37.6.

Results from the able-bodied gait trails were used to determine the motion of the
foot and shank with respect to ground. Specifically noted were the time from heel
strike to foot-flat, the time from foot-flat to heel rise, the time from heel rise to toe-
off, and the angular velocity of the shank throughout stance. Minimum, maximum,
and mean values of these parameters were calculated, recorded, and normalized to the
mean stance phase period. These data were used to determine the able-bodied baseline
linear and angular motion. Figure 37.6 shows an example of the data for the A/P
response. In this example, foot-flat occurs at approximately 18

 

%

 

 of the stance phase
period (

 

∼

 

0.08 sec).

 

TABLE 37.1
Basic Data Set from Initial Clinical Trials

 

Force/Moment Data

 

Force (lb) Axial A/P M/L
Moment (lb) Torsion A/P M/L

 

Angular Data

Component Plane Value

 

Foot Sagittal Minimum 
Lateral Maximum

Average

Shank Frontal Minimum 
Maximum
Average

Ankle Anterior/posterior Minimum 
Maximum
Average

Ankle Medial/lateral Minimum 
Maximum
Average

Ankle Angular velocity Minimum 
Maximum
Average

Shank Angular velocity Minimum 
Maximum
Average
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Using kinetic and kinematic data collected on amputee subjects in the clinical
trial, kinetic and kinematic baseline data for amputee subjects were also developed,
and ankle loads during gait were determined using the Dynamic Prosthesis. Load
data were used as a guide to develop the initial response of the IDEC tension bands.
Baseline ABLE prosthetic kinematic design goals from the PRS clinical data are
shown in Table 37.2.

 

37.2.3 A

 

NALYSIS

 

 

 

AND

 

 D

 

ESIGN

 

 

 

OF

 

 

 

THE

 

 ABLE P

 

ROSTHETIC

 

 A

 

NKLE

 

The primary load-bearing members of the ABLE prosthetic ankle design (Figure 37.1)
are the hourglass center compression member and tension bands. Ideally, the hourglass
is designed to take all the axial compression loads, while allowing free rotation of the
ankle in both the sagittal and coronal planes. The tension bands (unidirectional, tension-
only springs) provide most of the ABLE ankle assembly’s resistance to bending,
planterflexion/dorsiflection, and inversion/eversion.

The analysis and design effort focused on developing a full 3D, nonlinear ABLE
prosthesis ankle FEM to investigate system-level, macroresponse of a BK ABLE

 

FIGURE 37.6

 

Example of gait data used to develop the ABLE tension band design.

 

TABLE 37.2
Baseline Kinematic Design Goals

 

Time (sec) to 

Foot-Flat Heel-Off Toe-Off

 

Average 0.08 0.49 0.79
Maximum 0.12 0.60 0.91
Minimum 0.04 0.37 0.66

Time is from heel strike to gait position

40

20

0

0 0.2 0.4
Percent of gait

0.6 0.8 1 −0.2

Fo
ot

 an
gl

e w
rt

 g
ro

un
d 

(d
eg

)

−20

−40

−60

−80

−100

Maximum
Average
Minimum

 

3971_C037.fm  Page 621  Monday, July 16, 2007  6:31 PM



 

622

 

Foot Ankle Motion Analysis

 

prosthesis. The FEM included a pylon, Seattle Carbon Lightfoot (Seattle Systems,
Poulsbo, WA) prosthetic foot, and the dynamic ABLE prosthesis ankle model. The
FEM foot included polymer “flesh” on the bottom of the foot to account for the
compliance of the foot cosmesis and the composite keel structure in the foot. This
model was used to define the tension band and hourglass load-deflection and strength
requirements that would mimic the able-bodied gait data (load time histories and
ankle rotational dynamics) obtained from PRS.

The figures of merit* for the results are matching the able-bodied gait time history
for (1) time from heel strike to foot-flat, (2) time from foot-flat to heel-off, and (3)
time from heel-off to toe-off. The primary loading, shown in Figure 37.7, was the
nominal time-history of the “tibial” axial load measured on amputees, and tibial
rotation measured on able-bodied subjects. A sophisticated, detailed, 3D, dynamic
nonlinear FEA

 

12

 

 was used to determine the properties of the tension bands and center
support needed to enable the amputee to have a gait pattern consistent with that of

 

FIGURE 37.7

 

ABLE FEA baseline input loads and boundary conditions.

 

* Figure of merit is the measure of specific parameters that govern overall performance or design goals.
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able-bodied subjects. Once the nominal gait parameters were achieved, additional
tension bands were developed to bracket, softer and stiffer, the nominal design. This
allowed the clinician to closely match individual preferences during the clinical trials.

In the FEM analyses, the weight of the patient was approximated by a sagittally
unrestrained inertial mass located on the proximal pylon. The pylon also had a defined
angular velocity corresponding to the nominal able-bodied ambulatory speed.
Figure 37.7 illustrates the FEM input loads and angular forcing function. The anal-
ysis commenced just prior to heel strike and ended at toe-off. The ambulatory 3D,
dynamic, nonlinear finite element ABLE model was developed, as shown in
Figure 37.8, and included the tension band response; foot, keel, and flesh geometries;
and directional mechanical properties of each specific material. The model consisted
of a composite pylon; proximal and distal composite tension band attachment sup-
ports; four unidirectional tension bands; and a 27-cm Seattle Carbon Lightfoot
prosthetic foot with the “flesh” polymer and composite keel. The prosthetic foot was
rigidly attached to the distal tension band support. The FEA was performed with the
foot externally rotated 7

 

°

 

 with respect to the direction of travel, shown in Figure 37.9.

 

FIGURE 37.8

 

ABLE prosthesis finite element model.

 

FIGURE 37.9

 

Coordinate map for the ABLE prosthesis analysis.
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To provide realistic results with the clinical tests, the ABLE ankle assembly had
to fit within the cosmesis of a 27-cm Seattle Carbon Lightfoot. This required the
outside diameter of the ABLE ankle to be less than or equal to 1.75 

 

×

 

 2.50 in., which
limited the tension bands’ resisting moment arm to approximately 0.75 in. As a
result, the tension bands had to carry high loads, in some cases up to 1000 lb, while
allowing less than 0.10 in. of deflection. The 27-cm Lightfoot was selected by PRS
as representative of most patients who would be involved in the clinical trials.

 

37.2.4 D

 

ETAILED

 

 A

 

NALYSIS

 

 

 

AND

 

 D

 

ESIGN

 

The primary load-bearing members of the ABLE assembly are the center support,
also referred to as the “hourglass” due to its shape, and tension bands. The center
support was designed to take all the axial compression loading while allowing free
rotation of the ankle. The tension bands provide almost all rotational loading resis-
tance and all the customizable bending properties of the ABLE assembly. They are
the primary tools used to “tune” the deformation vs. load-bending curve to provide
the correct rotational/bending dynamics of the ABLE ankle.

 

37.2.5 E. C

 

ENTER

 

 S

 

UPPORT

 

 D

 

ESIGN

 

The hourglass center compression member must react the high compressive loads
with little or no axial deflection and have minimal resistance to A/P and M/L bending
forces. Polyurethane hourglasses were fabricated using durometers ranging from 35
to 85D shore hardness to give low bending resistance. This did achieve low bending
resistance; however, it did not provide sufficient resistance to axial compression.
The ABLE prosthetic analysis showed that a small axial deflection in the hourglass
could release the tension in the bands, which would lead to a significant degradation
of the ankle’s stability. To strengthen the hourglass axial stiffness, a flat lands (coils)
spring was incorporated. The lands were touching when the spring was not loaded
(Figure 37.10), satisfying the requirement for a stiff compressive center support (the
spring cannot deform axially under a compressive load). However, the spring could
accommodate bending by pivoting about the inside lands while having the outside
lands open up to allow the required ankle rotations with minimal resistance. Each

 

FIGURE 37.10

 

Solid model of the center support “hourglass” design.
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center support hourglass also contained threaded brass inserts that fit inside the coil
spring, comolded into the proximal and distal ends of the hourglass and spring. The
brass inserts provide the attachments to the prosthetic pylon via a pyramid adapter
and the prosthetic foot via M10 bolts. Various durometer center support hourglass
polymers were tested in compression and flexion to obtain macroproperties to use
in the analysis, as shown in the test setup in Figure 37.11. Mechanical test loads
were taken from the clinical test data, shown in Figure 37.7. The tests were performed
on SPARTA’s MTS (MTS Systems Corporation, Eden Prairie, MN) static and fatigue
testing machine. The tests were performed in “displacement control mode” at 0.10
in/min. Loading was from 0 to 

 

∼

 

50 lb in flexion and 0 to 200 lb in axial compression.
Hourglasses of the same durometer polymer had very similar load-deflection char-
acteristics and no failures were observed.

 

37.2.6 P

 

RECLINICAL

 

 T

 

RIALS

 

Preclinical tests were performed by PRS personnel to evaluate the safety and stability
of the ABLE construct prior to clinical tests with amputees. This prescreening was
accomplished by attaching the ABLE ankle to customized ski boots as shown in
Figure 37.12. The boots were designed as a way for an able-bodied individual to

 

FIGURE 37.11

 

Hourglass mechanical test setups.

 

FIGURE 37.12

 

Preclinical tests using ski boots to simulate prosthetic function.
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test the basic function, feel, and safety of a prosthetic foot. PRS researchers have
used these boots to assess a number of prosthetic feet (single-axis composite heel
[SACH], single-axis, and energy-storing). Initial evaluations of the ABLE P1
prototype in the walking boots revealed a significant torsional instability in the
hourglass. This overloaded the tension bands and caused catastrophic failure of
the center support and bands (Figure 37.13a and b). The flat-coiled springs had
high compressive strength and stiffness but minimal torsional or lateral rigidity.
The low torsional stiffness of the polymer-flat spring center support leads to
excessive rotation of the tibia with respect to the foot during ambulation. This was
clearly visible as the tibia was rotated while the prosthetic foot was planted on
the floor. In the center support failure mode analysis and evaluation (FMAE), the
deformation of the flat lands coil springs was apparent through the hourglass resin.
Although it is difficult to be definitive, the most likely failure scenario was that
the rotational instability of the hourglass center support induced an overextension
and out-of-plane loading of the tension bands, leading to failures in both the
hourglass and tension bands (Figure 37.13b).

To address this failure mode, the center support of the ABLE construct was
redesigned using a steel “U-joint” design shown in Figure 37.14. The steel U-joint,
while considerably heavier than the reinforced polymer hourglass design, provided

 

(a)

(b)

 

FIGURE 37.13

 

(a) Hourglass had insufficient torsional rigidity. (b) Ankle instability due to
excess torsional and lateral deformation in the co-molded flat land spring.

Permanent deformation 
of hourglass shape 

Permanent deformation 
of steel spring 

Inner core deformation

Threaded insert
Extruded from resin

 

3971_C037.fm  Page 626  Monday, July 16, 2007  6:31 PM



 

Development of an Advanced Biofidelic Lower Extremity Prosthesis

 

627

 

the axial, lateral, and torsional stiffness and strength required to react to the large
and complex loads experienced by the ankle during ambulation. The U-joint also
provided negligible bending resistance. Axial rotation was restrained by mechanical
locks as also shown in Figure 37.14. The facets on the proximal and distal caps
provide the ability to attach the four tension bands at 0-, 

 

±

 

60-, and 

 

±

 

120-degree
positions around the ABLE ankle. Ski boot tests of the U-joint center support showed
no failures while allowing bend freedom in the ankle.

 

37.3 TENSION BAND DESIGN

 

As noted above, the tension bands are used to define the A/P and M/L bending
characteristics/response of the ankle. The tension bands are essentially uncoupled,
nonlinear, unidirectional springs. Uncoupled, unidirectional tension bands allow the
prosthetist to control the ankle sagittal and coronal bending response on the basis
of patient-specific attributes such as weight, activity level, terrain, etc. Initial analyses
used linear load-deformation tension bands. However, as shown in Figure 37.15,
linear tension bands could not meet the correct load deflection criteria necessary for
“normal” gait.

To achieve the dynamics of the ABLE assembly and provide adequate stability,
the tension bands must exhibit relatively little resistance upon initial loading, but
increase exponentially as foot–tibia rotation increases. Stability can be maintained
throughout gait because there is always at least one band in tension that opposes the

 

FIGURE 37.14

 

Revised ABLE center support U-joint.

Anti-rotation slot
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direction of motion. As noted above, the geometry limitations imposed by cosmetic
concerns require that the maximum ankle diameter be very small. Therefore, the
required instantaneous “spring constant” of the bands can be quite large. The A/P
bands need to react to a moment induced by a load generated over 5 to 6 in. with a
moment arm of about 0.5 to 1.0 in. In other words, the load on the bands could be up
to 10

 

×

 

 to 15

 

×

 

 of the actual force on the foot. The maximum tension band deflection
was calculated to be approximately 0.10 in. due to the very short moment arm allowed
by the Seattle Lightfoot ankle geometry.

 

37.3.1 N

 

ONLINEAR

 

 T

 

ENSION

 

 B

 

AND

 

The results also showed that a linear tension band could not meet the desired nonam-
putee gait parameters, and developing a nonlinear stiffness tension band became a
major focus in the research program. This development effort relied heavily on
SPARTA’s IDEC technology.

 

1

 

 IDEC allows the designer to engineer nonlinear com-
pliance over a broad range by controlling the micromechanics and local 

 

in situ 

 

geom-
etry of the load-bearing fiber component. IDEC technology can also produce a specific
nonlinear response while keeping the constituent fiber or matrix below their elastic
limits, thus extending the fatigue endurance of an IDEC component such as the ABLE
ankle. Several fiber architectures for the new IDEC tension bands were evaluated using
FEA models (Figure 37.16). Each of the fiber bundle architectures provides different
specific load-deflection characteristics. Stiffer fibers required more “waviness” in the
bundle geometry to generate similar nonlinear responses than less stiff fiber bundles.
The tension band analyses incorporated various fiber architectures, fiber tow sizes,
fiber types, and matrix polymers. The fiber tow bundles were modeled as discrete
beams. However, because of the unique fiber volume architecture of the tension bands,
a separate 3D FEM, shown as a “fiber tow bundle” cross section in Figure 37.17, was
required to predict the discrete tow bundle mechanical properties for a variety of fiber
types and polymers matrixes. The FEA fiber tow model was validated by comparing

 

FIGURE 37.15

 

Comparison of analysis to clinical results using linear tension bands.
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the analysis load-deformation results of a specific tow bundle incorporated in a tension
band to empirical load-deformation test data of a tension band fabricated with the
same fiber, matrix, and architecture as the analytical model (see the 60

 

%

 

 fiber volume
fraction plot in Figure 37.17). The tow bundle data were input into the ABLE tension
band FEA shown in Figure 37.18.

Figure 37.18 shows a double-wave tension band model depicted at zero load
and at the maximum deflection of 0.10 in. (0.925 of the design load). Figure 37.18
also shows movement of the fiber and the mechanical response of the tension band
transitions from a polymer-dominated to a fiber-dominated response. The FEA
results in Figure 37.19 show that high strains can occur at the interface between the
reinforcing fibers and the matrix. These results suggested that a high-strength carbon
fiber was required to take the load, and that a very low-stiffness polymer was needed
to allow the fibers to align to the load path after a moderate axial deformation.

 

FIGURE 37.16

 

Quarter symmetry FEA models of IDEC tension band baseline architectures.

 

FIGURE 37.17

 

Analytical model of the 

 

in situ 

 

fiber tow and validation of the analytical
predictions with test data.
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This, however, resulted in a high polymer tensile strain in the area where one fiber
bundle was pulling away from the adjacent, mirror image fiber bundle. A high strain-
to-failure (

 

∼

 

400

 

%

 

) polyurethane resin and high-modulus carbon fiber reinforcement
generate an exponential load-deflection curve close to the required baseline load-
deflection response. There was almost five orders of magnitude difference between
the fiber and matrix modulus. The double-wave design provided both nonlinear

 

FIGURE 37.18

 

IDEC 

 

in situ 

 

geometry of the baseline able tension bands from the unloaded
state to near maximum load.

FIGURE 37.19 FEA principal strain contours in a typical tension band model under moderate
to high loading.
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results and the required strength and stiffness at a deflection of 0.10 in. However, the
high-stiffness carbon fiber required a significant high-amplitude waviness in the tow
bundle to achieve an initial low-stiffness response in the tension band. When the
baseline tow bundle data were input into the ABLE tension band FEA, as anticipated,
there was a high but manageable tensile strain where the fiber bundles that are close
together pull away from the centerline, shown in Figure 37.19. There was also a very
local, moderate-to-high tensile strain at the spool/fiber tangent area. While the polymer
could theoretically absorb this strain, microscopic flaws such as an entrapped air bubble
or unconsolidated fiber could significantly increase the apparent strain the polymer
senses, thereby causing failure.

The tension band FEA closely predicted the load-deflection response obtained
in the mechanical tests, as presented in Figure 37.20. Analytical results, in the figure,
are the “tuned” curves and these data show a close correlation between the predicted
and actual test data, validating the analytical approach and the FEM.

The full ABLE analysis was performed parametrically using the DYNA 3D FEA
hydrocode* to determine the timing from heel strike to foot-flat, mid-stance, and
heel-off to toe-off for a variety of nonlinear spring load/deflection curves.
Figure 37.21 shows selected frames from a full 3D ambulatory (walking) FEA. The
output from the ambulatory model provided the nonlinear tension band parameters
required to simulate the baseline able-bodied gait.

The baseline tension band, shown in Figure 37.18, used a carbon fiber tow bundle
and a low durometer polymer (see the material property data in Figure 37.18). The
band design incorporated a metal “spool” insert to address end-effects issues of tow-
bundle spreading during fabrication, fibers shearing through the polymer matrix
under load, and providing a uniform loading of the in situ fiber bundle tows. Carbon

FIGURE 37.20 Mechanical tests verify the nonlinear FEA analysis.

* Hydrocodes are specialized finite element codes that can solve problems involving large deformations,
as well as highly nonlinear materials and loading conditions.
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fiber was selected for the tow bundle because of its high strength and stiffness. The
double-wave geometry was selected because it provided the large deformations
needed for the ABLE assembly while not overstraining the high-stiffness carbon
fiber bundle. As shown in Figure 37.18, the fibers are initially aligned off-axis with
respect to the load direction. As the load increases, the fibers begin to straighten
out, taking more of the load and providing more resistance to the applied load.

Specific band performance parameters were determined by running the FEA model
through the gait cycle from heel strike to toe-off. Using these data to bound the band
load/deflection characteristics, over 150 tension bands were fabricated and character-
ized through mechanical testing. This large number of bands provided the clinician a
wide variety of bands to select for each patient. Each band was mechanically tested
from zero load to 450 lb (maximum stiffness). Initial testing of the bands was conducted
to 950 lb to insure the band design integrity. A spreadsheet was developed, which had
the actual load-deflection characteristics of each band from 0 to 450 lb. Each band’s
stiffness was presented in linear 50-lb increments and could be compared to another
arbitrary band using color-coded cells in the spreadsheet database. The spreadsheet
allowed the clinician to determine the relative stiffness of a specific band at each load,
compared to either the reference tension band or another selected band.

37.3.2 TENSION BAND FABRICATION AND MECHANICAL 
VALIDATION TESTS

Tension bands were fabricated using a closed mold process applicable to a variety
of fibers, matrixes, and in situ geometries. As noted earlier, the tension band fibers
were wrapped around a spool-shaped insert, which provided a uniform loading of
the fibers and also maintained the fiber bundle integrity. This spool also provided a
robust method of attaching the band to the prosthetic ankle body. The nonlinear
tension bands went through multiple design and experimental validation iterations.
IDEC tension band development also required a significant research effort to develop
a repeatable, stable fabrication technology. Figure 37.22 shows an “as-fabricated”
tension band and the tension band mechanical test setup. The tag on the tension
band is a resin overflow feature and is removed before use.

37.3.3 PRECLINICAL EVALUATION  

As noted earlier, preclinical tests were performed by PRS personnel to evaluate the
ABLE ankle construct prior to clinical tests with amputees. These tests were conducted

FIGURE 37.21 Stop action of ABLE gait analysis sequence.
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using the modified ski boots (Figure 37.23) and revealed that the torsional stiffness of
the center support was insufficient. A redesign of the center support to a steel U-joint
solved the problem of lack of torsional stiffness in the center support, but revealed
another problem. Preclinical assessment by PRS personnel found that the posterior
tension bands failed after only a few steps. Band failure occurred at the high-strain
regions noted in the FEA (Figure 37.24). These regions occurred where the fiber
tension put the polymer in high transverse tension over a small distance. This produced
very large strain gradients and, eventually, fiber/matrix separation.

Because the posterior bands failed before the anterior bands, there was concern
that the walking boots used in the preclinical evaluation may have applied excessive
forces to the ABLE ankle joint in terminal stance because of the rigid boot design.
Weight bearing on the toe of the boot in terminal stance would likely induce
significantly larger moments about the ankle in the sagittal plane than would be
induced by a transtibial amputee. The boot design was modified by PRS to remove
the rigid toe, thereby minimizing any additional moment induced by the boot in
terminal stance (Figure 37.25). The effect of this modification was immediately seen

FIGURE 37.22 As-fabricated double wave tension band and tension band test setup.

FIGURE 37.23 Preclinical walking trials with the ABLE ankle attached to the ski boot and
a Seattle Carbon LightFoot.
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FIGURE 37.24 Schematic of double-wave tension band failure.

FIGURE 37.25 Ski boot test bed with hard-shell toe removed to minimize the effect of “toe
walking” and reduce the additional moment caused by the user putting pressure on the ball
of his foot inside the boot.
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in that the posterior tension band could take significantly more cycles (number of
steps) before another incident; however, continued preclinical evaluation eventually
elicited failure in the high-strain areas of the posterior bands.

More research is needed to fully characterize the increase in loading, which may
be associated with the use of rigid boots for prosthetic evaluation. The use of the
boots in the preclinical trial to simulate the “feel” of a prosthetic limb for an able-
bodied individual offers many advantages, including simple, qualitative assessment
and safety testing prior to subject use of a prototype device. It should be noted that
the boots may apply forces and moments in excess of those experienced by an
amputee subject because of the increased limb length and/or rigid construction of
the boot itself. However, PRS personnel anticipated that the increased forces for a
lightweight, able-bodied individual walking slowly in the boots would not exceed
those induced by an amputee ambulating at normal and high walking speeds or
walking up and down inclines. Every attempt was made to match loading patterns
in the boots with those that could be seen in the clinical trial. Because the ABLE
ankle becomes unstable when one or more bands fail, this preclinical evaluation was
necessary to assess the safety of the ABLE ankle prior to use by amputee subjects.

The analysis and empirical data showed that the IDEC technology would carry
less risk if the fiber bundle put the matrix in compression rather than tension;
however, the high stiffness of the carbon fiber bundles would require a significant
amount of time to redesign the tension bands to eliminate the localized high-tension
areas. An elliptical single-wave geometry was developed as the new tension band
in situ architecture. This architecture, shown in Figure 37.26, would put the polymer

FIGURE 37.26 Elliptical wave in situ fiber bundle architecture — critical areas in net matrix
compression.
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matrix in compression during loading; however, the single-wave design did not allow
sufficient in situ lateral fiber bundle displacement using high-stiffness carbon tow
bundle. To compensate for this, Kevlar® (E.I. duPont de Nemours & Company, Inc.,
Wilmington, DE) fiber was used as the fiber tow bundle. Kevlar has about half the
stiffness of carbon, which allowed the correct load deformation response without
having to increase the external geometry of the existing tension band or use in situ,
multiwave bundle architecture with its inherent lateral tensile strains in the polymer.

By changing the cross-sectional area of the Kevlar tow bundle and the tow bundle
wave shape, the design load/deformation response could be engineered to accom-
modate the design strength and stiffness. Over 45 Kevlar tension bands were fabri-
cated and mechanically tested, with no failures or internal delamination. SPARTA
also subjected these bands to “preclinical” modified-toe ski boot walking with no
failures. The Kevlar tension bands were delivered to PRS for clinical evaluation.
This redesign demonstrates the flexibility of the IDEC technology, which can be
quickly modified and adapted to accommodate unanticipated events.

The modified tension bands were again tested by PRS in a preclinical trial to
evaluate their strength and resiliency in walking gait. Initial laboratory testing in the
walking boots revealed no failures within a minimum of 500 steps. Qualitative analysis
revealed that the ABLE ankle responded as anticipated with controlled plantarflexion,
stable but flexible midstance, and propulsive energy return in late stance. These results
were sufficient to convince PRS personnel that the ABLE device was ready for a
clinical evaluation of transtibial amputee subjects. An ongoing three-person clinical
trial is in progress to assess the efficacy of the ABLE design with Kevlar tension bands.

37.4 CONCLUSION

The objective of this research was to develop an ABLE prosthetic ankle capable of
mimicking a natural, nonamputee gait. A major step in achieving this objective was
developing complex, dynamic, nonlinear FEMs that could approximate the human
ankle function. These models were developed based on extensive clinical data from
both able-bodied and amputee subjects. Able-bodied data were used to develop the
FEA geometric and dynamic functions. Amputee data were used to provide guidance
for the input parameters and boundary conditions of the analytical models. The
output of these analyses was used to design prototype ankle components and full-
scale ankle assemblies. The validity of this approach was demonstrated through both
mechanical and limited, to-date, clinical testing.

The ABLE ankle design offers many theoretical advantages to an amputee. The
ABLE design includes some of the best features from a variety of prosthetic foot types,
including rapid plantarflexion in early stance, accommodation to uneven terrain, and
energy response to assist in forward propulsion of the amputated limb. While the final
design has not yet been achieved, the interim results show promise for an adaptable
and customizable prosthesis that will address an unmet need for a device that provides
able-bodied motion, as well as the safety and stability required by amputees. This
research has also demonstrated the ability to design and fabricate IDEC nonlinear
springs that provide the required properties to tailor prosthesis performance to the
individual’s needs. Preliminary input from the ongoing clinical trial indicates that the
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ABLE concept is sound and holds the potential for a novel prosthetic biofidelic device.
The clinicians have been impressed by the smooth action and lifelike behavior of the
ABLE ankle. The original belief that amputees are in need of a device which can
provide safety and stability in stance, accommodate to uneven terrian, and provide
energy return in gait is still valid. The initial feedback from the clinical tests indicate
that the ABLE concept is a solid step toward that goal.
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38.1 INTRODUCTION

 

Historically, foot biomechanics has not received the attention that has been received
by hip and knee biomechanics. This is due, in large part, to two factors: the hindfoot
and midfoot are structures that must be analyzed in three dimensions whereas the
hip and knee are amenable to two-dimensional analyses, e.g., in the sagittal and
frontal planes; and, unlike the hip and knee joints, painful disorders of the hindfoot
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and midfoot joints can be often be treated with fusions without the functional limita-
tions associated with a hip or knee fusion. The foot with its many joints can more
readily compensate for the loss of motion of some of its joints. Adequate models to
study the mechanical and functional properties of the foot are necessary in order to
understand normal and pathological mechanics and to develop more effective treat-
ments for foot disorders.

This chapter will discuss methods used for characterizing the mechanical proper-
ties of joints and the need for and implementation of cadaver models and sophisticated
gait simulators to understand the intrinsic kinematics and kinetics of the foot during
gait. It will further discuss the potential for extending the use of robotic technology
that has been applied to quantify mechanical properties of the knee joint, glenohumeral
joint, and intervertebral joints of the spine to quantify mechanical properties and
simulate external loading conditions of the foot during functional activities. The dis-
cussion will center on a foot disorder, posterior tibial tendon dysfunction (PTTD),
which has particularly benefited from the use of cadaver models and gait simulators.

In the 1990s, the Research Committee of the American Orthopaedic Foot and
Ankle Society ranked PTTD as the foot disorder with the highest research priority.

 

[1]

 

The disorder results in a functional deficit, the loss of a muscle/tendon unit, which
leads to progressive structural changes over the long term and eventually an acquired
flatfoot deformity. The acquired flatfoot deformity can become extreme when the
medial arch structures that normally span the ground have collapsed to the point
where they are in contact with the ground and the forefoot becomes abducted, as
illustrated by the model in Figure 38.1. Restoration of alignment without fusing
joints of the hindfoot was in need to improve operative treatments for PTTD.
Historically, studies to understand the biomechanics of acquired flatfoot deformity
and investigate potential operative treatments were performed on mid-tibia–ampu-
tated specimens with only a vertical load applied through a weight placed on the
top of the tibia. Such studies were limited in their relevance to foot during stance

 

FIGURE 38.1

 

Skeleton model of foot illustrating the failure of the medial arch and abduction
of the forefoot associated with acquired flatfoot deformity.
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conditions with little or no muscle action. Given the structural complexity of the
foot and a disorder that involves structural and muscle/tendon components, it was
readily apparent that experimental studies were needed to account for the role of
the posterior tibial muscle and other muscles in order to understand the mechanisms
by which the medial arch is stabilized throughout the stance phase of gait. It was
also apparent that it was not practical to perform the necessary studies on human
subjects, and that the mechanical complexities of the foot were not sufficiently
documented to permit the development of a mathematical model. The direction
chosen was to develop a cadaver model for PTTD that could be implemented for
testing new operative procedures to determine whether procedures result in clinically
relevant improvements.

 

[2]

 

Early biomechanical studies of the hip and knee joints have been performed on
closed-loop hydraulic test systems. Studies employing these closed-loop control
systems, even when using the biaxial models that allow control of one linear axis
and one rotational axis, often required augmentation with custom-made test jigs to
provide the necessary degrees-of-freedom. This had been of particular importance
when studying the knee joint, as it is inherently a less constrained joint than is the
hip joint. These custom test jigs can require as much, or more, time and effort than
is required to perform the experimental work. Furthermore, the jigs require consid-
erable time and expense, and are often limited in the types of applications for which
they may be used. This approach is less attractive for understanding the mechanics
of the foot, both because of its three-dimensional (3D) behavior and the fact that
multiple articulations exist between the input and output of the test, unlike the knee
where the femur is attached on one side of the test apparatus and the tibia on the
other with a single articulation between the two bones.

 

38.2 METHODOLOGY

38.2.1 PTTD M

 

ODEL

 

 R

 

EQUIREMENTS

 

Our requirements for the PTTD model were that loss of the posterior tibial muscle
action result in (a) a deformity consistent with that occurring clinically and (b)
an increased strain on the spring ligament at the medial arch consistent with the
ligament’s observed clinical failure.

 

[3]

 

 A cadaver foot testing system was designed
to simulate external force and position conditions at a specific time during the gait
cycle, i.e., when loss of the posterior tibial muscle would have its greatest effect.
An experimental condition was established which reflected the posterior tibial
muscle’s most demanding role during gait. Electromyographic (EMG) patterns
presented by Perry

 

[4]

 

 illustrate that maximal EMG activity for the posterior tibial
muscle occurs at approximately 40% of the gait cycle, corresponding to early heel
rise. To appreciate the role of the posterior tibial muscle, it is, therefore, important
to document the response of the foot to loss of this muscle force at this most
demanding time. The EMG patterns

 

[4]

 

 also illustrate that the other extrinsic muscles
of the foot, i.e., the soleus, gastrocnemius, flexor digitorum longus, flexor hallucis
longus, peroneus brevis, and peroneus longus, all demonstrate their peak activity at
approximately 40% of the gait cycle. Therefore, with respect to PTTD, consideration
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should be given to all of these muscles when simulating gait performance at 40%
of the gait cycle.

 

38.2.2 C

 

ADAVER

 

 M

 

ODEL

 

38.2.2.1 Requirements

 

It was necessary to determine whether the proposed cadaveric foot model simulating
gait at 40% of the gait cycle would be sensitive to the loss of the posterior tibial
muscle/tendon force in a manner that was consistent with the development of an
acquired flatfoot deformity that is observed clinically. Clinical evidence suggested
that loss of tendon function causes failure of the spring ligament in the arch

 

[3]

 

 in
association with the acquired deformity. However, it was not likely that a loaded
cadaver model could produce failure of the spring ligament of the medial arch during
a single experimental event consistent with loss of the muscle/tendon force at 40%
of the gait cycle. Furthermore, it was not likely that spring ligament failure could
be generated in a cadaver model simulating gait because it would require cyclic
testing with external loads and muscle loads that the cadaveric specimen would not
tolerate in areas other than the spring ligament, e.g., failure of the cemented fixation
interface between the tibia and the apparatus or failure of the tendon attachments to
their respective transducers and cables. Given these limitations, it was decided that
the best indicator of potential injury to the spring ligament was to measure the strain
of the ligament.

 

38.2.2.2 Instrumentation

 

We had used liquid metal strain gages in prior studies to measure strain in the medial
longitudinal arch in the loaded plantigrade foot with no tendon loads. Each displace-
ment gage consisted of mercury-filled Silastic tubing, which, when incorporated into
a Wheatstone bridge circuit, yielded a voltage related to the length of the gage. The
gage location of primary concern was below the track of the posterior tibial tendon
and was subjected to compressive loads, which can introduce artifact into the liquid
strain gage measurement when the tendon is loaded. We examined the behavior of
this type of gage in a prototype system, which employed a plantar flexion angle
sensor and a pneumatic actuator attached to the Achilles tendon, which automatically
responded to maintain a target plantar flexion angle. Removal of the posterior tibial
tendon load, while maintaining plantar flexion via the Achilles, resulted in eversion;
however, we detected artifact in the strain readings. Our preliminary data demon-
strated strain readings with artifact as a result of the posterior tibial tendon com-
pressing it. We realized from this exercise that the liquid metal strain gages would
not meet the needs of the current proposal and, secondly, that a pneumatic actuator
to generate tendon force was not sufficiently responsive for our experimental
demands. To deal with the strain measurement problem, differential variable reluc-
tance transducers (DVRTs, Microstrain, Inc., Burlington, VT) were used to measure
ligament strain. These devices eliminated the compression artifact.

In addition to changes in strain of the spring ligament, it was necessary for the
cadaver model to displace in a manner consistent with the deformity, i.e., forefoot
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dorsiflexion, eversion, and abduction. However, it is not possible to generate in a cadaver
foot model the degree of deformity that occurs over an extended period of time and is
observed clinically. Even cyclic testing with external loading and muscle loads could
not produce the soft tissue failures necessary to create the degree of deformity observed
clinically because the test setup would prove to be the weaker link. Creating the
deformity is only possible if the appropriate soft tissue structures are compromised

 

[5]

 

and may include cyclic loading, a technique that has been used to develop a cadaver
flatfoot model to study treatments for cases of advanced acquired flatfoot deformity.
Thus, the model described in this chapter will be appropriate to test operative treatments
to be used in the early stages of PTTD. 

To measure deformity, joint kinematics was monitored using electromagnetic
tracking sensors (Polhemus FASTRAK, Colchester, VT). The 3D motion sensors were
rigidly attached to the talus, cuboid, calcaneus, and navicular to monitor the motion
of each of these bones. Of particular interest was the displacement of the navicular
with respect to the talus because the talonavicular joint is the primary joint of the
medial arch. In the acquired flatfoot, the displacement of the navicular with respect to
the talus in the sagittal, transverse, and frontal planes is dorsiflexion, abduction, and
eversion, respectively.

 

38.2.3 H

 

YPOTHESIS

 

The likely mechanism for the resulting deformity is that the loss of tendon function
leads to progressive deformity and increases the strain in the ligaments in the medial
longitudinal arch. Although ligaments in addition to the spring ligament undoubtedly
fail, the spring ligament is the only ligament at present, which has been documented
to fail in PTTD (with the exception of the deltoid ligament, which fails in end-stage
disease). Therefore, for the cadaver model, it was hypothesized that loss of the
posterior tibial tendon force during the early heel rise portion of the gait cycle would
result in dorsiflexion, abduction, and eversion of the navicular with respect to the
talus and there would be an associated increase in strain in the spring ligament of
the medial longitudinal arch.

 

38.2.4 S

 

IMULATION

 

 

 

OF

 

 E

 

ARLY

 

 H

 

EEL

 

 R

 

ISE

 

38.2.4.1 Loading Apparatus

 

A cadaveric loading apparatus was developed, which allows the application of external
loads (which simulate three components of ground reaction force) provides for the
simulation of muscle forces for up to five tendons, monitors and provides feedback of
two foot angular positions, monitors the 3D positions of up to four joints, and permits
the measurement of soft tissue strain. The system is operated using a LabVIEW for
Windows virtual instrument. The ground reaction force components are applied
through three stepper motors in series with force transducers. The apparatus, shown
schematically in Figure 38.2, is an epoxy-coated wooden frame with three platforms
at different levels for mounting the stepper motors, supporting the cadaver foot, and
applying the ground reaction forces. The frame measures 8 ft. tall by 3 ft. wide by 2.5
ft. deep. A Garolite sheet is used to rigidly mount the stepper motors. Wood and Garolite

 

3971_C038.fm  Page 643  Thursday, June 28, 2007  5:20 PM



 

644

 

Foot Ankle Motion Analysis

 

were chosen as structural materials because they do not interfere with the Polhemus
3Space FASTRAK system.

The experimental arrangement simulates conditions at the foot as they occur
during gait. We have taken the approach that the muscles of the lower extremity will
respond to the external forces as necessary to achieve and maintain the desired foot
position. Thus, the two muscles controlling the plantar flexion and inversion angles
are adjusted to achieve the desired position. The development of these capabilities
permits us to ask and seek answers to clinically relevant research questions about
PTTD and its treatment at a level of sophistication that had not been possible in the
past. The system developed and used by Sharkey et al.

 

[6]

 

 to measure strain in the
second metatarsal provided invaluable direction for us in the development of this
system. Our system, however, differs in that we simulate external ground reaction
forces so that the muscle forces generated are in response to these loads and the

 

FIGURE 38.2

 

Cadaveric foot-loading apparatus with tibia fixed to frame; ground reaction
force components applied from above; muscle loads applied from stepper motors at bottom;
freeze clamps and force transducers connecting tendons to cables from motors; DVRT loca-
tion; Polhemus source and sensors to measure displacements of four bones; and angle sensor
to monitor tilt in sagittal and coronal planes.
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need to achieve the target positions. An alternate approach is to fix the distance from
the tibia to the ground, fixed to allow the heel rise position and generate muscle
forces based upon EMG data until achieved. With this approach, the generated
ground reaction force is arbitrarily found by estimating all of the muscle forces.
Also, we have designed our system to allow us to use the magnetic space tracker
and measure ligament strain.

 

38.2.4.2 Tendon Clamps

 

The ability to grasp tendons and apply high loads was a problem early on. This was
solved by implementing a method of freeze clamping to couple the tendons to the
cables. This method was used by Sharkey et al.

 

[7]

 

 to study the rotator cuff in abduction
and also to load the Achilles tendon and other muscles of the calf in a study of second
metatarsal strain and loading during heel lift.

 

[6]

 

 A modification of their technique was
implemented. The tendon was fed through a hole into a chamber, the end was knotted,
and the chamber perfused by liquid nitrogen coolant to solidify the knot. The tendon
freezes in three to five minutes and is maintained by perfusing liquid nitrogen, as
needed, such that the tissue is frozen 1 cm distal to the clamp as evidenced from the
tidemark. The tendons can be thawed and used again at a later time. This method was
implemented for up to five tendons.

 

38.2.4.3 Internal Forces

 

The experimental method chosen was to apply the tendon forces in order to control
plantar flexion and inversion/eversion, i.e., the experiment is performed in a position
feedback mode. Plantar flexion was controlled primarily by pulling on the Achilles
tendon to counter the dorsiflexion moment created by the ground reaction force at
the forefoot. Version was controlled by pulling on the posterior tibial tendon to
counter not only any eversion moment created by the ground reaction force, but also
the moment created by the peroneus longus and peroneus brevis tendons. The
peroneal tendon loads were included because these muscles have their peak activity
during early heel rise of the gait cycle. Based on the muscle architecture studies by
Wickiewicz et al.

 

[8]

 

 and Silver et al.,

 

[9]

 

 the relative physiologic cross-sectional areas
for the gastrocnemius/soleus muscle group, the posterior tibial muscle, the peroneus
brevis, and peroneus longus as a percent of the gastrocnemius/soleus muscle group
are 100, 17.2, 5.7, and 11.7%, respectively. Using a conservative estimate of 40 N/cm

 

2

 

for muscle force generating potential

 

[10]

 

 and cross-sectional areas of 6 and 12 cm

 

2

 

,
respectively, the peroneus brevis and peroneus longus are capable of generating 240
and 480 N of force. Because muscle fatigues when utilizing greater than 50% of
maximum strength, initially the muscles were assumed to operate at one-fourth of
their capacities, i.e., 60 and 120 N, respectively, when conducting experiments at
100% body weight. This is a reasonable level at which repetitively loaded muscles
can be expected to function during a routine daily activity. Motion analysis data
obtained for knee extensors during gait support a level of 25% of maximum capa-
bility during repetitive loading.

 

[11]
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For the intact condition, an external force equivalent to the average ground
reaction force at 40% of the gait cycle (GC) for 15 normal subjects is applied to the
plantar surface of the foot, and the Achilles and posterior tibial tendon forces are
increased to achieve the desired amounts of plantar flexion and inversion, respec-
tively. Prior to loading these tendons, the peroneus brevis and longus force levels
were assigned based upon cross-sectional area. For the PTTD condition, the posterior
tibial tendon force is removed and the angular displacements of the talus with respect
to the navicular and the change in strain at the spring ligament are monitored to see
if the changes are consistent with clinical observations of PTTD.

In early pilot work, the above method of estimating a combined peroneal force
in achieving our equilibrium position was used, and the Achilles and posterior tibial
tendon forces were within acceptable limits; however, for some specimens it was
necessary to increase the peroneal forces beyond our initial estimates in order to
achieve the desired inversion position in the intact foot at equilibrium. The need to
increase the peroneal forces was not surprising because initial estimates were con-
servative, i.e., using factors of 40 N/cm

 

2

 

 and 25% of maximum force. The calculated
estimates were a starting point, whereas our loading model, which appropriately
accounts for external loads, provided more functional estimates of the forces required
of these muscles in order to meet the demands placed on the foot. As a result of
this experience, the force required of these muscles to achieve 3

 

°

 

 of eversion for
each specimen was determined with the posterior tibial muscle force set to zero.

 

38.2.4.4 External Load

 

Experiments were conducted using external loads of 50, 75, and 100% body weight. This
served two purposes. If any cadaveric specimens were unable to tolerate the 100% body
weight load without failure, data would have been collected at the partial body weights.
Furthermore, collecting performance data for the model over the range of loads allows
the comparison of outcomes as a function of external loads. If the 50 or 75% body weight
loads resulted in a behavior that was the same as for 100%, with the exception of being
scaled down, then the model outcome at the lesser loads would have validity.

 

38.2.5 M

 

ODEL

 

 O

 

UTCOME

 

The displacements that resulted when the posterior tibial tendon force was removed
at the early heel rise position for four specimens are illustrated in Figure 38.3. When
the posterior tibial tendon force was removed, the navicular dorsiflexed 2.5 

 

±

 

 1.1

 

°

 

,
everted 5.3 

 

±

 

 0.4

 

°

 

, and abducted 2.1 

 

±

 

 0.6

 

°

 

. Each is the mean and one standard
deviation over the 50, 75, and 100% body weight loads. As a result of releasing the
posterior tibial tendon force, strain increases ranged from 2.0 to 3.5%. The strain
change and the associated displacement change for each of the three axes are plotted
in Figure 38.4 for a typical specimen. Each data point represents the average dis-
placement of the specimen about the respective axis and the associated average
change in strain, e.g., the smallest change in strain was associated with the smallest
displacement about each of the three axes. The lesser changes in strain were

 

3971_C038.fm  Page 646  Thursday, June 28, 2007  5:20 PM



 

The Role of Robotic Technology in Gait Simulation and Foot Mechanics

 

647

 

associated with the 50% body weight trials, and the greater changes in strain and
displacement were associated with the 100% body weight trials.

Thus, the cadaver model, when subjected to the simulated loss of posterior tibial
tendon force at heel rise, responded with (1) a displacement of the talonavicular
joint that was consistent with the direction of the acquired flatfoot deformity and
(2) an associated increase in strain of the spring ligament consistent with its observed
clinical failure. Note that the strain increases observed do not reflect absolute strain,
but increases beyond that which existed at the heel rise position prior to release of
the posterior tibial tendon force.

 

FIGURE 38.3

 

Schematic of foot illustrating the rotational changes of the navicular in the
sagittal, frontal, and transverse planes relative to the talus following release of the posterior
tibial tendon force.

 

FIGURE 38.4

 

Plot of the strain changes associated with the rotational change of the navicular
relative to the talus following release of the posterior tibial tendon force.
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38.3 DYNAMIC CADAVER MODELING

 

Currently in place are systems more sophisticated than that described here, which
simulate the stance phase of gait rather a single event during the stance phase.

 

[12,13]

 

Sharkey and coworkers

 

[14]

 

 developed the system shown in Figure 38.5 that allows the
tibia to advance with its proximal portion constrained to move along a cam profile
such that, as the tibia advances, its proximal portion maintains the same distance from
the ground as during normal gait. This distance defines ankle plantar flexion as the
tibia advances. The muscle actuators are attached to and advance with the tibia. They
are activated to generate tendon forces in accordance with the criteria selected, e.g.,
to initially match the EMG levels throughout the stance phase. The force plate and
pedobarograph allow the investigator to monitor the ground reaction force and foot
pressure pattern throughout the stance phase. This is a valuable feedback that allows
the muscle forces to be adjusted as necessary to achieve agreement between these
outputs and the force and pressure measurements that occur for the normal or patho-
logic gait being studied.

An alternative approach to dynamic cadaver foot modeling, an extension of the
static model described above, is to apply the ground reaction force to match that which
occurs during the stance phase and to generate the muscle forces necessary to match
the foot kinematics to the kinematics of the normal or pathologic gait being studied.
In such a system, the proximal tibia would translate forward along a horizontal line.
The changing effective length of the lower leg segment with plantar flexion and
dorsiflexion would be accommodated by the platform generating the ground reaction

 

FIGURE 38.5

 

Apparatus for dynamic cadaver modeling of the stance phase of gait. (With
permission from Neil A. Sharkey, Ph.D., Professor, Penn State University.)
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force components. The ability to accommodate the effective length of the lower leg
segment more readily allows for the simulation of abnormal gait patterns, e.g., an equinus
gait or a heel rise deficient gait. The choice of the method for simulating the gait of the
lower segment is often based upon the types of studies that need to be performed.

 

38.4 ROBOTIC TECHNOLOGY

38.4.1 J

 

OINT

 

 S

 

TUDIES

 

The use of robotic technology to characterize the mechanical characteristics of
diarthrodial joints has become popular in recent years.

 

[15]

 

 In addition, the potential
for extending modeling capabilities for functional activities beyond current capabil-
ities exists through the versatility of robotic technology. Figure 38.6 shows a robot
with six degrees-of-freedom and a payload capability of 165 kg. Thus, when used
in joint mechanics, it can generate a compressive load of 165 kg, one body weight,
across the joint. The robot is combined with a universal force-moment sensor. The
six degree-of-freedom universal force-moment sensor monitors the three forces and
three moments generated at the effector end of the robot arm as it moves through
its trajectory. The sensor provides the feedback necessary to operate in force mode. 

The extension of robotic technology to investigate biomechanics of the foot
has potential benefits at two levels of investigation: at a basic level to study
individual joints, and at a more sophisticated level as part of a gait simulation
system. In the former, it can characterize the mechanical properties of ligaments
and retinacular structures that are felt to be critical to the stability of diarthrodial
joints. To date, studies have been performed that characterize the mechanical
properties of several joints. Beyond that, the ability to characterize loads during
functional activities will be possible when kinematics and kinetics are established
through motion analysis studies.

 

FIGURE 38.6

 

Six degree-of-freedom, 165-kg payload robot with load cell attached.
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Robotic testing of diarthrodial joints utilizes the principle of superposition.
Figure 38.7, showing a cadaver knee specimen ready for testing, provides an appre-
ciation of the mounting requirements. The shaft of the proximal half of the tibia,
which has been previously potted in cement in cylindrical form, is rigidly secured
to a cylindrical clamp (partially shown) that is mounted on the universal force-
moment sensor on the robot. The femur is attached in a similar manner to a clamp
on a pedestal that is securely attached to the floor. Thus, the tibia moves relative to
the femur through a pathway that meets specific criteria. The ability to measure the
ligament force with such a system is illustrated schematically in Figure 38.8. The
generic joint shown in Figure 38.8a has the concave side secured to the ground and
the convex side secured to the universal force-moment sensor mounted on the robot.
To keep with the theme of foot mechanics, one could imagine this as representing
a talonavicular joint.

It is desired to determine the contribution of ligament A to the stability of the
joint when the joint has an upward force of 100 N applied as shown in Figure 38.8b.
The pathway is defined by incrementally increasing the vertical force, while main-
taining the remaining forces and moments at zero, until the equilibrium position is
achieved with the 100 N vertical load (Figure 38.8b). The equilibrium position is
recorded as are the force and moment data, and the joint is returned to its unloaded
position (Figure 38.8c). At this time, a different force and/or moment can be applied,
e.g., a 100 N load to the right and a second equilibrium position (not shown) can
be recorded in the same manner as was conducted for the 100 N vertical force.

 

FIGURE 38.7

 

Cadaveric knee specimen installed for testing by robotic system. The shaft of
the tibia, previously potted in cement, is rigidly secured to a cylindrical clamp (partially
shown at top) that is mounted on the universal force-moment sensor on the robot. The femur
is clamped to a pedestal that is rigidly attached to the floor.
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The joint is again returned to its unloaded position. This can be done for as many
loading conditions as desired. Once the loading scenarios are completed and the
joint is returned to its unloaded position, ligament A is cut (Figure 38.8c). With the
robotic system operating in displacement control mode, the joint is restored to the
equilibrium position (Figure 38.8d). The universal force-moment sensor data show
that, instead of a 100 N vertical component, the force to maintain this position
without ligament A consists of a 60 N vertical component and a 25 N horizontal
component to the left. Applying the principle of superposition, the intact ligament
A would have exerted force components on the bone segment of 40 N downward
and 25 N to the left. If other load conditions were investigated, the joint would be
moved to each of those equilibrium positions under displacement control and the
contribution of ligament A when intact at each of the positions could be similarly
determined using the superposition principle.

The joints of the foot that are more amenable to being studied using a robotic
system are the freely moving joints, such as the ankle, subtalar, and talonavicular

 

FIGURE 38.8

 

Schematic of joint during robotic testing: (a) initial position; (b) equilibrium
position with 100 N force applied; (c) return to initial position and resection of ligament; and
(d) return to equilibrium using displacement mode.
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joints. Joints like those between the tarsal bones of the midfoot and the calca-
neocuboid joint, which are extremely limited in their motion, are unlikely candidates
for robotic studies with the system described in this chapter. Studies of the phalangeal
joints may be amenable for robotic studies using a smaller scale robotic system.

 

38.4.2 G

 

AIT

 

 S

 

IMULATION

 

The utilization of a robot for simulation of gait in foot and ankle studies offers
several advantages. From a cost standpoint, the robotic system would minimize the
need for custom-built testing capabilities by allowing the control of load and dis-
placement parameters through software programming rather than through the design
and fabrication of custom hardware. From a utilization standpoint, the robotic system
can be used for testing of lower and upper extremity joints and joints of the spine,
both natural and artificial, such that the costs to purchase and to maintain the robotic
capability can be shared by several investigative groups.

The upper portion of Figure 38.9 shows a more traditional arrangement for
dynamic testing of the foot during a simulated stance phase. The tibia is advanced
with muscle loads consistent with the geometry and external loads applied to the foot.
This generally requires the advancement of the muscle actuators with the tibia. Note
the relationship of the ground reaction force and force plate with respect to the lower
leg segment and the foot. Implementation of the robot as shown in the lower portion
of Figure 38.9 can provide this relationship without having to advance the tibia and

 

FIGURE 38.9

 

Upper figures show relationship of external force vector to foot with tibial
advancement during stance phase. Lower figures show how relationship can be preserved
with the tibia stationary and robotic control of the force platform.

Force plate

Force plate

Force plate

Force plate

Force plate

Force plate

Robot
RobotRobot

 

3971_C038.fm  Page 652  Thursday, June 28, 2007  5:20 PM



 

The Role of Robotic Technology in Gait Simulation and Foot Mechanics

 

653

 

its muscle actuators. This is not a simple task, but can be accomplished by program-
ming the advancement of the force plate in a pattern that is coordinated to maintain
the distance from the knee, similar to the goal of the cam profile in the dynamic
simulator described above. The muscle actuators can be tweaked and programmed to
generate the appropriate ground reaction force pattern. As an alternative, the ground
reaction force vector can be applied and the muscle actuators adjusted until the target
angles for plantar flexion and inversion are achieved. Whether one prefers the former
or latter method of control, implementing a robot or not, it must be appreciated that
these are tedious, time-consuming, and demanding experiments to conduct. Clearly,
there are more options available than there have been in the past.
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39.1 INTRODUCTION

 

While a large number of rehabilitation interventions involve the foot and ankle, the
contributions of the foot and ankle to normal gait are not well understood.

 

1

 

 More
specifically, understanding the effects of congenital defects, injuries, or other alter-
ations in the lower limb and particularly the foot and ankle on mobility in children
and adults is a continuing challenge to medical rehabilitation researchers. Among
the factors contributing to this are the complex structures of the musculoskeletal
system in the foot and ankle, the interrelationship with other structures of the lower
limb and trunk, the neurological control for activating movement, and developmental
aspects of children. Nonetheless, because unassisted or assisted walking/mobility is
associated with independence, it is highly valued by children and adults. Providing
a scientific basis for movement remains a goal of medical rehabilitation researchers,
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in order to inform surgical or other rehabilitation interventions that aim to restore
mobility in children and adults. 

Fortunately, a number of scientific advances in other fields such as computer
science, neuroscience, orthopedics, imaging, and bioengineering are beginning to
elucidate how the musculoskeletal system functions and are providing new or
improved research tools for exploring physiological systems dynamically. Some of
these advances can be employed to begin developing paradigms for examining
individual relationships between specific impairments, limitations, and disabilities
in the gait of children and adults. In some instances, interdisciplinary teams of research-
ers will be needed. One of the challenges will be to explore the links between
pathophysiology, impairment, and functional limitation.

 

[1]

 

 Some areas for potential
research include development of models to predict surgical outcome, construction
of supportive structures such as orthotics or exoskeletons, therapeutic interventions to
improve performance of the foot and ankle, organizing interdisciplinary teams to review
the role of the foot and ankle in mobility, and more. 

 

39.2 THE NATIONAL INSTITUTES OF HEALTH

39.2.1 B

 

ACKGROUND

 

The National Institutes of Health (NIH) is the principal government agency dedicated
to conducting medical and behavioral research and developing and increasing med-
ical understanding throughout the U.S. The NIH is a large organization with 20
Institutes and seven Centers. Of the Institutes at NIH, the National Institute of Child
Health and Human Development (NICHD) has a budget exceeding one billion dollars
per year. Although less than 12% of the budget is spent on in-house research, more
than 88% of the budget is made available to investigators outside NIH. One of
the Centers at the NICHD is the National Center for Medical Rehabilitation
Research (NCMRR), which promotes musculoskeletal research for treatment of
persons with disabilities.

The NCMRR invites novel ideas to treat gait and function in patients with dis-
abilities, encouraging investigators whose work ranges from the robotic to the genetic
revolution. Some research initiatives indicative of NCMRR’s mission are the use of
nanotechnology to construct miniaturized devices for dynamic coupling and the use
of stem cells to strengthen muscle in experimental animals without increasing spasticity
or tightness. Recent work on zebra fish and amphibians has shown that these species
carry genes that tend to regenerate organs on removal. Investigators are working to
demonstrate not only the usefulness of these genes, but also to identify, sequence, and
splice these genes in experimental animals with cerebral palsy. The National Institute
of Arthritis and Musculoskeletal and Skin Disease also funds research on musculosk-
eletal disorders and treatments. The National Institute on Aging funds research on
skeletal problems associated with aging. Resources to pursue this research can be
sought from a combination of public and private funds.

The NIH budget was doubled between financial year (FY) 1999 and FY 2003.
The 2004 budget was 28 billion dollars with 82% of this supporting research grants,
training and research, and development contracts (Figure 39.1). The number of
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applications received by the Center for Scientific Review at NIH, which receives
approximately 70% of the research grant applications submitted to NIH, from 2002
to 2003 increased from 55,030 to 68,478 or 24%. In summary, the resources available
for research have increased, but the number of new and renewal applications sub-
mitted by investigators has also increased.

 

3

 

 
In preparing to submit an application, two initial steps should be considered.

First, applicants should contact a program official at one of the Institutes interested
in their research topic. This program person can inform the applicant of any specific
Institute requirements beyond the general announcement that must be taken into
consideration. Second, the applicant should review the list of study sections in the
Center for Scientific Review (CSR) (www.csr.nih.gov) to identify a potential review
group for the application. Two of the most frequently visited CSR Web sites that
applicants might find useful are the Roster Index (www.csr.nih.gov/committees/
rosterindex.asp) and the IRG Index (www.csr.nih.gov/review/irgdesc.htm). Other
helpful information describing the process is available at the CSR Web site. If the
Web addresses change, use the general address (www.nih.gov) for information.

Advances in computer handling of administrative information have stimulated
administrative changes in government. In response to a congressional mandate, the
NIH created the electronic research administration (eRA) project to transform all
federal agencies into paperless, electronic systems. The eRA is a division of the
NIH that conducts interactive, electronic transactions for the receipt, review, and
administration of grant awards to biomedical investigators worldwide. The Web site
grants.gov (www.grants.gov/CustomerSupport) allows organizations to electroni-
cally find and apply for competitive grant opportunities from all federal grant making
agencies. New procedures are required to submit a grant application using the SF424
Research and Related Areas (R&R) form to the NIH: (a) Register your organization
at grants.gov; (b) register your organization and principal investigator (PI) in the
NIH eRA Commons; (c) submit the application and receive the grants.gov tracking
number; (d) after agency validation, receive the agency tracking number; and (e)
verify in the eRA Commons. One the great advantages of eRA submission is that
incomplete applications will not be accepted and the PI will immediately learn about

 

FIGURE 39.1

 

Distribution of NIH budget, FY 2004: $28 billion.
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the missing information. Another advantage is that colored photos and diagrams are
reproduced clearly. 

Given the variations in administrative support where potential applicants reside
and the changing guidelines and reorganization at the NIH, applicants are encouraged
to learn about the current administrative process of completing, submitting, and fol-
lowing up on a grant application through grants.gov. As mentioned earlier, to facilitate
application submission, the NIH is moving toward a common application form (SF424
R&R) and eRA. Individuals can learn about these new procedures by reading material
on the NIH Web site or attending seminars sponsored by NIH staff at national or
regional scientific conferences. 

 

39.2.2 P

 

URSUING

 

 

 

A

 

 R

 

ESEARCH

 

 C

 

AREER

 

Building a research career can be a formidable task. A number of personal factors
should be considered such as intriguing areas of science or special techniques used
in a field that are of interest, as well as the status of this topic of interest. Namely,
is it a new area of science, or, is there a specific location with a particular mentor,
who is recognized as a leader in the field? Once started in a particular direction of
scientific research, one should consider long- and short-term projects or a balance
of low- and high-risk projects that are different from those of their mentor.

The ingredients for constructing a research application involve reviewing the
current literature and discussing the topic with colleagues; defining and refining the
problem to be studied; developing hypotheses and likely outcomes; identifying
research methods, approaches, and alternative approaches to address the problem; and
considering how the findings of the research will impact on the field of science. As
part of this preliminary approach, consideration of the resources, equipment, or
reagents, your needs should be considered. Assembling a team of collaborators may
be required to have access to research subjects or animals. Pilot results may be required
to demonstrate the feasibility of the idea, commitment to research, competence to
handle potentially highly specialized techniques, and ability to gather and publish data.

In preparing the application for submission, a number of considerations should
be included such as a focused application with explicit goals, sufficient technical
information on outcome measures and plans for analysis, details of collaborations,
defined subject population and/or range of disabilities, and material regarding human
subjects. Finally, the application must be reviewed to ensure that it is neat, accurate,
and complete before submission.

 

39.2.3 C

 

AREER

 

 D

 

EVELOPMENT

 

 S

 

UPPORT

 

A variety of research resources are available to pursue one’s research interests, and,
depending on research career status, one particular mechanism may be more appro-
priate than another (www.nichd.nih.gov/training/training.htm). If eligible, students at
a number of academic levels, starting with high school, interested in health-related
research can apply for a Research Supplement to Promote Diversity in Health-Related
Research (Grants2.nih.gov/grants/guide/pa-files/PA-05-015.html). 
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At the college level, students may be eligible for Minority Access to Research
Careers (MARC), Minority Biomedical Research Support (MBRS) programs, or the
National Institute of Mental Health Career opportunities in research education and
training (COR) honors undergraduate Research Training Grant (T34). A student in a
graduate school or pursuing a postdoctoral training might consider submitting an Indi-
vidual Predoctoral Fellowship (F31), an Institutional Training Grant (T32), or Postdoc-
toral fellowship (F32). At the investigator level, the Mentored Research Development
award (K01), Independent Scientist Award (K02), and the Senior Fellowship (F33) are
possible options. For medical students, the career path can begin with the Short-Term
Training Grant (T35) that is available upon acceptance to medical school. During the
internship, residency, and specialty training, Institutional Training Grants (T32), Indi-
vidual Postdoctoral Fellowships (F32), Scientist Development Program (K12), and Men-
tored Clinical Scientist Award (K08) are potential support mechanisms. 

For a new clinical scientist, opportunities for support such as the Mentored Patient-
Oriented Research K23, Mid-Career Investigator in Patient-Oriented Research (K24),
or a Senior Fellowship (F33) are available. 

 

39.2.4 R

 

ESEARCH

 

 S

 

UPPORT

 

A Research Project grant is awarded to an institution on behalf of a PI to facilitate
pursuit of a scientific focus or objective in the area of the investigator’s interest and
competence. Institutional sponsorship assures the NIH that the institution will pro-
vide facilities necessary to accomplish the research and will be accountable for the
grant funds. Applications are accepted for health-related research and development
in all areas within the scope of NICHD’s mission.

In general, any organization is eligible to apply for regular NIH research grants,
and unsolicited applications are welcome. The applicant is the research organization,
although a PI writes the research proposal, and if a grant is awarded, the grantee is
the applicant organization. Applications may be submitted by domestic or foreign,
profit and nonprofit organizations, public and private, such as universities, colleges,
hospitals, laboratories, units of state and local governments, and eligible agencies of
the federal government. The NCMRR encourages applications from new investigators.

 

39.2.5 S

 

PECIFIC

 

 A

 

NNOUNCEMENTS

 

Many applicants wait for research topics to be announced by the Institutes; however,
the overwhelming majority of NIH grants are made available to investigator-initiated
applications. Two of the common approaches that the NIH employs to announce
research opportunities are Requests for Applications (RFAs) or Program Announce-
ments (PAs). RFAs are solicitations for grant applications addressing a defined
research topic. Each RFA specifies the scope and objectives of the research to be
proposed, application requirements and procedures, and the review criteria to be
applied in the evaluation of applications submitted in response to the RFA.

A PA is used by the Institute to announce its interest in building or enhancing
its research program in a particular area. The PA typically is an ongoing solicitation,
accepting applications for multiple receipt dates, for up to 3 yr. The PA specifies
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the scope and objectives of the research of interest, application requirements and
procedures, and review criteria to be applied.

Cooperative agreements are grants that are awarded to assist and support research
and related activities. They differ from other grants, however, in that while other
grant mechanisms require minimal or no involvement of the NIH during the perfor-
mance of project activities, cooperative agreements involve a substantial NIH pro-
grammatic (i.e., scientific-technical) role. This role may involve cooperation and/or
coordination to assist awardees in carrying out the project or review and approval
of certain processes/phases in the scientific management of the project. 

Policies and procedures for the application, review, and administration of cooper-
ative agreements are similar to those for other grants. An important difference, however,
is that the NICHD issues a specific RFA describing the program, functions, or activities
that it proposes to support by cooperative agreement and the nature of the proposed
NICHD staff involvement. Terms and conditions of awards are outlined in the RFA,
above and beyond those required for the usual stewardship of grants, to establish the
rights, responsibilities, and authorities of the prospective awardees and the NICHD. 

 

39.2.6 I

 

NVESTIGATOR

 

-I

 

NITIATED

 

 A

 

PPLICATIONS

 

Applicants do not have to wait until an announcement appears on a research topic
of interest. They may submit an investigator-initiated application on any of the
appropriate submission dates. At the investigator level, there are a variety of support
mechanisms to pursue investigator-initiated research (nichd.nih.gov/funding/
applying.htm#nih_forms). When submitting applications, investigators are required to
respond to the following five standard criteria: (1) significance, (2) approach, (3)
innovation, (4) investigators, and (5) environment.

 

39.2.6.1 Significance

 

Does this study address an important problem? If the aims of the application are
achieved, how will scientific knowledge or clinical practice be advanced? What will
be the effect of these studies on the concepts, methods, technologies

 

,,

 

 treatments,
services, or preventative interventions that drive this field? 

 

39.2.6.2 Approach

 

Are the conceptual or clinical framework, design, methods, and analyses ade-
quately developed, well integrated, well reasoned, and appropriate to the aims of
the project? Does the applicant acknowledge potential problem areas and consider
alternative tactics? 

 

39.2.6.3 Innovation

 

Is the project original and innovative? For example: Does the project challenge
existing paradigms or clinical practice or address an innovative hypothesis or critical
barrier to progress in the field? Does the project develop or employ novel concepts,
approaches, methodologies, tools, or technologies for this area? 
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39.2.6.4 Investigators

 

Are the investigators appropriately trained and well suited to carry out this work? Is
the work proposed appropriate to the experience level of the PI and other researchers?
Does the investigative team bring complementary and integrated expertise to the
project (if applicable)? 

 

39.2.6.5 Environment

 

Does the scientific environment in which the work will be done contribute to the prob-
ability of success? Do the proposed studies benefit from unique features of the scientific
environment or subject populations, or employ useful collaborative arrangements? Is
there evidence of institutional support? 

Most of the grants vary in resources available, time, and purpose. Identifying
the right grant type for your research is a first step. For example, the Academic
Research Enhancement Award (AREA) grants (R15) support individual research
projects in the biomedical and behavioral sciences conducted by faculty, and involv-
ing their undergraduate students, who are located in health professional schools and
other academic components that have not been major recipients of NIH research
grant funds. There are other grants for doing exploratory research, such as the R03
and R21, and grants available to independent researchers with more research expe-
rience that are initiating large projects such as program projects (P01) or cooperative
agreements (U01) (www.nichd.nih.gov/funding/mech research.htm).

The NIH R03 award supports small research projects that can be carried out in a
short period of time with limited resources. The NCMRR uses the Small Grant to support
new biomedical and behavioral research projects relevant to the NCMRR mission in
medical rehabilitation research (www.nichd.nih.gov/funding/mech_research.htm#r03).
The Exploratory/Developmental Grant (R21) is used to encourage the development of
new research activities in categorical program areas. Applications submitted under this
mechanism should be exploratory and novel. These studies should break new ground or
extend previous discoveries toward new directions or applications. Support is generally
restricted in level of support and in time. Complete descriptions of eligibility require-
ments, scope, and application procedures would be presented in a Request for Applica-
tions (RFA) utilizing this mechanism or can be accessed by the NIH R21 PA at
grants2.nih.gov/grants/guide/pa-files/PA-03-107.html.

The purpose of the P01 mechanism is to encourage multidisciplinary approaches
to the investigation of complex problems relevant to NCMRR’s mission and to facilitate
economy of effort, space, and equipment. The program project grant is an institutional
award made in the name of a program director for the support of a broadly based, long-
term, multidisciplinary research program that has a well-defined central theme, research
focus, or objective. The grant funds at least three interrelated projects and, often, core
resources. Interrelationships and synergism among component research projects should
result in greater scientific contributions than if each project were supported through a
separate mechanism. The grant is based on the concept that projects closely related to
a central theme can be conducted more effectively and efficiently through a coordinated,
collaborative, multidisciplinary approach.
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Small businesses that are interested in health-related research can apply for grants.
Check the eligibility section of the announcement. Usually, the individuals in business
partner with academic groups in submitting applications. Small Business Innovation
Research Grants (SBIR) and Small Business Technology Transfer Grants (STTR) are

 

TABLE 39.1
Comparison of SBIR and STTR Programs

 

SBIR (R43/R44) STTR (R41/R42)

 

Purpose — to increase private sector 
commercialization of innovations derived from 
federal research and development.

Purpose — to increase private sector 
commercialization of innovations derived from 
federal research and development.

The SBC may conduct the entire SBIR project 
without outside collaboration.

The STTR program requires that an SBC 
(applicant organization) “team” with a research 
institution in the collaborative conduct of a 
project that has potential for commercialization.

The SBIR program requires that the PI have 
his/her primary employment (>50%) with the 
SBC at the time of award and during the conduct 
of the project.

The PI may have his/her primary employment 
with an organization other than the SBC, 
including the research institution. However, there 
must be an official relationship between the PI 
and the SBC. PI must devote not less than 10% 
effort to the project.

The total amount of all contractual costs and 
consultant fees normally may not exceed 33% for 
Phase I, or 50% for Phase II, of the total costs 
requested.

At least 40% of the work is performed by the SBC, 
and at least the research institution performs 30% 
of the work. (% based on costs in award)

Research space must be occupied by the small 
business, generally not shared with another 
organization, and is under the exclusive control 
of the awardee.

Research space must be occupied by the small 
business, generally not shared with another 
organization, and is under the exclusive control 
of the awardee. 

At least 51% of the SBC owned by a U.S. citizen 
or lawfully admitted resident alien.

At least 51% of the SBC owned by a U.S. Citizen 
or lawfully admitted resident alien.

Phase I normally not to exceed $100,000 DC, 
Facilities and Administration (F&A), and fee for 
a period normally not to exceed 6 months. May 
exceed this level (recommend 12 months, no 
additional $)

Phase I normally not to exceed $100,000 for DC, 
F&A, and fee for a period normally not to exceed 
1 yr. May exceed this level.

Phase II: Awards normally may not exceed 
$750,000/- for DC, F&A, and fee for a period 
normally not to exceed 2 yr. May exceed this level

Phase II: Awards normally may not exceed $750,000 
for DC, F&A, and fee for a period normally not to 
exceed 2 yr. May exceed this level.

Phase III: The objective of this phase is for the 
SBC to pursue with non-SBIR funds the 
commercialization of the results of the research 
or R&D funded in Phases I and II.

Phase III: Same objective. In some federal 
agencies, Phase III may involve follow-on non-
STTR funded R&D or production contracts for 
products or processes intended for use by the
U. S. government.

Receipt dates August 1, December 1, April 1 Receipt dates August 1, December 1, April 1.

 

3971_C039.fm  Page 664  Thursday, June 28, 2007  5:17 PM



 

Supporting Rehabilitation Research on Foot and Ankle Motion Analysis

 

665

 

two mechanisms that are available to interested applicants (Grants1.nih.gov/grants/fund-
ing/sbir.htm). Table 39.1 contrasts the two programs.

Small Business grants are not small. The set-aside budget for all government
agencies for Small Business grants exceeds $2.2 billion dollars. The Department of
Health and Human Services (DHHSs) provides under Small Business for both SBIR
and STTR. The budget is approximately $71 millions for SBIR and $69 millions
for STTR. Under SBIR or STTR programs, junior investigators could benefit from
this funding mechanism because if they are in a university research environment,
they could have experience in research on ankle and foot injuries and they could
work in collaboration with investigators in other universities or small businesses,
for example a robotic firm developing devices for dynamic coupling for acceleration
of the knee toward flexion during normal walking. Under Phase I of SBIR, junior
investigators could receive up to $100,000, by collaborating with a small business
concern (SBC) and complete the project within six months. The same amount of
funds are available to junior investigators under STTR if they could finish the project
within a year. STTR programs require that small business and academic institutions
work together. At least 40% contribution by the small business and at least 30%
support is provided by the academic institutions. If the investigators can reach the
milestones (Specific Aims) they proposed in Phase I, larger funds and more time
are made available under Phase II. Under SBIR Phase II, a sum of $750,000 is made
available for up to 2 yr (additional funds and times are provided upon accomplishing
milestones). Commercialization of the product is expected under Phase III, therefore
no government funds are provided. However, some Institutes have SBIR/STTR
programs available to meet the Food and Drug Administration requirements for
devices or drugs.

 

39.3 DISCUSSION

 

Initiating, establishing, and maintaining a research career is difficult work, writing
grant applications is time-consuming, and finding adequate resources can be difficult.
However, the reward of adding new knowledge to the field or providing effective
interventions to individuals with disabilities can be very satisfying. For those seeking
the challenge,

 

 

 

there are a number of research questions concerning the role of the
foot and ankle in ambulation that remain to be resolved. 
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preclinical evaluation, 632–636
preclinical trials, 625–627
tension band design, 627–636
tension band fabrication, 632

Advanced biofidelic lower extremity prosthesis. 

 

See

 

 ABLE prosthetic ankle
Ancient motion studies, historical perspective, 1
Ankle. 

 

See also

 

 Modeling; Motion analysis; 
Pediatric foot, ankle

anatomy, biomechanics, 264–266
Ankle arthritis, 263–279. 

 

See also

 

 Arthritis,
ankle

Ankle arthroplasty, pre/postoperative gait 
analysis, 281–289

Ankle gait analysis, clubfoot release, 53–54
Ankle spatial linage model, 471–487

current models, 473–474
spatial linkage model, 475–477
specimen testing procedure, 477–481

Arthritis, ankle, 263–279
anatomy, 264–266
arthrodesis, 268
biomechanics, 264–266
case studies, 270–277
cerebral palsy, dynamic foot development, 98, 

277
clinical assessment, 267
current investigation, 269–270
kinematic results, 272–277

forefoot, 272, 276
hallux, 274, 276
hindfoot, 272, 276
tibia, 272, 274

previous investigations, 269
surgical treatment, 267–268
tar, 268
temporal-spatial results, 270, 274
treatment, 267

Arthroplasty, ankle, pre/postoperative gait 
analysis, 281–289

 

Articulations,

 

 Hippocrates’ motion
studies, 1

 

B

 

Balance perturbation, pediatric, 173–193
ADT data, 185

toes-down, 185
toes-up, 185

MCT data, 183–185
amplitude scaling, 184–185
composite score, 185
latency, 183–184
weight symmetry, 183

NeuroCom EquiTest, 178–183
ADT data, analysis, 182–183
MCT data, analysis, 181–182
sway energy, 183

Biplane fluoroscopic studies, dynamic 
radiography, 549

Botox. 

 

See also

 

 Botulinum toxin type A
with cerebral palsy, 100–101

Botulinum toxin type A, 131–132
efficacy, 133–135

 

C

 

Career development support, rehabilitation 
research, 660–661

Cavovarus, pediatric, 34–37
Cerebral palsy. 

 

See also

 

 Spastic Cerebral
palsy

chemodenervation, 132–133
diplegic, walker-assisted gait, 159–172

motion analysis, 161–163
statistical analysis, 163–165

foot pressure, 93–103
Botox, 100–101
initial visit, 96–98
normal development, 96
one-yr follow-up, 98–99
six-month follow-up, 98
statistics, 95–96
surgical intervention, 100–101
variability, 99–100
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forefoot, hallux valgus, pre/postoperative
gait, 225

hallux valgus, pre/postoperative gait analysis, 
224, 228

forefoot, 229
hallux, 225, 229

hindfoot, hallux valgus, pre/postoperative
gait analysis, 225

pediatric, 27
subtalar arthrodesis, planovalgus,

107–109
Charcot-Marie-Tooth syndrome,

pediatric, 39
Chemodenervation. 

 

See also

 

 Botulinum toxin 
type A

motion assessment, 131–143
botulinum toxin type A, 131–132

efficacy, 133–135
case studies, 136–139
children with cerebral palsy, 132–133
mouse models, spasticity, 132
musculoskeletal modeling, 135–136

Children. 

 

See

 

 Pediatric foot, ankle
Clubfoot

ankle, gait analysis, 53–54
clinical assessment, 49
etiology, 49
forefoot, gait analysis, 57
gait analysis, 52–53

current investigation, 53
previous investigations, 52–53

hallux, gait analysis, 57
hindfoot, gait analysis, 57
hip, gait analysis, 54
kinematic results, lower body gait analysis, 

53–58
kinetics, gait analysis, 55–56
knee, gait analysis, 54
lower body gait analysis, 53–58

case study, 56–57
pathoanatomy, congenital clubfoot, 48–49
pediatric, 37–38

residual, 37–38
plantar pressure, 63–77
radiographic examination, 49–50
release, 47–61
temporal parameters, gait analysis, 53–57
temporal-spatial results, gait analysis, 57–58
tibia, gait analysis, 57
treatment, 50–52

nonoperative, 50–51
surgical, 51–52

Congenital clubfoot. 

 

See

 

 Clubfoot
Cross-talk sensitivity, triaxial plantar force

sensor, 592–593

 

D

 

Diabetic foot, 301–315, 317–345
biomechanics, 317–345
foot deformities, 331–333
gait patterns, 323–325
joint range of motion, 325–327
kinematics of gait, 323–331
kinetics of gait, 323–331
neuropathic ulceration

aberrant loading, 319–320
etiology, 318–320
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