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ABSTRACT 
Many children with cerebral palsy walk with excessive knee flexion, an 

inefficient locomotion pattern known as crouch gait that progressively worsens over 

time without intervention.  Patients often receive surgeries to lengthen tight or spastic 

muscles or to correct bone malalignments.  These treatments are intended to reduce 

excessive knee flexion and enhance mobility, but surgical outcomes are variable, 

largely because there are no standardized protocols for determining what treatment a 

particular patient should receive.  This dissertation sought to answer two main 

questions.  First, can we objectively identify the set of biomechanical factors that 

cause a patient to walk with excess knee flexion?  Second, can we use these factors to 

predict whether a patient’s crouch gait will improve after receiving treatment?  We 

addressed these questions by analyzing the dynamics of crouch gait and developing a 

multi-variable regression model to predict whether subjects’ crouch gait would 

improve or deteriorate between visits to the gait analysis laboratory. 

We first determined the influence of abnormal bone geometry and crouched 

gait postures on the function of muscles during walking using a three-dimensional 

model of the musculoskeletal system.  Our analysis revealed that a tibial torsion 

deformity, a common bone malalignment, reduces the capacity of lower limb muscles 

to generate extension of the knee and hip joints.  Excess tibial torsion may thus be a 

significant contributor to crouch gait and warrant surgical correction.  In addition, our 

analysis showed that a crouched gait posture markedly reduces the capacity of most 

lower limb muscles to extend the knee and hip joints.  A crouched gait posture also 
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increases the hip and knee flexion accelerations induced by gravity.  These findings 

help explain the altered muscle activations, increased energy requirements, and 

increased joint loading associated with walking in a crouch gait. 

We also developed a multi-variable linear regression model to estimate how 

much subjects’ crouch gait would change between hospital visits by analyzing 

patients’ gait kinematics and surgical histories.  The regression model was able to 

explain 49% of the variance in the change in knee flexion between gait visits for the 

353 subject-limbs that we analyzed.  Further, the regression model classified subject-

limbs as ‘Improved’ or ‘Unimproved’ with approximately 70% accuracy, in contrast 

with the observed improvement rate of 48% among subject-limbs in the study.  We 

further demonstrated that more improvement in crouch gait was expected when 

subjects had i) adequate hamstrings lengths and velocities, ii) normal tibial torsion, 

and iii) greater extensor muscle strength, three variables drawn from our knowledge 

about the biomechanics of crouch gait. 

This dissertation quantified the changes in muscle function that occur as a 

consequence of a tibial torsion deformity and walking in a crouched posture.  Using 

this information, we developed guidelines for identifying good candidates for a tibial 

derotation osteotomy.  Next, drawing on our understanding of the biomechanics of 

crouch gait, we developed and tested a statistical model that was able to predict 

whether a subjects’ crouch gait would improve given their gait kinematics and 

treatment plan.  This work establishes a new framework—combining biomechanical 
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modeling and statistical analysis—for understanding gait pathology and objectively 

planning treatment. 
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1 INTRODUCTION 
Generating an efficient and stable gait pattern relies on a complex interaction 

between multiple systems in the body:  the neurological system plans a motion, 

activates muscles, and processes proprioceptive information, the muscles generate 

forces, and the skeleton provides a framework upon which the muscles act to create 

motion.  Problems at each of these levels are common in children with cerebral palsy, 

a neurological disorder that results from a static injury to the motor cortex of the brain 

during or immediately after birth.  These children often have impairments of motor 

control, balance, and proprioception.  Muscle weakness, tightness, and spasticity, and 

bone deformities are also present and lead to a broad range of abnormal motion 

patterns that prevent individuals with cerebral palsy from ambulating efficiently.   

Many children with cerebral palsy walk in a crouch gait, a movement pattern 

characterized by excessive flexion of the knee in terminal swing and throughout the 

stance phase of the gait cycle.  If left untreated, this pathological gait pattern increases 

the cost of locomotion (Campbell & Ball, 1978; Waters & Lunsford, 1985; Rose et al., 

1990) and tends to worsen over time (Sutherland & Cooper, 1978; Bell et al., 2002), 

leading to joint pain and degeneration (Rosenthal & Levine, 1977; Lloyd-Roberts et 

al., 1985).  Researchers and clinicians have proposed several hypotheses about why 

these children walk with excessive stance phase knee flexion.  First, spasticity or 

contracture of the hamstrings muscles is thought to restrict knee extension, thus 

hamstrings lengthening surgery is commonly prescribed to alleviate the excess forces 

generated by these muscles.  Second, bone deformities, in particular excess torsion of 
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the tibia, are believed to contribute to crouch gait by reducing the capacity of muscles 

to generate extension accelerations at the hip and knee joints.  As a consequence, tibial 

derotation osteotomies are often performed for children with crouch gait to restore 

normal bone alignment.  Muscle weakness has also been identified as a possible 

contributor to crouch gait, and can be targeted with strength training.   

While many patients respond positively to treatment for their excessive knee 

flexion, the outcome of surgery and other therapies designed to address crouch gait are 

variable and unpredictable.  Figure 1.1 shows the current rate of improvement for 

subjects with crouch gait treated at one large and well-acclaimed clinical center.  On 

the right hand side of the graph, we see that many children show drastic improvement 

after treatment, with a 25° or larger increase in the knee extension they achieve during 

stance.  In the center of the graph, we see that there are many children who show only 

small improvements, between 0 and 10°, despite receiving invasive musculoskeletal 

surgery.  Finally on the left hand side of the graph, we see that around 15% of patients 

demonstrate worsened crouch gait after treatment.  This plot highlights the need for 

developing new techniques to rigorously identify the reasons that a child walks with 

excessive knee flexion and plan which surgeries they should receive.  The current rate 

of improvement, which hovers at around 50 or 60%, even at one of the best clinical 

centers in the country, is unsatisfactory given the invasive nature of treatments for 

crouch gait.   
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Figure 1.1 Change in knee flexion kinematics after treatment.  This histogram shows the change in 
mean stance knee flexion after treatment for patients who visited Gillette Children’s Specialty 
Healthcare with crouch gait between 1994 and 2009.  A positive value corresponds with improvement 
in crouch gait.  
 
 

The variability of treatment outcomes is a consequence of several limitations 

of the current protocol used to identify the contributors to a patient’s crouch gait and 

prescribe appropriate treatment.  Since there are many possible causes of crouch gait, 

appropriate treatments must be chosen on a patient-specific basis and currently there is 

no standardized protocol or set of guidelines for planning which surgeries an 

individual subject should receive.  Most patients undergo a clinical exam, where a 

physical therapist measures bone alignment, joint range of motion, muscle strength, 

and spasticity.  Patients also typically receive pre-operative gait analysis, where 

electromyography and three-dimensional motion capture is used to collect muscle 

activation patterns and joint kinematics and kinetics during walking.  Analyzing this 

large quantity of information in order to identify the factors to target with treatment is 

difficult, however, since each patient’s gait pattern is different and each patient may 
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have a different set of factors that contribute to his or her crouch gait.  Further, the 

human body is a complex three-dimensional linkage and consequently muscles often 

have non-intuitive roles during locomotion that are difficult to discern from examining 

muscle activity and joint motions.  Currently, the method of analyzing a patient’s pre-

operative data varies from hospital to hospital and depends highly on the experience 

and opinions of the clinical team that examines the data. 

Both biomechanical modeling and statistical analysis have the potential to 

make treatment planning more rigorous and objective and thus improve treatment 

outcomes.  Biomechanical modeling of the musculoskeletal system is a powerful tool 

for quantifying muscle function during pathological gait, which can in turn help us 

identify why a specific patient walks with an abnormal gait pattern.  These models 

allow us to capture the complex actions of bi-articular muscles, which span two joints, 

and the dynamic coupling between joints in order to systematically quantify the 

contributions of bone deformities, gait posture, muscle tightness, muscle spasticity, 

and other factors to pathological gait.  Statistical analysis is another powerful tool for 

understanding the factors that are associated with walking in a crouch gait and 

identifying good candidates for surgery.  By analyzing pre- and post-operative patient 

data in a controlled fashion we can develop robust statistical tools to predict whether a 

subject’s crouch gait will improve or deteriorate.  In this dissertation, we utilized these 

two techniques to understand why children walk in a crouch gait and develop 

objective guidelines to plan treatment, with the ultimate goal of improving the 

outcome of surgery.     
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1.1 STUDY FOCUS 
 The first goal of this dissertation was to identify biomechanical factors that 

contribute to excess stance phase knee flexion in children with cerebral palsy.  We 

created a technique to simulate a torsional deformity of the tibia in a musculoskeletal 

model of the lower extremity.  Using this deformable model, we performed a dynamic 

analysis to quantify the effect of a tibial deformity and a crouched walking posture on 

the capacity of the lower extremity muscles to extend the hip and knee joints.  This 

information about the effects of posture and bone deformities on the function of 

muscles during the stance phase of gait allowed us to identify biomechanical factors—

including the presence of a significant tibial torsion deformity or extensor muscle 

weakness—that should be treated to improve a subject’s excess knee flexion.  The 

second goal of this dissertation was to determine if these biomechanical factors, 

combined with information about a subject’s surgical treatment, could be used to 

predict whether a subject’s crouch gait would improve or deteriorate between hospital 

visits.  We conducted a retrospective analysis of patient data to build and test a linear 

regression model that estimated how much a subject’s stance phase knee flexion 

would change between visits to the gait analysis laboratory.  As a benchmark, we 

compared our ability to predict whether subjects’ crouch gait was ‘Improved’ or 

‘Unimproved’ to the observed rate of improvement using the standard practice of care.  

We found that our regression model, which used biomechanics-based factors, 

information about a subject’s surgical treatment, and other variables drawn from 

readily-available patient data, was more accurate in identifying whether or not 

subjects’ knee flexion would improve. 
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1.2 SIGNIFICANCE 
 The investigations that comprise this dissertation are significant to both the 

biomechanics community that utilizes musculoskeletal models to understand the 

mechanics of locomotion and the clinical community that treats individuals with 

movement disorders.  We developed a technique to simulate the changes in bone 

morphology, joint alignment, and muscle geometry that occur with excess tibial 

torsion, a significant advance in the field of biomechanical modeling.  This technique 

can be used to study, in general, the effects of altered bone morphology on muscle 

function during gait and, specifically, the effects of a tibial torsion deformity on the 

capacity of an individual subject’s muscles to extend the joints and maintain an erect 

posture during walking.  We also demonstrated for the first time, with our statistical 

analysis, that correcting the biomechanical contributors to a subject’s crouch gait is 

associated with improvement in knee kinematics.  This finding provides convincing 

evidence that biomechanical modeling and simulation can help us understand gait 

pathology and more effectively plan treatment.   

 We also designed these studies to answer several important clinical questions 

about gait pathology.  We sought to determine how to identify the factors that cause an 

individual subject to walk with excess knee flexion and when invasive surgical 

treatment is justified.  Our analysis of the impact of crouched gait postures and tibial 

deformities on muscle function identified several potential biomechanical contributors 

to crouch gait and guidelines for when a tibial derotation osteotomy is appropriate.  

Using this information and knowledge from prior studies, we created a multi-variable 

statistical model that identified the characteristics associated with improvement or 
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deterioration of a subject’s crouch gait.  The model was able to make accurate 

predictions about whether a subject’s crouch gait would improve.  With further 

development and validation, this statistical model could be used by clinicians to help 

objectively plan treatment and improve the outcome of surgery.     

 

The primary contributions of the research presented in this dissertation are: 

• Development of a three-dimensional musculoskeletal model with a 

deformable tibia to simulate excess tibial torsion 

Torsional deformities of the tibia often occur in children with cerebral palsy as a 

result of abnormal bone loading during development.  We created a tool to 

simulate the changes to the lower extremity that occur with this deformity, 

including a rotation of the ankle plantarflexion axis and foot with respect to the 

knee flexion axis, which changes the location of the proximal muscle attachment 

sites on the tibia.  The angle of the deformity can be tuned to an individual subject 

based on his or her bone alignment measured during a physical exam.  The 

resulting musculoskeletal model can be used to analyze the changes in muscle 

moment arms, musculotendon dynamics, and joint accelerations generated by 

muscles that occur as a consequence of this bone deformity. 
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• Quantification of the effect of excess tibial torsion and crouched gait postures 

on the capacity of the lower extremity muscles to extend the hip and knee 

joints 

We used our deformable musculoskeletal model and information about the 

kinematics of children who walk in a crouch gait to quantify the effects of 

crouched walking postures and tibial torsion deformities on the capacity of 

muscles to accelerate the hip and knee joints into extension during the single limb 

stance phase of gait.  Our analysis of the musculoskeletal model’s dynamics 

revealed that excess tibial torsion reduces the capacity of many of the lower limb 

muscles to extend the hip and knee joints, in both erect and crouched gait postures, 

which indicates that many children with crouch gait and excess tibial torsion may 

respond positively to a tibial derotation osteotomy.  In particular, we found that the 

capacities of several lower limb muscles, including the gluteals and soleus, were 

markedly reduced when the external tibial torsion angle was 30° or larger.  This 

provides an explicit guideline that clinicians can use when considering if a patient 

will benefit from an osteotomy.  We also found that walking in a crouch gait 

substantially reduced the capacity of muscles to extend the joints and increased the 

flexion accelerations generated by gravity.  These findings shed light on the altered 

muscle activation patterns and increased cost of locomotion we observe in children 

who walk in a crouch gait and highlight the importance of adequate strength for 

the maintenance of an erect gait posture. 
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• Development of a statistical model to predict improvement or deterioration of 

subjects’ crouch  gait using gait analysis data and treatment history 

In the final study of this dissertation, we developed and tested a multi-variable 

linear regression model that used patient data, readily-available from a gait 

analysis, physical exam, and some simple musculoskeletal modeling, to predict 

how much a subject’s crouch gait would improve or worsen on a follow-up 

hospital visit, with or without treatment.  Our statistical model was able to predict 

whether a subject’s stance phase knee flexion would be ‘Improved’ or 

‘Unimproved’ with approximately 70% accuracy, which is over 20 percentage 

points better than the observed improvement rate among subjects in our study.  In 

other words, using the current standard of care, some patients are not receiving 

treatments that might improve their crouch gait and some patients are receiving 

surgery despite a low prognosis for improvement.  Our regression model would be 

able to identify many of these subjects.  Further, the regression model provides an 

estimate of the expected amount of change in a subject’s knee flexion between gait 

visits, which will help clinicians and patients set realistic goals for multi-level 

surgical treatment. 

 

• Evidence that biomechanical factors can be used to predict whether or not a 

subject’s crouch gait will improve or deteriorate 

Several of the predictors that we used in our linear regression model were drawn 

directly from the findings of the biomechanical analyses conducted in this 

dissertation and several prior studies.  These variables—including adequate 
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hamstrings lengths and velocities, normal tibial torsion, and extensor muscle 

strength—had a significant and positive impact on subjects’ improvement in 

crouch gait, which lends support to examining crouch gait from a biomechanical 

perspective.  We have shown that understanding the interaction between the 

geometry of the musculoskeletal system and the forces generated by muscles is 

essential for determining why some children walk with excess knee flexion and 

therefore demonstrated that biomechanical modeling is a powerful tool for 

studying the causes of gait pathology and understanding the consequences of 

surgical treatment. 

  

• Creation of a new framework that combines biomechanical modeling with 

statistical analysis to improve the treatment of movement disorders 

The final study of this dissertation was the first of its kind to use insights from a 

biomechanical model to guide the development of a statistical tool to predict the 

progression of subjects’ crouch gait.  Based on the success of this initial study, we 

believe our framework, which combined biomechanical and statistical modeling, 

can be used to develop tools to help plan treatment for other common gait 

pathologies in children with cerebral palsy, like stiff knee gait and equinus gait.  

The framework developed in this dissertation can also be used to aid treatment 

planning in other populations with movement disorders, such as adults with stroke 

or spinal cord injury. 

 

10 
 



1.3 THESIS OVERVIEW 
 This general introduction is followed by five additional chapters.  The next 

chapter covers some of the relevant clinical background about cerebral palsy, crouch 

gait, and its treatment, as well as a review of prior research about the factors that may 

contribute to excess knee flexion and the success rate of current treatments.  Chapter 2 

also includes a review of the biomechanical modeling and statistics methodology used 

in the studies that compose this dissertation.  Chapters 3 to 5 are a set of self-contained 

journal articles.  Consequently, some of the material in the introduction and methods 

sections may be repeated.  Chapter 3 (Hicks et al. (2007), published in Gait and 

Posture) describes the deformable musculoskeletal model we created to simulate 

excess tibial torsion and the dynamic analysis we conducted to quantify the impact of 

excess tibial torsion on the capacity of the lower extremity muscles to extend the hip 

and knee joints.  Chapter 4 (Hicks et al. (2008), published in the Journal of 

Biomechanics) details our subsequent analysis of the effects of a crouched gait posture 

on the joint accelerations generated by gravity and the extension capacities of muscles 

at the knee and hip joints.  Chapter 5 (submitted to Gait and Posture) describes the 

multi-variable statistical model that we developed to predict improvement in subjects’ 

crouch gait using biomechanical variables and other subject characteristics.  In the 

final chapter, we summarize our major findings and conclusions and propose several 

fronts for future research. 
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The investigations that compose this dissertation were highly collaborative in 

nature.  I have chosen to use the pronoun “we” throughout this dissertation to 

acknowledge the integral contributions of the co-authors on each study.  The main 

participants include: 

Chapter 3:  Allison Arnold, Frank Anderson, Michael Schwartz, Scott Delp 

 Chapter 4:  Michael Schwartz, Allison Arnold, Scott Delp 

 Chapter 5:  Scott Delp, Michael Schwartz  
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2 BACKGROUND 
 This chapter includes a review of the clinical and methodological background 

that will aid readers in understanding the subsequent chapters of this dissertation.  The 

chapter begins with a description of the kinematics of the stance phase of normal gait 

and the muscles responsible for generating this motion.  It then follows with an 

introduction to the changes in kinematics and muscle activations that occur when 

children with cerebral palsy walk in a crouch gait.  Several prior studies that examined 

potential causes of excess knee flexion and investigated treatment outcomes are then 

reviewed.  The chapter concludes with an introduction to the methodology used to 

model the musculoskeletal system, conduct a dynamic analysis of muscle function, 

and build and test a multi-variable statistical model.   

2.1 NORMAL GAIT 
A gait cycle is defined as the period of time from the foot strike of one foot to 

the subsequent foot strike of the same foot, normalized from 0 to 100%.  The gait 

cycle is divided into the stance phase, the period when the foot of the limb of interest 

is in contact with the ground (~0-60% of the gait cycle), and the swing phase, the 

period when the foot leaves the ground and the limb advances forward in preparation 

for the next foot strike (~60-100% of the gait cycle).  The kinematics of the hip, knee, 

and ankle joints throughout a full gait cycle are shown in Figure 2.1. 
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2.1.1 KINEMATICS OF NORMAL GAIT 
 In this dissertation we were 

primarily interested in the terminal swing 

and stance phases of gait, the period when 

the excess knee flexion symptomatic of 

crouch gait is exhibited.  In terminal 

swing of normal gait, an individual’s knee 

and hip are near the maximum angle of 

extension during gait, as shown in Figure 

2.1, A and B.  The ankle is held in a 

neutral position, with an approximately 

90° angle between the foot and the lower 

leg, in preparation for foot strike, as 

shown in Figure 2.1C.  After the foot 

strikes the ground, the knee flexes and the 

ankle plantarflexes (i.e. the angle between 

the shin increases) in response to loading.  

Weight is shifted to the stance limb and 

toe-off of the opposite foot occurs at 

approximately 10% of the gait cycle.  As the 

individual moves into this single limb stance 

phase, the knee and hip extend and the ankle dorsiflexes (i.e. the angle between the 

foot and the shin decreases), with maximum extension of the knee occurring at around 

Figure 2.1 Hip, knee, and ankle joint kinematics 
for normal and crouch gait.  The gray lines and 
shaded bands show mean hip flexion (A), knee 
flexion (B), and ankle dorsiflexion (C) kinematics 
for typically-developing children, ±1 standard 
deviation.  The dashed lines show kinematics 
representative of a moderate crouch gait.  All 
curves are normalized to % of the gait cycle. 
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40% of the gait cycle.  Maximum hip flexion is achieved at approximately 50% of the 

gait cycle, around the time when the foot of the opposite limb completes its swing 

phase and the opposite foot makes contact with the ground.  This begins the second 

double support period when the knee is rapidly flexed in preparation for swing.   

2.1.2 MUSCLE ACTIVITY IN NORMAL GAIT 
 The muscles in the lower limb must accomplish the primary tasks of the stance 

phase—including accepting the weight of the body and braking the forward motion of 

the mass center during loading response, then maintaining an extended limb to support 

the center of mass and propel the body forward through single limb stance and into 

double support.  Muscle activation patterns recorded experimentally using 

electromyography (EMG) provide insight about the muscles responsible for achieving 

these tasks during stance.  Arnold and colleagues (2005) have also analyzed a 

simulation of the stance phase of normal gait to quantify the contributions of the lower 

extremity muscles to hip and knee extension in typically-developing individuals. 

 In preparation for foot strike and in response to initial loading, we see 

activation and eccentric force generation by the hip and knee extensor muscles, 

including gluteus maximus (Figure 2.2A) and vasti (Figure 2.2B), which have been 

shown, via the gait simulation of Arnold and colleagues, to make large contributions 

to hip and knee extension accelerations during this period.  The bi-articular hamstrings 

muscles (Figure 2.2D), which cross both the knee and hip, are also activated during 

this time period, but only make minor contributions to hip and knee extension.  In 

addition, the ankle dorsiflexors, like the tibialis anterior (Figure 2.2C), are activated to  
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Figure 2.2 Major lower extremity muscles.  (Copyright 2003-2004, University of Washington.  All 
rights reserved including all photographs and images.  No re-use, re-distribution or commercial use 
without prior written permission of the authors and the University of Washington.) 

Figure 2.2A The gluteus maximus muscle.  The uni-articular gluteus maximus is the largest and most 
superficial of the gluteal muscles that cross the hip joint.  This muscle has an extension moment arm at 
the hip.  It originates with a wide attachment on the ilium of the pelvis and inserts on the proximal 
femur.   

Figure 2.2B The vasti muscles.  The vasti are a group of three muscles that cross the knee joint, all with 
extension moment arms.  This muscle group consists of the vastus lateralis, vastus intermedius, and 
vastus medialis, moving from lateral to medial.  These muscles originate on the femur and attach to the 
patella, along with the rectus femoris muscle, via the quadriceps tendon.   

Figure 2.2C The tibialis anterior muscle.  The tibialis anterior muscle crosses the ankle joint, with a 
dorsiflexion moment arm.  The muscle runs along the anterior portion of the lower leg, originating on 
the proximal tibia and inserting on the medial side of the foot.   

Figure 2.2D The hamstrings muscles.  The hamstrings are a group of three bi-articular muscles, 
including the biceps femoris long head, semimembranosus, and semitendinosus, that cross the hip and 
knee joints.  These muscles have a common origin on the ischial tuberosity of the pelvis.  The 
semimembranosus and semitendinosus insert on the tibia, while the biceps femoris inserts on the fibula.  
The hamstrings have an extension moment arm at the hip and a flexion moment arm at the knee.   

Figure 2.2E The gluteus medius muscle.  The gluteus medius muscle cross the hip joint, lying 
underneath the gluteus maximus.  The muscle originates on the lateral ilium of the pelvis and inserts on 
the greater trochanter.  This muscle is primarily considered an adductor, but additionally has an 
extension moment arm at the hip.     

Figure 2.2F The soleus muscle.  The soleus is a large, uni-articular muscle that crosses the ankle joint, 
with a plantarflexion moment arm.  It originates on the tibia and inserts, along with the gastrocnemius 
muscle, on the calcaneal tendon.   

Figure 2.2G The psoas muscle.  The psoas muscle runs from the vertebral column, originating with a 
large attachment along the T12 to L5 vertebrae and inserting on the proximal femur.  This muscle has a 
flexion moment arm at the hip.   

Figure 2.2H The gastrocnemius muscle.  The gastrocnemius is a bi-articular muscle that lies superficial 
to the soleus muscle.  It has two heads that originate on the medial and lateral femoral condyles.  Both 
heads insert, along with the soleus, on the calcaneal tendon.  The gastrocnemius has a flexion moment 
arm at the knee and a plantarflexion moment arm at the ankle.   
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stabilize the ankle at initial contact.  As we move into single limb stance, the gluteus 

maximus and vasti remain active, extending the joints and countering the flexion 

accelerations of the hip and knee generated by gravity.  Later in the stance period, we 

see increasing contributions to knee and hip extension from the gluteus medius muscle 

(Figure 2.2E), as well as the soleus (Figure 2.2F), the muscle that makes the largest 

contribution to knee and hip extension after the heel leaves the ground in terminal 

swing.  The soleus does not cross the knee or hip joint, but has the ability to generate 

extension accelerations at these joints via dynamic coupling (Figure 2.3). 

2.2 CROUCH GAIT IN CHILDREN WITH CEREBRAL PALSY 
  Cerebral palsy is a neurological disorder that results from a trauma to the 

developing brain during or after birth that creates static lesions in the motor cortex.  

The primary symptom of this disorder is abnormal and delayed development of motor 

control.  In spastic cerebral palsy, this is manifested as heightened stretch- or velocity-

dependent muscle activation.  Over time, this muscle spasticity typically leads to 

reduced range of joint motion and muscle tightening or contracture.  Common 

additional symptoms include muscle weakness, increased muscle tone, poor balance, 

and the development of bone deformities as a consequence of altered loading during 

growth.  In combination, these problems lead to a variety of abnormal motion patterns 

during gait that develop as the child matures.  As a consequence, treatments are 

typically targeted to children with cerebral palsy between the ages of 6 and 18, the 

population we focus on in this dissertation. 
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Figure 2.3 Action of soleus as a result of dynamic coupling.   Left:  The force applied by soleus, a 
uni-articular muscle spanning the ankle, not only generates an ankle plantarflexion moment (bottom 
orange arrow), but also induces intersegmental forces throughout the body.  The magnitudes and 
directions of these intersegmental forces depend on the force applied by the muscle, the moment arms 
of the muscle, the inertial properties of the segments, and the configuration of the body.  In this 
example, the force applied by soleus produces a counter-clockwise angular acceleration of the shank.  
This acceleration requires the location of the knee joint to accelerate to the left and upward.  The inertia 
of the thigh resists this acceleration, resulting in an intersegmental force at the knee (middle orange 
arrow).  The intersegmental force at the knee accelerates the thigh, which in turn induces an 
intersegmental force at the hip (top orange arrow), and so on.  Right:  As a consequence of the 
intersegmental forces induced by soleus, the muscle accelerates not only the ankle, but all the joints of 
the body.  At the body position shown, soleus accelerates the ankle toward plantarflexion, the knee 
toward extension, the hip toward extension, and the trunk upward.  Over time, these accelerations give 
rise to changes in position.  Thus, due to dynamic coupling, soleus does not function solely as an ‘ankle 
plantarflexor’— in many situations, it does much more.  In a similar fashion, other muscles induce 
intersegmental forces and accelerate joints that they do not span.  (Adapted from Anderson et al., 2006) 
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2.2.1 ALTERED KINEMATICS IN CROUCH GAIT 
 One of the most common gait pathologies among children with spastic cerebral 

palsy is crouch gait, characterized by excess flexion of the knee joint during terminal 

swing and throughout stance phase (Figure 2.1A, dashed line).  A child is typically 

classified as walking with a crouch gait if his or her knee flexion is greater than 20° at 

initial contact, when the foot strikes the ground, and greater than 15° throughout the 

stance phase.  This excess knee flexion may also be accompanied by excess hip 

flexion (Figure 2.1B).  Walking in a crouch gait increases patellofemoral joint loading  

(Perry et al., 1975), which can cause painful joint degeneration over time (Rosenthal 

& Levine, 1977; Lloyd-Roberts et al., 1985).  Crouch gait additionally increases the 

energetic requirements of locomotion (Campbell & Ball, 1978; Waters & Lunsford, 

1985; Rose et al., 1990) and can impede foot clearance during walking.  Without 

intervention, the locomotor pattern of children with crouch gait typically deteriorates 

(Sutherland & Cooper, 1978; Bell et al., 2002), until independent ambulation is no 

longer feasible. 

2.2.2 ALTERED MUSCLE ACTIVITY IN CROUCH GAIT 
 Along with the altered kinematics associated with crouch gait, we also observe 

changes in muscle activation patterns.  Although few studies documenting EMG in 

children with crouch gait are available, researchers have noted increased and extended 

hamstring muscle activation during the stance phase (Hoffinger et al., 1993).  One 

study measured muscle activation in adults walking in an artificially-induced crouch 

gait and observed increased activation of the gluteus maximus, gluteus medius, vasti, 

and tibialis anterior (Harlaar, 2003).  The dynamic function of these muscles during 
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crouch gait has not been documented; thus, quantifying the effect of a crouched gait 

posture on the capacity of these muscles to extend the knee and hip joints was one of 

the primary goals of this dissertation.      

2.3 WHAT BIOMECHANICAL FACTORS MIGHT CONTRIBUTE TO CROUCH 

GAIT? 
 Several prior investigations have examined the potential factors that contribute 

to the excess knee flexion we observe in crouch gait and the consequences of surgical 

treatments to address these factors, as discussed below (Figure 2.4). 

2.3.1 EXCESS FORCE GENERATION BY THE HAMSTRINGS MUSCLES 
One of the most commonly blamed culprits for crouch gait is excess force 

generation by the hamstrings muscles.  Spasticity or contracture of the hamstrings is 

thought to restrict knee extension and thus hamstrings lengthening surgery is 

commonly prescribed to address a patient’s diminished knee extension during stance 

(Bleck, 1987; Perry & Newsam, 1992).  To perform this procedure, the surgeon makes 

a diagonal incision in the tendon of one or more of the hamstrings muscles and sutures 

the tendon(s) together in an elongated position.  While many patients demonstrate 

improved knee kinematics when a hamstrings lengthening procedure is performed as 

part of a patient’s treatment (DeLuca et al., 1998; Abel et al., 1999; Kay et al., 2002; 

Adolfsen et al., 2007; Gordon et al., 2008), the success of the procedure is variable 

from patient to patient and negative complications, like the development of excessive 

anterior pelvic tilt, knee hyperextension, and a stiff knee gait have been reported 
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Figure 2.4 Several possible biom
echanical causes of crouch gait.  The factors show

n in red m
ay lead to the generation of excessive knee flexion 

accelerations.  The factors show
n in orange m

ay lead to dim
inished knee extension accelerations. 



(Thometz et al., 1989; Hsu & Li, 1990; DeLuca et al., 1998; Kay et al., 2002; Gordon 

et al., 2008).  Further, it has not been established that the procedure improves overall 

metrics of gait function like walking speed and stride length. 

Common clinical indications for a hamstrings surgery include excessive knee 

flexion during gait and/or a flexion contracture of the knee joint, but these measures 

do not directly assess whether a patient’s hamstring muscle-tendon units are 

abnormally short or lengthen with abnormally slow velocities during gait and are thus 

inhibiting the patient’s knee extension.  In a series of investigations, Arnold and 

colleagues (2006a; 2006b) analyzed the musculotendon lengths and lengthening 

velocities of the semimembranosus, one of the hamstrings muscles, of subjects with 

crouch gait.  This analysis revealed that subjects with hamstrings that were neither 

short nor slow were less likely to exhibit improved knee kinematics after a hamstrings 

lengthening procedure.  In the subset of subjects who had improved knee extension 

after a hamstrings lengthening surgery, patients with short and/or slow hamstrings 

preoperatively tended to have longer and/or faster hamstrings after surgery.  This 

examination of hamstrings lengths and velocities during gait, before and after surgery, 

suggests that surgically lengthening short or spastic hamstrings may improve knee 

extension by allowing these muscles to operate at increased lengths or elongate with 

greater muscle-tendon velocities.  

 This set of studies provides valuable insight about the potential link between 

the hamstrings muscles and crouch gait, but several issues remain.  First, the function 

of the hamstrings during the stance phase of crouch gait is not clear.  The bi-articular 
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hamstrings muscles may produce knee flexion acceleration through the muscles’ knee 

flexion moment and may generate knee extension acceleration through the muscles’ 

hip extension moment, via dynamic coupling between the joints.  (An illustrative 

example of dynamic coupling, as a result of the activation of the soleus muscle is 

shown in Figure 2.3).  In fact, Arnold and colleagues (2005) have demonstrated that 

the hamstrings have a small knee extension capacity during the stance phase of normal 

gait.  In Chapter 4, we examine the function of the hamstrings in a crouch gait to 

determine whether these muscles contribute to flexion or extension of the knee during 

the stance phase.  In addition, although hamstrings lengths and lengthening velocities 

appear to provide useful information for planning surgery, the ability of pre-operative 

hamstrings lengths and velocities to predict post-operative surgical outcomes has not 

been tested in a controlled study, an issue we address in Chapter 5.  

2.3.3 EXCESS FORCE GENERATION BY PSOAS OR GASTROCNEMIUS 
Excessive force generation by the psoas (Figure 2.3G) or gastrocnemius 

(Figure 2.3H) muscles due to spasticity or contracture has also been linked to crouch 

gait.  Although the psoas muscle crosses the hip joint, it may generate an excessive 

knee flexion moment during stance via dynamic coupling (see Figure 2.3).  The psoas 

muscle can be surgically lengthened and while this procedure is not typically 

performed in isolation to correct crouch gait, it has been associated with improved 

knee kinematics when performed as a part of multi-level surgery (Rodda et al., 2006) 

or in combination with a hamstrings lengthening (DeLuca et al., 1998).  The bi-

articular gastrocnemius muscle, which crosses the ankle and knee joints, has a flexion 

moment arm at the knee and thus may inhibit knee extension during stance.  In 
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patients with excessive plantarflexion during walking (called equinus gait) and 

plantarflexion contractures, a gastrocnemius lengthening may thus be prescribed and 

has been associated with improvement in sagittal plane motion at the ankle, as well as 

the knee (Baddar et al., 2002; Galli et al., 2009).  In Chapter 4, we investigate the 

capacity of the psoas and gastrocnemius muscles to accelerate the hip and knee joints 

in a crouch gait and, in Chapter 5, we test whether surgical lengthening of the psoas or 

gastrocnemius is associated with improvement in knee flexion. 

2.3.4 INSUFFICIENT FORCE GENERATION BY VASTI 
 In some patients, severe static knee flexion contractures and an inability of the 

vasti to generate sufficient knee extension moments are thought to prevent adequate 

knee extension during stance.  Patients with these symptoms are typically older (13 or 

more years of age) and have failed to respond positively to a hamstrings lengthening 

or other surgery.  As a result of chronic spasticity and walking in a crouch gait, these 

patients develop fixed contractures of the knee joint of 10 to 30°.  This patient group 

also commonly demonstrates quadriceps weakness at terminal knee extension, which 

is manifested in an ‘extensor lag’ (i.e. the amount of knee extension subjects can 

actively achieve is 15 to 30° less than their maximum passive knee extension angle).  

A patellar tendon advance and distal femoral extension osteotomy may be prescribed 

for these patients to restore normal knee joint range of motion and quadriceps lengths.  

The surgeon removes a wedge from the distal, anterior portion of the femur and fixes 

the bone such that the knee is able to achieve full extension.  Then, the quadriceps 

muscle-tendon complex is shortened by detaching the patellar tendon from the tibia at 

the tibial tuberosity and reattaching the bone fragment distally on the tibia.  There is 
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some disagreement within the clinical community about when this surgery is 

warranted, but one recent study reported improvement in crouch gait for almost all 

subjects, at least in the short term (Stout et al., 2008).  In our statistical analysis in 

Chapter 5, we analyze the impact of this procedure on improvement in crouch gait. 

2.3.5 INSUFFICIENT FORCE GENERATION BY THE EXTENSOR MUSCLES DUE TO 
WEAKNESS 
 Children with cerebral palsy commonly exhibit substantial muscle weakness 

(Wiley & Damiano, 1998).  Several simulation studies have demonstrated the 

importance of the hip extensors, knee extensors, and ankle plantarflexors in generating 

sufficient extension moments to maintain an erect posture and support the center of 

mass (Arnold et al., 2005; Kimmel & Schwartz, 2006; Liu et al., 2006).  Further, if 

muscles, like the hip extensors, for example, are selectively weak, individuals walking 

in a crouch gait may compensate by increasing the activation of other muscles, like the 

hamstrings, which may inhibit normal knee extension.  A few investigators have 

examined the benefits of strength training in the population of children with crouch 

gait, and have observed promising, although variable, results (Damiano et al., 1995; 

Damiano et al., 2010).  In Chapter 4, we examine the capacity of the extensor muscles 

to extend the hip and knee in a crouch gait and, in Chapter 5, we examine the 

relationship between extensor muscle strength and improvement in crouch gait. 

2.3.6 EXCESS TIBIAL TORSION 
 Many children with cerebral palsy who walk in crouch gait also exhibit tibial 

torsion deformities, defined as excess internal or external rotation of the tibia about its 

long axis.  This rotational mal-alignment of the tibia can be estimated using two 
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clinical measures, including the thigh-foot angle and bimalleolar angle (Figure 2.5).  

In typically developing children, the thigh foot angle gradually increases from ~0° at 

birth to a mean value of ~10° by age 6 or 7 (Staheli et al., 1985).  In children with 

cerebral palsy, this angle can be up to 40° internal and 60° external.  A bone deformity 

of the skeleton, like excess tibial torsion, alters the dynamic coupling between joints 

and the interaction between the foot and the ground, and may thus contribute to crouch 

gait by reducing the capacity of muscles to accelerate the joints into extension, as 

suggested by previous investigators (Stefko et al., 1998; Schwartz & Lakin, 2003; 

Selber et al., 2004; Ryan et al., 2005).  Correcting the deformity with a tibial 

derotation osteotomy, where the bone is surgically transected and fixed in a normal 

alignment, is thought to improve bone alignment and help restore normal muscle 

function,  but this hypothesis has not been fully tested.  In Chapter 3, we quantify the 

effect of a tibial torsion deformity on the capacity of the lower-extremity muscles to 

extend the hip and knee joints and, in Chapter 5, we examine the relationship between 

good tibial alignment and improvement in knee flexion among patients with crouch 

gait.      
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Figure 2.5 Clinical estimates of a patient’s tibial torsion angle.  Left:  Thigh Foot Angle.  The thigh 
foot angle is measured by positioning the patient prone with the knee flexed to 90°.  A goniometer is 
then used to determine the angle between the long axis of the femur and the line connecting the center 
of the hindfoot and the point between the 2nd and 3rd metatarsals.  Right:  Bimalleolar Angle.  The 
bimalleolar angle is measured with the patient supine and the knee fully extended.  The line marked A 
corresponds to the line connecting the medial and lateral femoral condyles—the patient is positioned 
such that this line is horizontal.  The line marked B corresponds to the line connecting the medial and 
lateral malleoli.  The angle C is then the bimalleolar angle (Copyright Gage et al., 2009). 

 

2.3.7 EXCESS FEMORAL ANTEVERSION AND FOOT DEFORMITIES 
 Several other bone abnormalities are also common among children with crouch 

gait.  Excess femoral anteversion (Figure 2.6) may alter the capacity of muscles to 

extend the knee, as a consequence of dynamic coupling.  Deformities of the foot, 

including equinovarus, equinovalgus, and clubfoot, may create an unstable platform 

for locomotion and inhibit efficient transfer of forces from the foot to the ground at 

push-off.  A femoral derotation osteotomy can improve the rotational alignment of the 

femur and bone and soft tissue procedures can improve the rigidity and alignment of 

the foot.  Many clinicians believe these procedures are an integral component of 

correcting a subject’s crouch gait (Ounpuu et al., 2002; Rodda et al., 2006).  In 
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Chapter 5, we investigate whether surgeries to correct excess femoral anteversion and 

foot deformities are associated with improvement in crouch gait. 

 

Figure 2.6 Clinical estimate of a patient’s femoral anteversion angle.  The femoral anteversion 
angle is measured with the patient prone.  The trochanter of the femur is palpated to locate the axis of 
the femoral neck.  The angle between the long axis of the tibia and vertical is measured with a 
goniometer (Copyright Gage et al., 2009).  

 

2.4 OUTCOME OF TREATMENTS FOR CROUCH GAIT 
As reviewed in the sections above, there are a variety of surgical options 

available to address the abnormal knee kinematics observed in patients who walk with 

crouch gait; however, treatment outcomes are variable.  Several recent studies have 

investigated the general effectiveness of treatments for crouch gait when prescribed by 

clinicians with and without the aid of three-dimensional gait analysis data.   
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2.4.1 DOES GAIT ANALYSIS DATA AID TREATMENT PLANNING? 
Prior research has shown that results of surgery are often positive, but not all 

subjects improve after treatment.  As seen in Figure 1.1, around 50% of subjects 

improve after treatment, while as many as 15% experience a deterioration of their 

crouch gait, even after receiving invasive surgery.  This may occur, in part, because 

there are no explicit and objective guidelines for deciding which treatment is most 

appropriate for each patient.  To this end, researchers have investigated whether the 

use of three-dimensional gait analysis enables clinicians to more rigorously identify a 

patient’s gait abnormalities and design effective treatment plans for crouch gait.  At 

many clinical centers, patients undergo a comprehensive gait analysis and physical 

exam prior to surgery.  During the physical exam, a therapist manually measures a 

patient’s muscle strength, selective motor control, spasticity, joint range of motion, 

and bone alignment.  A patient’s gait is also recorded with a video camera from 

several angles and visually inspected to help identify gait problems.  During the gait 

analysis, a patient is fitted with retro-reflective markers and surface electrodes to 

measure EMG of the lower-extremity muscles, then motion and muscle activity data is 

collected as the patient walks.  This data is combined with ground reaction forces 

collected via force plates to calculate kinematics, kinetics, and muscle activation 

patterns throughout the gait cycle.  The physical exam and gait analysis data is 

reviewed by the patient’s treating clinical team, which is composed of physical 

therapists, biomechanists and orthopedic surgeons, to determine an appropriate 

treatment plan.     
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Several investigations indicate that gait analysis may aid treatment planning, 

enabling greater improvement in walking function after surgery.  Schwartz and 

colleagues (2004) retrospectively examined the outcome of surgical treatment when 

gait analysis was used by the treating clinical team as a diagnostic aid to identify 

lever-arm dysfunction, short muscle-tendon units, and/or spasticity to target with 

treatment.  They report improvements in overall gait kinematics and oxygen 

consumption.  In a small retrospective study of children with cerebral palsy, Filho and 

colleagues (2008) report more improvement in gait function among subjects whose 

treatment matched the recommendations from a gait analysis that was interpreted by a 

team of experienced clinicians.  In another retrospective review of patients with 

cerebral palsy, Gough and Shortland (2008) found that subjects for whom surgery was 

recommended and performed based on a clinical team’s interpretation of a gait 

analysis tended to improve after treatment, while those whose recommended surgery 

was not performed tended to deteriorate over time.  In contrast, patients for whom 

surgery was not recommended and not performed tended to maintain their gait 

function.  Lofterod and Terjesen (2007), developed a specific set of thresholds for a 

subject’s gait kinematics to determine if several different surgeries were appropriate 

for a subject.  They found the largest improvement in gait function when the surgical 

recommendations from a subject’s clinical analysis and gait analysis agreed.   

2.4.2 LIMITATIONS OF OUTCOMES RESEARCH 
While these findings all indicate that gait analysis may help to identify good 

candidates for surgery, there are several limitations of the prior outcomes studies 

reviewed above.  First, most studies failed to include a control group of subjects who 
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did not receive treatment.  In the cases where a control group was included, 

researchers did not account for the set of possible confounding factors that may differ 

between patients who did or did not receive gait analysis and/or surgery.  For example, 

subjects who received gait analysis or surgery may be more severely affected or have 

a greater incidence of concomitant gait problems than those who did not receive 

surgery.  Further, most investigations failed to incorporate explicit and systematic 

guidelines for the use of gait analysis in making treatment decisions, instead relying 

on the subjective experience and opinion of the subjects’ treating clinical team.  The 

study by Lofterod and Terjesen (2007) did utilize specific thresholds, but these 

guidelines were not motivated by biomechanics research and seemed to lead to the 

recommendation of unnecessary surgeries.   

2.5 OPEN QUESTIONS ABOUT THE CAUSES AND TREATMENT OF CROUCH 

GAIT 
In summary, both clinical outcomes research and prior biomechanical 

modeling studies have provided valuable insights about crouch gait, yet many open 

issues remain.  First, while investigators have gathered information about muscle 

function during normal gait, it is not clear how the ability of muscles to extend the 

joints changes when subjects walk in a crouch gait or have bone deformities.  Our 

work to clarify the role of muscles when walking in a crouch gait and in the presence 

of excess tibial torsion is described in Chapters 3 and 4.  Second, while biomechanical 

modeling research has provided potential guidelines to help interpret the information 

from a gait analysis, and outcomes research suggests that a gait analysis, when 

interpreted by experienced clinicians, may improve treatment outcomes, it is not 
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known if the analysis of gait data can consistently identify good candidates for a given 

surgical treatment.  We test the utility of an objective statistical model for predicting 

improvement in crouch gait in Chapter 4.  Surgical interventions for crouch gait often 

have a positive effect, countering the negative natural progression of this gait disorder; 

however, as discussed in Chapter 5, we believe that outcomes will be more 

consistently positive if clinicians follow objective, biomechanical guidelines for 

planning treatment.   

2.6 METHODOLOGY:  DYNAMIC ANALYSIS OF A MUSCULOSKELETAL 

MODEL 
 Musculoskeletal modeling is a powerful tool for improving our ability to 

consistently and objectively identify the biomechanical factors that contribute to 

crouch gait and other movement abnormalities.  The human body is a complex, three-

dimensional linkage, and consequently, muscles can have non-intuitive roles during 

locomotion as a result of dynamic coupling between joints (see Figure 2.3).  Muscles 

can generate accelerations at joints they do not span and bi-articular muscles, like the 

hamstrings for example, can generate accelerations that oppose their moment arms.  

Musculoskeletal models and their corresponding equations of motion allow us to 

capture the complexity of dynamic coupling and quantify muscle function in the 

presence of bone deformities, like tibial torsion, or in pathological gait patterns. 
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2.6.1 SPECIFICATION OF A MUSCULOSKELETAL 
MODEL    
 In this dissertation, we used a physics-based 

computer model of the bones and muscles that compose t

musculoskeletal system to understand muscle function in 

crouch gait (Figure 2.7).  This musculoskeletal model, 

initially developed by Delp and colleagues (1990), 

represents the geometry of the bones and joints in the body 

and the inertial properties of each of the body segments, 

based on data collected from cadavers and in vivo 

experimental measures.  Muscles in the model are 

represented as one or more line segments that run from the 

muscle’s origin to insertion points.  The model uses wrapping surfaces and via points 

to simulate constraints from soft tissue and the wrapping of muscles over bone 

surfaces.  The interaction between the foot and floor is modeled by applying forces to 

a set of contact points distributed over the sole of the foot.   

he 

Figure 2.7 Three-dimensional 
model of the musculoskeletal 
system.  

Based on the musculoskeletal model’s geometry and inertial properties, we can 

formulate the equations of motion that relate muscle forces to joint accelerations as a 

function  o of the body’s p sition: 

 ,   (1) ,

In this equation, , , and  are the vectors representing the positions, speeds, and 

accelerations of the system, respectively.   is the system’s mass matrix, 

representing the inertial properties of the model.  The forces applied to the system are 
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represented by the remaining quantities: ,  corresponds to centrifugal and 

coriolis forces,  to gravitational forces, and the term  to muscle forces.  

Finally, the term ,  corresponds to the foot-floor contact forces.   

2.6.2 MUSCLE INDUCED ACCELERATION ANALYSIS   
 We use a technique known as an induced acceleration analysis to examine the 

function of muscles in the presence of a tibial torsion deformity and crouched gait 

postures during the single limb stance phase of gait.  A full description of this 

technique can be found in the review article by Zajac and Gordon (1989).  We begin 

by positioning the musculoskeletal model with the desired posture, , from an instant 

of the gait cycle.  We then apply a one newton force along the path of the muscle of 

interest, setting all other muscle forces to zero (i.e. specify ).  We also apply a 

corresponding ground reaction force at the foot to maintain rigid contact, , which is 

calculated using an optimization technique, described below.  After specifying these 

values, we invert the system’s mass matrix and solve for , which gives us the 

resulting accelerations of all the joints in the model: 

,   (2) 

We set all forces to zero except for the muscle of interest and its corresponding ground 

reaction force, thus the velocity-dependent forces, , , and gravitation 

forces, , from Equation 2 are both zero. 

 We determine the ground reaction force needed to maintain rigid contact with 

the ground when a given muscle is activated as follows (Anderson & Pandy, 2003).  

Five contact points are distributed over the sole of the foot.  Given the model’s 
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accelerations, , we solve for the minimum sum of squared forces at these contact 

points that will prevent the foot from accelerating.  This optimization problem can be 

specified as: 

 ·   

  

 (3) 

0    (4) 

Here is the acceleration of contact point i that results from the force of muscle M, 

which is computed using the model’s equations of motion.  The resulting forces will 

maintain rigid contact between the foot and the ground.  Since we minimize the sum 

of squared forces, the contact forces will be distributed evenly across the contact 

points.  

 This induced acceleration technique allows us to calculate the potential or 

capacity of a muscle to accelerate each joint in the body per newton of applied force.  

There are benefits and limitations of using this technique to study muscle function.  In 

particular, the potential of a muscle to generate joint accelerations that we calculate 

with an induced acceleration analysis depends solely on musculoskeletal geometry, the 

position of the body segments, and the interaction between the foot and the floor.  

Thus we do not need to generate a forward dynamic simulation of gait to determine 

the influence of bone geometry or pathological gait postures on the capacity of 

muscles to accelerate the joints of the body.  On the other hand, our analysis does not 

account for a muscle’s cross-sectional area, length, lengthening velocity, or activation 

level, all of which also impact the joint accelerations that a muscle generates during 

gait.  As with any modeling technique, the validity of an induced acceleration analysis 
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depends on the accuracy of our representation of the body’s joints, muscle paths, and 

segment inertial properties.  The results may also be sensitive to the technique we use 

to calculate the ground reaction force corresponding to a given muscle activation.  For 

example, in Chapters 3 and 4 we assume the foot is in rigid contact with the ground.  

Recent investigations using function electrical stimulation report good agreement 

between theoretical joint accelerations calculated via an induced acceleration analysis 

and experimentally-measured joint motions generated when a given muscle is 

stimulated (Stewart et al., 2007; Stewart et al., 2008), which lends confidence to using 

this approach to study the role of muscles during locomotion. 

2.7 METHODOLOGY:  MULTI-VARIABLE REGRESSION MODELING 
 Ideally, we would use randomized, controlled clinical trials to assess the 

effectiveness of treatments and identify the factors that distinguish between patients 

with good and poor surgical outcomes.  This approach is not practical for the 

population of children with crouch gait; however, given the variability of patients’ gait 

patterns and the treatments they receive.  Several clinical centers have compiled large 

databases with patients’ gait kinematics and surgical treatment history.  By analyzing 

this readily-available data in a controlled manner, we can gauge the effectiveness of 

treatments, identify the variables associated with the improvement and deterioration of 

gait function, and develop predictive tools to help plan treatment and set realistic goals 

for surgery.  In this section we review the concepts we use in Chapter 5 to develop a 

multi-variable linear regression model to estimate a subject’s change in stance phase 

knee flexion between gait lab visits.  Many of the topics discussed below are drawn 

from a biostatistics text by Vittinghoff and colleagues (2005).  We refer the reader to 
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this text for a more complete discussion of regression analysis as it applies to medical 

outcomes research.  

2.7.1 MOTIVATION FOR MULTI-VARIABLE REGRESSION MODELING 
 Since is often impractical to conduct randomized, controlled clinical trials in 

patients with crouch gait, we can use multi-variable statistical modeling to control for 

the confounding variables that influence treatment outcomes and vary among subjects.  

For example, if we want to determine the effect of a given surgery on the progression 

of a subject’s crouch gait, we should include subjects with crouch gait who did not 

receive the surgery as controls.  Since our analysis is a convenience sample of 

retrospective data, we must control for the factors, like overall severity and other 

treatments received, that may be different between subjects who did and did not 

receive the surgery by including them as variables in our regression model.  There are 

many factors that may contribute to crouch gait and many factors that differ between 

subjects.  As a result, one must use careful statistical model-building to control for all 

of the variables that might impact our outcome measure and the causal effects of the 

biomechanics-based variables we are interested in testing. 

2.7.2 FORMULATION OF A MULTI-VARIABLE LINEAR REGRESSION MODEL  
 The linear regression model we use in this dissertation takes the following 

general form: 

|

In other words, | , the expected value of our outcome measure y is a linear 

combination of the predictors contained in vector , weighted by the regression 

coefficients .  We also allow interaction terms (  in Equation 5), which allow the 

  (5) 
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causal effect of one predictor ( ) to vary according to the value of another predictor 

in the regression model ( ).  Since we do not expect the regression model to perfectly 

explain the relationship between the outcome and predictors for all observations, we 

introduce the random part of the regression model.  For each observation, we represent 

the outcome  as: 

|      (6) 

 (7) 

Here,  is the observed outcome measure for subject i and  is the corresponding 

vector of predictive values.  The  represent the random error associated with 

observation i, which we assume to be independent and normally distributed with mean 

zero and have a constant standard deviation for all values of .  Given all of our 

observations,  and , we can then calculate estimates of the regression coefficients, 

, using ordinary least squares. 

 

 One of the benefits of a simple linear regression model is that it allows a 

straightforward interpretation of its coefficients.  Each  gives the expected increase 

in the outcome measure  for each one unit increase in , holding all other variables 

in the regression model constant.  Our regression model can include continuous 

variables, as well as binary (0/1) variables.  In the case of binary variables, the 

corresponding coefficient represents the change in expected outcome compared to the 

reference (0) group.  If we have accounted for all confounding variables, we can 

interpret the  as causal effects of variable  on the outcome, .  The constant 

2.7.3 INTERPRETATION OF REGRESSION COEFFICIENTS AND INTERACTION 
TERMS 
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coefficient, , is the value of  when all predictors are zero.  The constant term is 

easily interpretable only when all variables in the regression model are centered to 

have a mean of zero, in which case  is the mean outcome across all observations.  

We may also want to determine the relative strength of the association between our 

outcome measure and each predictive variable.  In this case, we can calculate 

standardized regression coefficients by rescaling the predictors to have a standard 

deviation of 1.  In this case, each regression coefficient now corresponds to the 

expected increase in our outcome measure, y, per one standard deviation increase in 

the predictive variable, .   

2.7.4 REGRESSION MODEL BUILDING AND PREDICTIVE VARIABLE SCREENING 
 Careful statistical model building is paramount for the applications we describe 

in this dissertation given the heterogeneity of children with cerebral palsy and our goal 

of creating a statistical model that is both clinically interpretable and robust enough to 

make accurate predictions.  On the one hand, we want to include all confounding 

variables so that we can draw valid conclusions about the factors that cause a subject’s 

crouch gait to improve or deteriorate and accurately estimate a subject’s expected 

outcome.  On the other hand, including too many variables in the regression model 

will lead to over-fitting, making the model sensitive to the idiosyncrasies of the data 

set used to select the regression coefficients.  In addition, including two variables in 

the regression model that are highly collinear can attenuate the effect of each variable 

and increase the standard errors of their coefficients. 

 Given these considerations, we advocate a hypothesis-driven approach to 

create a pool of candidate variables to include in the linear regression model and a 
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backwards selection process to reduce the size of this pool (Maldonado & Greenland, 

2002).  We start with a set of candidate predictors drawn from our knowledge about 

the biomechanical factors that contribute to crouch gait and the other subject 

characteristics and treatments that may influence knee motion.  We then use 

backwards selection to reduce the number of variables in the regression model and 

prevent over-fitting.  We begin with a fit of the full model then successively test the 

significance of the contribution of each variable to the model fit using a statistic like 

the Wald Test.  We drop the least significant variable at each step until all variables 

are significant at the p = 0.2 level.  By starting with a full model and using backwards 

selection with a liberal probability cut-off, we are more likely to retain important 

causal variables and any confounding variables that may mask their effect, while still 

preventing over-fitting.  

2.7.5 STANDARD STATISTICAL ASSESSMENT OF REGRESSION MODELS 
Several standard statistical measures are available to assess the significance of 

each of the regression coefficients and the fit of the overall model.  If we assume that 

the errors for the observations used to develop the statistical model are independent 

and normally distributed, the regression coefficients will have a normal distribution 

and we can calculate their variance as follows: 

|   (8) 
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Here, |  is the residual variance of the outcome not explained by the regression 

model,  is the variance of variable , n is the number of observations used to fit the 

regression model, and  is the correlation or r value from a regression model where  



is regressed on all the other predictors.  By examining this formula, we see that adding 

more predictors may either increase or decrease the variance of .  If the added 

predictors increase the amount of variance the regression model is able to explain, the 

variance of the coefficient will decrease.  If the added predictors are correlated with 

, the variance of the coefficient will increase.    

Given the variances of , we can calculate the associated standard errors of 

our regression coefficients.  The ratio of the coefficient estimate to its standard error 

then has a t-distribution with n-(p+1) degrees of freedom, where p is the number of 

variables in the regression model.  We can use a coefficient’s t-statistic to calculate a 

p-value that assesses whether   is a significant predictor of the observed outcome, y, 

when holding all other variables in the regression model constant.  We can also use the 

t-distribution to calculate 95% confidence intervals for the coefficients.  To assess the 

overall fit of the regression model, we examine the R2 value, the ratio of the model 

sum of squares (MSS)  the total sum of squares (TSS): to

∑
∑    (9) 

In this equation, the  correspond to the observed values of the outcome measure and  

 the mean value among all subjects.  The resulting value represents the total 

variability in the outcome measure that is explained by the predictors in the regression 

model.    

2.7.6 REGRESSION MODEL ASSESSMENT WITH CROSS VALIDATION 
 The measures described above are primarily used to assess the strength and 

significance of the relationship between each of the predictors and our outcome 
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measure.  Since we hope to develop a clinically-relevant prognostic tool, we also want 

to determine the ability of our regression model to make accurate and robust 

predictions about patient outcomes.  In particular we want to estimate the ability of our 

statistical model to make predictions for new subjects, other than those used to train 

the model and select the regression coefficients.  Reserving a subset of the subjects for 

testing prevents us from extracting the full amount of information from our data set to 

build the regression model, so cross validation is recommended to estimate out-of-

sample prediction accuracy (Kohavi, 1995).  We divide the entire pool of observations 

into sub-groups—typically 10.  We then use 9 of the 10 groups to train the regression 

model and select the coefficients of the predictors.  We make predictions for the 

reserved test group using the resulting regression model and calculate the 

corresponding classification accuracy.  We repeat this process successively using each 

of the 10 groups as the reserved test set, then calculate the average classification 

accuracy as an estimate of out-of-sample prediction accuracy.  While this is only an 

approximation of the regression model’s predictive ability for new subjects, cross 

validation strikes a good balance between taking advantage of all available data and 

assessing the statistical model’s robustness. 

 

 This chapter has provided a review of many of the concepts and methodology 

upon which the subsequent chapters rely.  The core of the work conducted for this 

dissertation, using biomechanical modeling and statistical analysis to understand the 

factors that contribute to crouch gait, is discussed in the next three chapters.       
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3 THE EFFECT OF EXCESSIVE TIBIAL TORSION ON THE 

CAPACITY OF MUSCLES TO EXTEND THE HIP AND KNEE 
DURING SINGLE LIMB STANCE 
 

3.1 ABSTRACT 
Excessive tibial torsion, a rotational deformity about the long axis of the tibia, 

is common in patients with cerebral palsy who walk with a crouch gait.  Previous 

research suggests that this deformity may contribute to crouch gait by reducing the 

capacity of the soleus to extend the knee; however, the effects of excess external 

torsion on the capacity of other muscles to extend the stance limb during walking are 

unknown.  A computer model of the musculoskeletal system was developed to 

simulate a range of tibial torsion deformities.  A dynamic analysis was then performed 

to determine the effect of these deformities on the capacity of lower limb muscles to 

extend the hip and knee at body positions corresponding to the single limb stance 

phase of a normal gait cycle.  Analysis of the model confirmed that excessive external 

torsion reduces the extension capacity of soleus.  In addition, our analysis revealed 

that several important muscles crossing the hip and knee are also adversely affected by 

excessive tibial torsion.  With a tibial torsion deformity of 30°, the capacities of 

soleus, posterior gluteus medius, and gluteus maximus to extend both the hip and knee 

were all reduced by over 10%.  Since a tibial torsion deformity reduces the capacity of 

muscles to extend the hip and knee, it may be a significant contributor to crouch gait, 

especially when excess torsion is 30° or larger than normal, and thus should be 

considered by clinicians when making treatment decisions.   
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3.2 INTRODUCTION 
 Many children with cerebral palsy walk with excessive flexion of their hips 

and knees, a movement pattern known as crouch gait.  Tibial torsion deformities, 

characterized by excess twisting about the bone’s long axis, are commonly observed in 

patients with cerebral palsy who walk with a crouch gait.  Previous researchers have 

postulated that excess tibial torsion reduces the ability of muscles to extend the joints 

(Stefko et al., 1998; Schwartz & Lakin, 2003; Selber et al., 2004; Ryan et al., 2005), 

which may contribute to the crouched posture observed in some patients.  This bony 

misalignment can often be corrected with a derotation osteotomy (Dodgin et al., 

1998); however, the indications for surgery are unclear and the outcomes are variable.  

Understanding if this deformity is a significant contributor to diminished hip and knee 

extension is an important step in improving the treatment of patients with excess tibial 

torsion and crouch gait. 

 There are two possible biomechanical links between crouch gait and tibial 

deformities.  First, excess tibial torsion may reduce the plantarflexion moment arms of 

muscles crossing the ankle joint.  Previous work has established that the soleus and 

gastrocnemius play an important role in supporting the body during the mid- and late-

stance phases of gait (Neptune et al., 2001; Liu et al., 2006).  If the plantarflexion 

moment arms of the soleus or gastrocnemius are diminished as a result of altered 

musculoskeletal geometry, their capacity to extend the joints and support the body 

may be reduced, possibly contributing to crouch gait.   
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 A second possibility is that excess tibial torsion alters the dynamic interactions 

between muscles and the underlying skeletal system during gait.  Analyzing the 

actions of muscles during movement is complex given the body’s multi-articular 

nature (Anderson et al., 2006).  When a muscle applies a force to a body segment, that 

segment is accelerated.  However, the acceleration of that segment is resisted by the 

inertia of adjoining segments, which generates intersegmental forces that accelerate 

the other joints in the body.  Therefore, a muscle that only crosses the ankle joint, such 

as soleus, has the potential to accelerate not just the ankle, but also the hip and knee.  

This ‘plantarflexion-knee extension couple’ is well established for the soleus (Zajac & 

Gordon, 1989; Gage & Schwartz, 2004; Kimmel & Schwartz, 2006).  Many other 

muscles have also been demonstrated to accelerate joints they do not cross during gait 

(Kepple et al., 1997; Riley & Kerrigan, 1999; Arnold et al., 2005; Piazza, 2006).  

Moreover, during single limb stance, the acceleration of the part of the foot that is in 

contact with the ground must be zero.  Since any muscle activation will generate 

forces on the foot, an equal and opposite force must be applied to the foot by the 

ground for the foot to remain static.  The intersegmental forces generated by a muscle 

activation and the resulting foot-ground interaction depend on both the orientation of 

the body segments and bony geometry.  Thus, the joint accelerations from a particular 

muscle activation will change as the body progresses through the gait cycle and also in 

the presence of a bony deformity like tibial torsion.  This means that excess tibial 

torsion, a transverse plane misalignment of the lower leg, can alter the capacity of 

muscles to accelerate joints in the sagittal plane at the knee and hip.   
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 Previous research suggests that excess tibial torsion may affect the dynamic 

capacity of muscles to extend the joints during gait.  Schwartz and Lakin (2003) 

demonstrated with a computer model that an external tibial torsion deformity reduced 

the capacity of the soleus to extend the knee during single limb stance.  This study was 

an important first step in understanding the biomechanical links between tibial torsion 

and crouch gait; however, several unresolved issues remain.  The multi-articular 

nature of the body means that tibial torsion can affect the capacity of other lower limb 

muscles to extend not only the knee, but also the hip.   

 The aim of the present study was to determine the mechanisms by which 

excess external tibial torsion contributes to diminished knee and hip extension.  We 

created a computer model of the musculoskeletal system to simulate a range of tibial 

torsion deformities.  We determined the changes in moment arms of soleus and 

gastrocnemius as a function of tibial torsion angle to assess the possibility that excess 

tibial torsion contributes to crouch gait by altering plantarflexion moment arms.  We 

also determined the effect of excess external torsion on the capacity of muscles to 

extend the hip and knee during single limb stance to assess the possibility that the 

deformity alters the dynamic interactions between muscles, the skeletal system, and 

the ground during gait.  The muscles most affected by excess external tibial torsion 

and the degree of deformity resulting in a substantial decrease in extension capacity 

were examined to help establish indications for a derotation osteotomy. 
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3.3 METHODS 

3.3.1 MUSCULOSKELETAL MODEL 
 A computer model of the musculoskeletal system with a deformable tibia 

(Figure 3.1) was used to determine the effect of external tibial torsion on i) muscle 

moment arms and ii) dynamic muscle extension capacities, which we define as the 

potential of muscles to accelerate the hip and knee into extension during gait.  The 

model used in this study had 14 segments, 11 joints, 23 degrees of freedom, and 92 

muscles (Delp et al., 1990).  The upper body (head, trunk, and arms) consisted of a 

single segment connected to the pelvis by a 3 degree-of-freedom ball and socket joint.  

Each leg was composed of a femur, patella, and combined tibia-fibula segment and 

each foot was represented by talus, calcaneus, and metatarsophalangeal segments.  

The hip was modeled as a 3 degree-of-freedom ball and socket joint and the knee as a 

planar joint with constraints to represent tibiofemoral and patellofemoral joint 

kinematics (Yamaguchi & Zajac, 1989).  The ankle, subtalar, and metatarsophalangeal 

joints were modeled as 1 degree-of-freedom revolute joints.  Muscle paths, bone 

geometry, and segment inertial parameters were based on previous studies (Delp et al., 

1990; Arnold et al., 2000; Anderson & Pandy, 2001).  The equations describing the 

model were generated using the SIMM Dynamics Pipeline (Delp & Loan, 1995) and 

SD/Fast (Parametric Technologies, Needham, Massachusetts). 
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Figure 3.1 Three-dimensional model of the musculoskeletal system with a deformable tibia.  The 
model has 14 segments, 11 joints, 23 degrees of freedom, and 92 muscles.  This model was used to 
evaluate the effect of torsional deformities of the tibia (see box on right tibia) on muscle moment arms 
and dynamic muscle extension capacities.   

 

3.3.2 TIBIAL TORSION DEFORMITY 
 A torsional deformity was modeled as a gradual rotation about the long axis of 

the tibia (Figure 3.2).  In the undeformed model, the angle between the knee flexion 

axis and the ankle plantarflexion axis, measured about the long axis of the tibia, was 

12° (Inman, 1976).  We created models with additional external torsion up to 60° 

larger than this baseline in 10° increments.  The deformity was modeled in two parts: 

i) a rotation of the foot, ankle joint, and distal third of the tibia (Figure 3.2, Inner Box) 

by the entire torsion angle, and ii) a linearly varying twist of the tibia beginning just 

above the distal third of the tibia and continuing to a location just distal to the origin of 

the soleus and the patellar tendon attachment site (Figure 3.3, Outer Box).  All 

proximal muscle attachments on the tibia were unaltered. 
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Figure 3.2 Geometric method for deforming the tibia.  The model on the left has an undeformed 
tibia, while the model on the right has an additional 30° of external torsion.  The tibial torsion deformity 
was implemented using two boxes.  The inner box, ankle axis, and foot were rotated by the torsion 
angle specified.  There was a linear decrease in tibial torsion angle between the top of the inner box and 
the top of the outer box.  All bone deformation was distal to any proximal muscle attachments on the 
tibia.  

 

3.3.3 MUSCLE MOMENT ARMS 
 We determined the effect of tibial torsion on muscle moment arms as follows.  

For the undeformed model and each model with excess tibial torsion, the 

plantarflexion moment arms of the soleus, medial gastrocnemius, and lateral 

gastrocnemius were determined throughout the ankle range of motion, with the knee 

fully extended.  Moment arms were calculated using the partial velocity method (Delp 

& Loan, 1995).  The moment arm for each muscle was plotted as a function of 

additional tibial torsion angle, and the maximum percentage change from normal was 

determined.  The potential effects of a hindfoot varus or valgus deformity, which may 

accompany a tibial torsion deformity, were not included in this analysis. 

 

51 
 



3.3.4 DYNAMIC MUSCLE EXTENSION CAPACITIES 
 We used an induced acceleration analysis (Zajac & Gordon, 1989) to 

determine the effect of excess external torsion on the dynamic extension capacity of 

soleus and other muscles during gait.  The undeformed model and each model with 

excess tibial torsion was positioned at the joint angles corresponding to the single limb 

stance phase of normal gait.  The single limb stance joint angles were based on gait 

data from 10 able-bodied children (mean age 12 ± 1.5 years and mean walking speed 

1.3 ± 0.1 m/s), collected at Gillette Children’s Specialty Health Care.  All motion data 

were acquired using a Vicon 512 motion capture system operating at 60 Hz (Oxford 

Metrics, Oxford, UK).  The gait data for each of the 10 subjects was normalized to 

percent of the gait cycle and then all cycles were averaged.  Muscle capacities to 

accelerate the joints were calculated at each 2% of single limb stance (15-40% of the 

gait cycle) for the right leg. 

At each position of single limb stance we assessed the dynamic extension 

capacity of each muscle in the model.  To compute the joint accelerations induced by a 

muscle, a one newton muscle force and its corresponding contribution to the ground 

reaction force were applied to the model.  The resulting angular accelerations of the 

hip and knee per unit force were then calculated using the model’s equations of 

motion.  These accelerations, determined for each muscle at each position of single 

limb stance, represent the dynamic capacity or potential of the muscle to accelerate the 

joints.   
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The contribution of the muscle to the ground reaction force was determined 

using a decomposition approach developed by Anderson and Pandy (2003).  The 

interaction between the stance limb and the ground was represented by five contact 

points that were distributed over the sole of the foot.  A one newton muscle force was 

applied to the model along the muscle path of interest and the resulting ground 

reaction force was determined by solving for the minimum total force that would 

constrain the acceleration of each contact point to be zero.  Optimization was 

performed using CFSQP (AEM Design, Tucker, GA), a sequential programming 

algorithm for solving nonlinear optimization problems. 

We compared the extension capacities of the muscles for our model without 

excess tibial torsion to previous published results (Arnold et al., 2005).  The absolute 

magnitudes of the acceleration potentials and relative potentials between the muscles 

were in good agreement (Figure 3.3).  It should be noted that the previous results were 

obtained from a different model of the musculoskeletal system and separate analysis 

software.  We focused our analysis on a subset of muscles based on two criteria: i) the 

muscle had at least a 5°/s2/N potential to accelerate the hip or knee into extension 

during single limb stance and ii) the muscle was known to be active during single limb 

stance (Perry, 1992).  The muscles meeting these criteria included gluteus maximus, 

posterior gluteus medius, vasti, hamstrings, and soleus.  For each of these muscles, the 

potential to accelerate the hip and knee as a function of excess tibial torsion was 

determined and plotted as a percent of the muscle’s capacity in the undeformed model. 
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Figure 3.3 The capacity of selected muscles to accelerate the hip and knee toward extension in a 
model with normal tibial geometry, averaged over single limb stance.  The results of this analysis 
are shown in white.  The results of a previously-published analysis (Arnold et al., 2006a), using a 
different model and different simulation software, are shown in black.  Muscles analyzed include 
gluteus maximus (GMAX), hamstrings (HAMS), posterior compartment of the gluteus medius 
(GMEDP), vasti (VAS), adductor magnus (ADM), soleus (SOL), adductor brevis, longus, and pectineus 
(ADDS), tensor fascia latae (TFL), iliopsoas (ILPS), sartorius (SAR), rectus femoris (RF), 
gastrocnemius (GAS), and biceps femoris short head (BFSH).  

54 
 



3.4 RESULTS 

3.4.1 MUSCLE MOMENT ARMS 
 Introducing a tibial torsion deformity to the musculoskeletal model changed 

the moment arms of the ankle plantarflexors only slightly (Figure 3.4).  Soleus and 

lateral gastrocnemius showed a small decrease in plantarflexion moment arm with 

additional external torsion, while medial gastrocnemius showed a slight increase in 

plantarflexion moment arm.  The percentage decrease for soleus was about 1% for an 

additional torsion angle of 60°.  The lateral gastrocnemius showed a 2% decrease and 

the medial gastrocnemius showed a 3% increase.  The patterns and percent changes 

were similar throughout the ankle range of motion typically observed during gait. 
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Figure 3.4 The effect of excess external tibial torsion on the moment arms of the plantarflexors in 
an upright standing position. 
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3.4.2 DYNAMIC MUSCLE EXTENSION CAPACITIES 
 In the undeformed model, the gluteus maximus had the greatest potential to 

extend the hip per unit force (37°/s2/N), followed by hamstrings (20°/s2/N), then 

posterior gluteus medius (18°/s2/N), vasti (15°/s2/N), and soleus (5°/s2/N) (Figure 

3.3A).  The gluteus maximus also had the greatest potential to extend the knee 

(22°/s2/N), followed by vasti (18°/s2/N), then posterior gluteus medius (10°/s2/N), and 

soleus (7°/s2/N) (Figure 3.3B).    

Excess external torsion reduced the hip and knee extension capacity during 

single limb stance for nearly all of the muscles examined.  The capacity of soleus to 

extend the hip decreased by 50% with 60° of additional external torsion (Figure 3.5A).  

The capacity of the posterior gluteus medius to extend the hip decreased by 20%, the 

gluteus maximus by 8%, and the vasti by 4% with a deformity of 60°.  There was a 

negligible change in the potential of the hamstrings to extend the hip.   

The capacity of both the soleus and posterior gluteus medius to extend the knee 

decreased by 50% with a 60° external deformity (Figure 3.5B).  The gluteus maximus 

showed a reduction of just under 20% and the vasti a reduction of 4%.  The 

relationship between tibial torsion angle and extension potential was nonlinear for the 

soleus and approximately linear for the other muscles.  Although the extension 

capacity was averaged over single limb stance, the reduction in extension capacity as a 

result of a tibial torsion deformity tended to be similar throughout single limb stance.   
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Figure 3.5 The effect of excess external torsion on the average capacity of muscles to extend the 
hip and knee during single limb stance.  The accelerations per unit force are given as a percent of the 
values for the normal or undeformed model. 
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3.5 DISCUSSION 
 The results of this analysis indicate that excess external torsion of the tibia may 

contribute to crouch gait by reducing the capacity of muscles to extend the hip and 

knee during gait.  A tibial torsion deformity did not significantly affect muscle 

moment arms in our model—the plantarflexion moment arms of the soleus and 

gastrocnemius changed less than 3% at the largest tibial torsion angle tested.  Rather, 

deforming the tibia diminished the potential of several important stance phase muscles 

to extend both the hip and knee by altering the skeletal platform on which the muscles 

act.  As demonstrated by previous researchers (Zajac & Gordon, 1989; Gage & 

Schwartz, 2004; Kimmel & Schwartz, 2006), several muscles were found to have a 

considerable potential to extend joints they do not cross.  The gluteal muscles had an 

extension potential during single limb stance at not only the hip, but also the knee, 

while soleus had an extension potential at both the hip and knee.  Excess tibial torsion 

resulted in a substantial decrease in the capacity of the gluteals and soleus to extend 

the hip and knee and thus their capacity to support an upright posture during gait. 

 Two important clinical questions are i) When is external tibial torsion a 

significant contributor to a crouch gait pattern? and ii) When should excess torsion be 

corrected with a tibial derotation osteotomy?  Further investigation is needed to 

definitively answer these questions; however, the results of this study suggest a few 

possible guidelines to aid surgical planning.  First, major changes in the capacity of 

muscles to extend the joints were observed when the deformity was 30° larger than 

normal.  For example, with additional torsion of 30°, the potentials of soleus, posterior 

gluteus medius, and gluteus maximus to extend the knee were all reduced by greater 
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than 10% and their potentials to extend the hip were all reduced by greater than 15%.  

This result is consistent with clinical observations from a large group of patients with 

diplegic cerebral palsy examined at Gillette Children’s Specialty Healthcare (Figure 

3.6).  In particular, when external tibial torsion, as determined from the bimalleolar 

axis, was 30° or more larger normal, there was a significant increase in the likelihood 

that a patient walked with a crouch gait (p-value = 0.01 by the Χ2 test. 

Figure 3.6 Clinically-observed correlation between excess external tibial torsion and crouch gait.  
The data presented here is from 821 patients with diplegic cerebral palsy examined at Gillette 
Children’s Specialty Healthcare since 1994.  The amount of additional torsion was determined using 
measurements of the bimalleolar axis.  A bimalleolar angle of 10° was taken as the normal or baseline 
value, to correspond with our undeformed musculoskeletal model.  Patients were classified as being in 
crouch gait if their knee flexion was 20° or greater at initial contact and at least 15° throughout stance.  
Subjects with an external tibial torsion deformity of 30° or larger (N = 23) had a significantly greater 
likelihood of walking with a crouch gait (p = 0.01), as determined by the Χ2 test. 
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The deformity tended to have the greatest impact on the soleus and posterior 

gluteus medius.  For example, with a tibial torsion angle of 60° greater than normal, 

the capacity of both soleus and posterior gluteus medius to extend the knee was 

reduced by 50%.  This suggests that the deformity may be particularly deleterious in 
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patients with pre-existing weakness of the gluteal or plantarflexor muscles or those 

receiving soft-tissue surgeries that could weaken these muscles.   

Schwartz and Lakin (2003) found that the potential of the soleus to extend the 

knee was reduced in the presence of external tibial torsion, which is consistent with 

our results.  However, they found that the soleus generated a knee flexion acceleration 

when the tibial torsion deformity was 50°.  Soleus always generated a knee extension 

acceleration in our analysis, even with 60° of excess tibial torsion.  The different 

results most likely arise from the different techniques used to model the foot-ground 

interaction.  In the current study, the ground reaction force was calculated using a 

decomposition technique that did not constrain the force to act through a pre-

determined point.  In the study by Schwartz and Lakin, the ground reaction force 

during the simulation was assumed to act through the center of pressure.  The location 

of the center of pressure on the foot was taken from normal gait data, and when the 

deformity was introduced, this point was assumed to rotate with the foot.  This 

approach may have exaggerated the effects of the deformity, since it is likely that the 

center of pressure moves medially on the foot when excess external tibial torsion is 

present. 

 A few limitations must be considered when interpreting our results.  In this 

study, we analyzed the potential of a muscle to accelerate the joint per one newton of 

muscle force.  The actual angular acceleration of a joint induced by a muscle depends 

on the muscle’s activation level as well as its force-generating capacity, which 

depends in turn on the muscle’s physiological cross-sectional area and the muscle’s 

60 
 



length and velocity during the movement.  For example, in this analysis, the potential 

of the soleus to extend the hip and knee was small relative to the other muscles 

examined (Figure 3.3); however, the soleus generates a large force during single limb 

stance (Zajac & Gordon, 1989; Kimmel & Schwartz, 2006), so even small changes in 

its extension potential may have a significant impact on gait.   

Second, several assumptions were made in modeling the tibial torsion 

deformity.  Little information is available about the typical morphology of a tibial 

torsion deformity, although it is commonly believed to occur in the distal portion of 

the bone.  The most important modeling consideration, however, at least for our 

dynamic analysis, is the relative twist between the knee flexion axis and the ankle 

plantarflexion axis.  The actual morphology of the deformity may be more important 

when examining changes in muscle moment arms.  Nevertheless, the effect of tibial 

torsion on muscle plantarflexion moment arms is still likely to be small relative to the 

changes in dynamic muscle extension capacity. 

 The capacity of muscles to extend the joints depends on the geometry of all the 

bones and the orientations of all the joints.  As a result, the presence of other bony 

deformities may impact the changes in muscle capacities that result from tibial torsion.  

Concomitant bone deformities, including excessive femoral anteversion and varus-

valgus deformities of the hindfoot, are common in the patient population with cerebral 

palsy and excess tibial torsion.  These concomitant bony abnormalities could possibly 

offset or exacerbate the effects of a tibial torsion deformity on muscle extension 

capacities.  Also, the gait pattern used to position the model could impact the results of 
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the analysis.  In this study, the model was positioned at joint angles corresponding to a 

normal gait pattern.  Walking with a crouch gait alone changes the potential of 

muscles to extend the joints (Schwartz & Kimmel, 2005), so how muscles are affected 

by excess tibial torsion and which muscles are affected may change in the presence of 

crouch gait kinematics, an issue we examine in the next chapter.  Additionally, 

subjects may attempt to compensate for excess torsion, for example, by increasing the 

internal rotation of their hip.  Since we positioned the model with normal kinematics, 

we were not able to assess the effectiveness of this compensation.  Further 

investigation is warranted to determine the interacting effects of bone deformities and 

abnormal gait kinematics. 

 Since excessive external tibial torsion reduces the capacity of several stance 

phase muscles to extend the hip and knee, it may be a significant contributor to crouch 

gait, especially when the torsion angle is 30° greater than normal.  The deformity had 

the greatest impact on soleus and posterior gluteus medius, suggesting that correcting 

excessive tibial torsion may be particularly important in patients with weak 

plantarflexors or gluteal muscles.  The analysis technique developed in the study also 

provides a powerful framework for examining how changes in bone geometry affect 

the capacity of muscles to accelerate the joints during gait or other movements.  This 

framework could be used in future investigations to examine the effects of other bone 

deformities on muscle function or to assess the effect of an individual patient’s bone 

geometry on his or her gait. 
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4 CROUCHED POSTURES REDUCE THE CAPACITY OF 
MUSCLES TO EXTEND THE HIP AND KNEE DURING THE 
SINGLE LIMB STANCE PHASE OF GAIT 

 

4.1 ABSTRACT 
Many children with cerebral palsy walk in a crouch gait that progressively 

worsens over time, decreasing walking efficiency and leading to joint degeneration.  

This study examined the effect of crouched postures on the capacity of muscles to 

extend the hip and knee joints and the joint flexions induced by gravity during the 

single limb stance phase of gait.  We first characterized representative mild, moderate, 

and severe crouch gait kinematics based on a large group of subjects with cerebral 

palsy (N = 316).  We then used a three-dimensional model of the musculoskeletal 

system and its associated equations of motion to determine the effect of these 

crouched gait postures on i) the capacity of individual muscles to extend the hip and 

knee joints, which we defined as the angular accelerations of the joints towards 

extension that resulted from applying a one newton muscle force to the model, and ii) 

the angular acceleration of the joints induced by gravity.  Our analysis showed that the 

capacities of almost all the major hip and knee extensors were markedly reduced in a 

crouched gait posture, with the exception of the hamstrings muscle group, whose 

extension capacity was maintained in a crouched posture.  Crouch gait also increased 

the flexion accelerations induced by gravity at the hip and knee throughout single limb 

stance.  These findings help explain the increased energy requirements and 

progressive nature of crouch gait in patients with cerebral palsy.   
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4.2 INTRODUCTION 
Crouch gait, one of the most common gait pathologies in patients with cerebral 

palsy (Wren et al., 2005), is characterized by increased knee flexion throughout stance 

phase and, frequently, increased hip flexion and internal rotation.  Walking with a 

crouch gait increases the energy costs of walking (Campbell & Ball, 1978; Waters & 

Lunsford, 1985; Rose et al., 1990) and can lead to joint pain and degeneration 

(Rosenthal & Levine, 1977; Lloyd-Roberts et al., 1985; Bleck, 1987).  Further, 

without intervention, crouch gait typically worsens over time (Sutherland & Cooper, 

1978; Bell et al., 2002).  A host of possible factors have been linked to the 

development of crouch gait, including muscle tightness, weakness, and spasticity 

(Hoffinger et al., 1993; McNee et al., 2004; Arnold et al., 2005), skeletal deformities 

(Gage & Schwartz, 2001), and motor control deficits (Gage & Schwartz, 2004).  

Treatments to improve crouch gait show varying success.   

Determining the cause of progressive crouch gait and the appropriate 

corrective treatment is difficult because the motions generated by muscle forces during 

crouch gait are not clearly understood.  The musculoskeletal system is a complex, 

multi-joint linkage and, through dynamic coupling, muscles are able to accelerate 

joints that they do not cross (Zajac & Gordon, 1989; Kepple et al., 1997; Riley & 

Kerrigan, 1999; Arnold et al., 2005; Kimmel & Schwartz, 2006).  Bi-articular muscles 

may have non-intuitive functions as a result of this dynamic coupling.  For example, 

forces generated by the hamstrings muscle group may produce a knee flexion 

acceleration through the muscles’ knee flexion moment and may generate knee 

extension acceleration through the muscles’ hip extension moment (Arnold et al., 
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2005).  Since the joint accelerations that result from a muscle force depend on the 

relative orientation of the segments of the body, crouched gait postures may reduce the 

capacity of a muscle to extend the hip or knee (i.e., the joint extension acceleration 

generated by a 1 N muscle force may decrease).  

A link between crouched gait postures and the capacity of muscles to extend 

the hip and knee has several clinical implications.  If a crouched posture significantly 

reduces the capacity of muscles to extend the hip or knee joints, individuals may be 

required to exert more muscle force to maintain a crouched posture.  Crouch gait may 

also alter the accelerations of the hip and knee joints that are induced by gravity, 

further increasing muscle force requirements.  Crouch-related changes in muscle 

extension capacities may help explain differences in muscle activation when walking 

with a crouch gait (Thomas et al., 1996).  For example, muscles that maintain their 

extension capacity during crouch gait may be favored over muscles with diminished 

extension capacities.  Determining how increasingly severe crouched postures affect 

the accelerations produced by muscles may help us better understand the progressive 

nature of crouch gait (Sutherland & Cooper, 1978). 

The purpose of this study was to determine how crouched postures affect the 

capacity of muscles to extend the hip and knee joints during the single limb stance 

phase of gait.  We defined a muscle’s extension capacity at the hip or knee joint as the 

angular acceleration, towards extension, that results from applying a 1 N muscle force 

to the body along the muscle’s line of action.  The muscle’s extension capacity, as we 

define it, depends solely on the orientation and inertial properties of the body 
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segments and is thus independent of a muscle’s activation level or force-generating 

capacity.  Individuals with crouch gait may have reduced moment-generating capacity 

of the hip and knee extensors as a result of skeletal deformities, impaired motor 

control, or muscle atrophy, or if muscles operate in suboptimal regions of their force-

length curves.  In this study, however, we examined only the posture-related changes 

in a muscle’s extension capacity.  Since experimentally isolating the effects of a 

crouched gait posture on muscle extension capacities is difficult, we used 

musculoskeletal modeling and a dynamic analysis.  We first characterized 

representative crouch gait kinematics, from mild to severe, based on a large database 

of patients with cerebral palsy.  We then determined the effect of these representative 

crouched postures on the capacity of muscles to extend the hip and knee joints during 

single limb stance.   

4.3 METHODS  
Representative mild, moderate, and severe crouch gait kinematics were 

formulated using a database of subjects with cerebral palsy, age 6 or older, who visited 

the Center for Gait and Motion Analysis at Gillette Children’s Specialty Healthcare, 

St. Paul, MN.  Human subjects approval was obtained from the institutional review 

boards at Gillette Children’s Specialty Healthcare and Stanford University.  A 

standard clinical protocol was used to place and track the 3D motion of markers on the 

lower extremity (Davis, 1991) and calculate joint angles (Kadaba et al., 1990).  All 

joint angles were normalized to percent of the gait cycle.  Left and right subject sides 

were analyzed independently.  To be included in the study, subjects had to walk with 

crouch gait, which was defined as a knee flexion angle of at least 20° at initial contact 
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and greater than 15° throughout stance phase, which is approximately 2 SD larger than 

normal (Arnold et al., 2006b).  We did not control for age, surgical history, or level of 

impairment in order to obtain a general characterization of crouch gait.  Subjects with 

an equinus gait pattern were eliminated from the crouch group by excluding subjects 

whose average foot-floor angle during single limb stance deviated more than 10° from 

normal toward equinus.    

The subjects were divided into three groups based on crouch severity.  Mild 

crouch subjects had between 20° and 30° of knee flexion at initial contact (N = 89), 

moderate crouch subjects between 30° and 40° (N = 127), and severe crouch subjects 

more than 40° (N = 100).  Average joint angles for each group were calculated over 

the entire gait cycle.  A comparison set of normal kinematics was determined by 

averaging gait data for a group of 83 able-bodied children walking at self-selected 

speed, also collected at Gillette Children’s Specialty Healthcare.  Two-sample t-tests 

were used to compare the joint angles, averaged over the entire gait cycle, between the 

three crouch groups and normal. 

The three-dimensional musculoskeletal model used in our analysis (Figure 4.1) 

had 10 segments and 13 degrees of freedom (Delp et al., 1990).  The model had a 

combined head, trunk, and arms segment, a pelvis segment, and a right and left femur, 

patella, tibia, and foot.  The combined upper body segment articulated with the pelvis 

via a ball and socket joint.  The hip joint was modeled as a ball and socket, the 

articulations of the femur, patella, and tibia were modeled as a modified planar joint 

with one degree-of-freedom, and the ankle was modeled as a hinge joint.  Each of the 
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Figure 4.1 The three-dimensional musculoskeletal model in poses corresponding to single limb 
stance for normal gait and severe crouch gait.  The musculoskeletal model has 10 segments, 13 
degrees of freedom, and 92 muscle paths.  Although an upper body segment was included in our 
analysis of crouch gait, it is omitted from the figure.  We assumed normal trunk kinematics in the 
crouch groups since upper body motion data was not available for most subjects with crouch gait. 
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model’s 92 muscle paths was represented by an origin, insertion, and appropriate 

wrapping and via points (Delp et al., 1990; Arnold et al., 2000; Anderson & Pandy, 

2001).  The model’s equations of motion were derived using the SIMM Dynamics 

Pipeline (Delp & Loan, 2000) and SD/Fast (Parametric Technologies, Needham, MA).  

To quantify the effect of crouch gait on the extension capacity of muscles and 

the action of gravity at the hip and knee, we used an induced acceleration analysis 

(Zajac & Gordon, 1989).  We positioned the musculoskeletal model with the averaged 

gait kinematics for each of the four groups—normal, mild crouch, moderate crouch, 

and severe crouch (Figure 4.2) during the single limb stance phase (14-50% of the gait 

cycle).  For each muscle path in the model, at every 2% of single limb stance, a 1 N 

muscle force and the corresponding ground reaction force were applied to the model.  

The resulting angular accelerations of the hip and knee joints were then calculated 

using the model’s equations of motion.  These accelerations represent the capacity of 

each muscle to extend the hip and knee joints per unit force, for each position of single 

limb stance.  For muscles represented by more than one path, extension capacities 

were calculated by taking a weighted average based on the maximum isometric force 

of each component.  To determine the hip and knee angular accelerations induced by 

gravity throughout single limb stance, we applied a gravitational force to the center of 

mass of each model segment as well as the corresponding ground reaction force at the 

foot. 
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Figure 4.2 Average joint kinematics for normal and crouch gait.  The gray line and bands show the 
mean values ±1 SD for a group of 83 able-bodied children walking at self-selected speed.  The black 
solid and dashed lines show mean kinematics for subjects with cerebral palsy who walked in a crouch 
gait, classified as mild (N = 89), moderate (N = 127), or severe (N = 100) based on knee flexion angle 
at initial contact.  All angles are in degrees.  The three crouch groups had significantly greater than 
normal hip flexion (B), knee flexion (C), ankle dorsiflexion (D), and internal hip rotation (E) when 
averaged over the gait cycle (p < 0.05).  Anterior pelvic tilt (A) and external foot progression (F) tended 
to be larger in the crouch groups, but were not significantly different from normal.   
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We used an optimization approach (Anderson & Pandy, 2003) to calculate the 

ground reaction force corresponding to an individual unit muscle force or gravity.  A 

set of five contact points were distributed on the sole of the stance foot.  After 

applying a 1 N muscle force or gravity, we determined the force needed at each 

contact point to maintain zero acceleration of the foot.  A sequential quadratic 

programming algorithm (CFSQP, AEM Design, Tucker, GA) was used to solve for 

the distribution of forces that minimized the sum of squared forces at the five contact 

points while maintaining rigid contact between the foot and the ground. 

4.4 RESULTS 
The subjects with crouch gait had significantly larger knee flexion angles than 

normal during stance, by definition (Figure 4.2C).  Subjects in each crouch group also 

had larger hip flexion (Figure 4.2B) and internal rotation (Figure 4.2E) than normal, 

when averaged over the gait cycle (p  < 0.05).  Our elimination of subjects with an 

equinus gait pattern resulted in progressively greater dorsiflexion (p < 0.05) in each 

crouch group (Figure 4.2D).  Subjects with crouch gait also tended to walk with more 

anterior pelvic tilt and external foot progression than normal, although group 

differences were not significant (Figures 4.2A and 4.2F).  The full kinematics profiles 

for each group are provided in Appendix A.   

Crouched gait postures reduced the capacity of muscles in our model to 

generate extension accelerations at the hip and knee.  The gluteus maximus, posterior 

gluteus medius, vasti, and soleus all had a substantial capacity to extend the hip and 

knee joints during normal single limb stance (Figure 4.3).  With crouch gait, the  
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Figure 4.3 The effect of crouch gait on the capacity of muscles to extend the hip and knee.  Each 
bar graph shows the capacity of the major leg muscles to accelerate the hip and knee joints per 1 N 
muscle force, averaged over the single limb stance period, for normal and crouch gait.  Darker shades of 
gray represent more severe crouch.  Extension capacities are positive.  The muscles shown include 
gluteus maximus (GMAX), hamstrings (HAMS), the posterior compartment of gluteus medius 
(GMEDP), vasti (VAS), soleus (SOL), gastrocnemius (GAS), rectus femoris (RF), tensor fascia latae 
(TFL), and psoas (PSOAS).  Results for the other muscles in the model are available in Appendix A.   
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capacities of all of these muscles to extend the joints were markedly reduced.  At the 

hip, the extension capacities of posterior gluteus medius, soleus, and vasti were all less 

than 50% of normal for a severe crouch (Figure 4.3A).  At the knee, the capacities of 

soleus, vasti, and gluteus maximus were less than 50% of normal while the posterior 

gluteus medius lost nearly all knee extension capacity with severe crouch (Figure 

4.3B).  The rectus femoris had a knee extension capacity in normal gait, which was 

completely lost with severe crouch (Figure 4.3B).  The effect of crouch gait on the 

extension capacities of these muscles was consistent throughout single limb stance.  

The effect of crouch gait on the capacity of all muscles in the model to extend the hip 

and knee is available in Appendix A. 

In normal gait, the hamstrings in our model had a large hip extension 

capacity and a small knee extension capacity (Figure 4.4).  With crouch gait, at 

the hip, we observed an increase in the extension capacity of the hamstrings, 

especially in the second half of single limb stance.  At the knee, there was a slight 

decrease in the extension capacity of hamstrings in early stance with crouch gait, 

while in late single limb stance there was an increase.   

Crouch gait also influenced some of the hip and knee flexor muscles.  At the 

hip joint, crouch gait had little effect on the psoas, but increased the capacity of both 

rectus femoris and tensor fascia latae to generate flexion accelerations at the hip 

(Figure 4.3A).  At the knee joint, the tensor fascia latae showed a slight increase in 

flexion capacity with crouch gait, while the psoas showed a decrease in flexion 

capacity (Figure 4.3B). 
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Figure 4.4 The effect of crouch gait on the capacity of the hamstrings to extend the hip and knee, 
throughout single limb stance, for normal gait and for mild, moderate, and severe crouch gait.   
 

In normal gait, gravity accelerated the hip towards flexion in the first half of 

single limb stance and towards extension in the second half (Figure 4.5A).  Gravity 

acted to flex the knee throughout normal single limb stance, with a decreasing 

magnitude as stance progressed (Figure 4.5B).  In crouch gait, gravity instead had a 

flexion action at both joints, throughout single limb stance, increasing the demands on 

muscles.  
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Figure 4.5 The effect of crouch gait on the flexion accelerations induced by gravity at the hip and 
knee vs. the gait cycle for normal gait and for mild, moderate, and severe crouch gait.  Flexion 
acceleration is positive. 
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4.5 DISCUSSION 
This study examined the effect of crouched gait postures on the capacity of 

muscles to generate extension accelerations at the hip and knee during single limb 

stance.  We found that a crouched posture, which changes the relative orientation of 

the body segments and thus alters dynamic coupling between joints, led to major 

reductions in the hip and knee extension accelerations generated by several important 

stance phase muscles.  Gluteus maximus, posterior gluteus medius, vasti, and soleus 

all showed reduced extension capacities for mild, moderate, and severe crouch gait—

reductions that are independent of muscle activation and the physiological ability of 

the muscle to generate force.  

In a crouched posture, the joint flexion accelerations induced by gravity 

increase and the capacity of muscles to generate joint extension accelerations 

decrease, so an individual in a crouch gait must generate more muscle force to 

maintain a crouched posture.  This increase in required muscle force is consistent with 

experimental studies that show greater muscle activity in flexed postures (Hsu et al., 

1993) and reports of increased energy expenditure for crouch gait (Rose et al., 1990; 

Waters & Mulroy, 1999).  Larger muscle forces also increase joint loading, a likely 

contributor to knee abnormalities, like patella alta, observed in patients who walk with 

crouch gait for extended time periods (Rosenthal & Levine, 1977; Lloyd-Roberts et 

al., 1985).  The progressive reduction in muscle extension capacities with increasing 

crouch severity suggests that subjects may enter a downward cycle once they start to 

develop crouch, as observed in clinical settings (Sutherland & Cooper, 1978; Bell et 

al., 2002).   
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Extended hamstrings activation into mid- and late-stance is commonly 

observed in individuals with crouch gait (Hoffinger et al., 1993).  While this 

hamstrings over-activity is believed to cause the excess knee flexion associated with 

crouch gait, the results of our analysis suggest that, for some patients, increased 

hamstrings activation during single limb stance may instead be a compensation for 

crouch gait.  Patients walking in a crouched posture may increase activation of the 

hamstrings during single support since the capacity of this muscle group to accelerate 

the hip and knee toward extension is maintained in crouched postures.  Over time, this 

hamstrings over-activity would likely lead to muscle remodeling and tightness, further 

feeding the downward cycle of crouch gait.   

We emphasize that the change in joint extension capacities with crouched gait 

postures is only one possible component of the set of factors that may lead to 

progressively worsening crouch gait.  Muscle weakness and spasticity, joint 

contractures, bony deformities, and motor control deficits, in addition to changes in 

muscle extension capacities that result from a crouched posture, are all interacting 

factors that may contribute to crouch gait.  More investigation is needed to determine 

why patients initially develop a crouch gait pattern, despite its detrimental effect on 

the capacity of muscles to extend the joints.   

In the previous chapter, we demonstrated that excess tibial torsion, a common 

skeletal deformity in patients with crouch gait, reduces the capacity of the soleus and 

gluteal muscles to extend the hip and knee at body positions corresponding to the 

single limb stance phase of normal gait (Hicks et al., 2007).  The impact of a tibial 
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deformity when walking in a crouched posture has not been determined.  Using our 

previously-developed technique to simulate torsional bone deformities, we created a 

set of musculoskeletal models with a range of tibial torsion angles and positioned each 

of these deformed models with moderate crouch gait single limb stance kinematics.  

We determined the additional reduction in average muscle extension capacities during 

single limb stance as a result of tibial torsion and compared these results to the trends 

observed with normal gait.  Tibial torsion had a similar effect for both normal and 

moderate crouch gait, reducing the hip and knee extension accelerations generated by 

several important stance phase muscles, particularly the gluteal muscles and soleus 

(Figure 4.6).  These findings suggest that tibial deformities may be problematic in 

subjects with crouch gait, as their muscle extension capacities are already substantially 

reduced. 

Although the gait kinematics of subjects within each crouch group were 

generally consistent, the walking patterns of individuals with crouch gait can be 

variable.  For example, the crouch subjects exhibited mean anterior pelvic tilt angles 

ranging from approximately 0° to 30°.  To test the sensitivity of our results to pelvic 

tilt, we further divided each crouch severity group into mild, moderate, and severe 

anterior pelvic tilt groups, creating nine sets of averaged crouch gait kinematics.  At 

each crouch severity level, increasing the amount of pelvic tilt led to a further decrease 

in muscle extension capacities.  Hence, for a given crouch severity, a subject with 

severe anterior pelvic tilt may have larger reductions in extension capacity than a 

subject with pelvic kinematics closer to normal.  We also assumed normal trunk 
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Figure 4.6 The effect of tibial torsion on the capacity of muscles to extend the hip and knee in 
normal and moderate crouch gait during single limb stance.  The muscles shown, including gluteus 
maximus (GMAX), the posterior compartment of gluteus medius (GMEDP), and soleus (SOL), are the 
stance phase extensor muscles that are substantially affected by tibial torsion (Hicks et al., 2007).  The 
solid white bars show the average extension capacity during normal single limb stance for each muscle 
in a model with 0°, 30°, and 60° of tibial torsion.  The grey bars show the average extension capacity 
during moderate crouch gait single limb stance, for a model with 0°, 30°, and 60° of tibial torsion. 
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kinematics in our analysis, which may not accurately represent the commonly 

observed forward trunk lean in patients with crouch gait.  We tested adding an 

artificial forward lean to the crouch gait kinematics, which did not substantially 

change our results. 

In this study, we only analyzed the capacity of a muscle to generate extension 

accelerations at the hip or knee.  The actual angular acceleration induced by a 

particular muscle also depends on the muscle’s activation level and physiological 

ability to generate force.  For bi-articular muscles like hamstrings and rectus femoris, 

our calculations may be sensitive to the ratio of the muscles’ moment arms at the hip 

and knee, so the results for these muscles must be interpreted with the caution that 

these ratios may vary from subject to subject.   

Our analysis was limited to the single limb stance phase of gait, since 

obtaining a continuous estimate of the ground reaction force component for each 

muscle required that the foot had zero acceleration (i.e., was in rigid contact with the 

ground).  However, the single limb support phase is of particular clinical importance, 

since the generation of excess knee flexion accelerations during single support is 

thought to be one of the major contributors to crouch gait.  Further research is 

warranted to investigate how a crouched posture may affect muscles in terminal swing 

and early stance, thus altering the initial conditions for single support.   

We have demonstrated that crouch gait reduces the capacity of several 

important stance phase muscles to extend the hip and knee joints.  As a consequence, 

muscles must work harder to maintain a given limb position, which helps to explain 
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the increase in energy expenditure when walking in a crouched posture.  The negative 

impact of this pathological gait pattern increases with worsening crouch severity, 

which suggests that crouch gait is a downward cycle, a commonly observed clinical 

phenomenon.  More optimistically, the findings of this study suggest that small 

improvements in gait posture, as a result of physical therapy or surgery, may help to 

reverse this process.  For example, if correcting a patient’s tibial alignment leads to a 

small improvement in the capacity of the subject’s muscles to extend the joints, it may 

lead to a more erect posture, and thus further improvement in muscle extension 

capacities, perhaps reversing the downward cycle of crouch gait.  In addition, the 

dynamic analysis used in this study could be adapted to analyze the gait kinematics 

and bone geometry of individual patients.  Such quantitative analyses may help to 

identify candidates who would benefit from targeted strength training or from surgery 

to correct bony malalignment. 
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5 CAN BIOMECHANICAL VARIABLES PREDICT 

IMPROVEMENT IN CROUCH GAIT? 
 

5.1 ABSTRACT 
 Many patients respond positively to treatments for crouch gait, yet surgical 

outcomes are inconsistent and unpredictable.  Guidelines from biomechanics research 

may help identify the factors that contribute to a patient’s excess knee flexion and 

should be targeted with treatment.  The clinical utility of these guidelines remain 

untested.  In this study, we developed a multi-variable linear regression model to 

determine if biomechanical variables and other subject characteristics, measured 

during a physical exam and gait analysis, can predict if subjects with crouch gait will 

demonstrate improved knee kinematics on a follow-up gait analysis.  We formulated 

the model and tested its performance by retrospectively analyzing 353 limbs of 

subjects who walked with crouch gait.  The regression model was able to explain 

approximately 49% of the variance in subjects’ change in knee flexion between gait 

analyses and predicted which subjects would demonstrate improved and unimproved 

knee kinematics with over 70% accuracy.  We found that improvement in stance phase 

knee flexion was positively associated with i) adequate hamstrings lengths and 

velocities, possibly via hamstrings lengthening surgery, ii) normal tibial torsion, 

possibly via tibial derotation osteotomy, and iii) sufficient extensor muscle strength, 

three variables that were drawn from knowledge about the biomechanical contributors 

to crouch gait.  
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5.2 INTRODUCTION 
Crouch gait, a walking pattern defined by excessive flexion of the knee during 

the stance phase of walking, is a debilitating problem that affects more than 50% of 

children with spastic cerebral palsy (Wren et al., 2005).  Many patients benefit from 

the common treatments for crouch gait, including hamstrings lengthening surgeries 

(DeLuca et al., 1998; Abel et al., 1999; Kay et al., 2002; Gordon et al., 2008), tibial 

derotation osteotomies (Stefko et al., 1998; Selber et al., 2004; Ryan et al., 2005), and 

multi-level surgery (Rodda et al., 2006; Adolfsen et al., 2007); however, treatment 

outcomes are unpredictable.   

Clinical decision-making is challenging, in part because there are no 

standardized protocols for determining which surgeries a patient should receive.  

Three-dimensional gait analysis may help experienced clinicians to more reliably 

identify which gait abnormalities should be targeted with treatment (Lofterod et al., 

2007; Filho et al., 2008; Gough & Shortland, 2008), but there are no uniform 

guidelines for interpreting the wealth of information provided by gait analysis.  For 

example, the interpretation of a subject’s gait dynamics currently depends on the 

expertise of the patient’s clinical team.  Two clinical teams might examine the same 

set of patient data and develop two different treatment plans (Skaggs et al., 2000). 

Several studies have utilized biomechanical modeling and simulation of the 

musculoskeletal system to help objectively identify the contributors to an individual’s 

crouch gait.  For example, Arnold and colleagues (2006a; 2006b) used a three-

dimensional model of the lower extremity to show that subjects with short and slow 
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hamstrings generally achieved longer and faster hamstrings after lengthening surgery, 

and that longer and faster hamstrings tended to be associated with improved knee 

flexion kinematics.  A subject’s hamstrings lengths and velocities during gait, as 

calculated using gait kinematics and a model of the lower extremity, may thus provide 

information to more effectively prescribe hamstrings lengthening surgery.   

Researchers have also investigated the link between excessive tibial torsion 

and crouch gait by simulating a torsional deformity of the tibia and analyzing its 

biomechanical effects (Schwartz & Lakin, 2003; Hicks et al., 2007; Hicks et al., 

2008).  These investigations showed that excessive torsion reduces the capacity of 

important extensor muscles, such as the gluteals and soleus, to extend the hip and knee 

joints.  Thus, subjects who walk in crouch gait and have excess tibial torsion may 

benefit from a tibial derotation osteotomy.  

Sufficient strength of the extensor muscles may also be a key component in 

achieving normal knee motion.  A series of studies analyzing the dynamics of normal 

and crouch gait have demonstrated that the gluteal muscles, plantarflexors, and vasti 

all play a crucial role in extending the knee during stance and supporting body weight 

(Arnold et al., 2005; Hicks et al., 2008; Steele et al., 2010).  Further, for subjects 

walking in a crouched gait posture, the capacity of muscles to extend the joints is 

reduced, and less passive support is provided by the skeletal system, placing greater 

demand on the muscles of subjects with crouch gait. 

While biomechanical modeling studies have examined the mechanical 

contributors to excess knee flexion in isolation for small and specialized groups of 
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subjects, the typical patient who visits a gait analysis lab may have many potential 

contributors to his or her crouch gait and a complex surgical history.  Further, there 

may be other variables, such as the severity of a subject’s gait pathology, which affect 

how a subject’s crouch gait progresses over time.  

To improve clinical decision-making and address the limitations of past 

biomechanics research, we developed and tested a multi-variable linear regression 

model that used biomechanical variables to predict subjects’ improvement in crouch 

gait.  We retrospectively analyzed subjects with moderate to severe crouch gait to 

determine if data from a subject’s initial visit to the gait analysis laboratory could 

predict the change in the subject’s knee kinematics measured on a follow-up visit to 

the gait laboratory.  We included several variables in the linear regression model to 

control for the heterogeneity of subjects with crouch gait, including the severity of a 

subject’s crouch gait, level of involvement, concomitant procedures, and other gait 

problems.  By accounting for the factors that vary among subjects and may influence a 

subject’s change in knee flexion, we were able to test whether several biomechanical 

were associated with improvement in crouch gait.  In particular, we hypothesized that 

i) adequate hamstrings lengths and velocities, ii) good torsional alignment of the tibia, 

and iii) sufficient strength of the extensor muscles would all help predict whether 

subject’s knee flexion in stance would improve on the follow-up gait analysis.  

5.3 METHODS 
 We retrospectively analyzed a group of subjects who visited the gait analysis 

lab at Gillette Children’s Specialty Healthcare in St. Paul, MN after January 31, 1994.  

86 
 



We included subjects with a primary diagnosis of cerebral palsy, aged 5 to 18, who 

had at least two visits to the gait lab, with or without intervening treatment.  We 

required that subjects walked with a moderate to severe crouch gait at their first gait 

analysis, defined as i) a knee flexion angle at initial contact of 20° degrees or larger, ii) 

a minimum knee flexion angle in stance of at least 15°, and iii) a mean knee flexion 

angle during the first half of the gait cycle larger than 25°.  We examined only 

subjects who walked barefoot and without assistive devices during gait analysis.  

We allowed any combination of bony surgery, soft tissue surgery, botox 

injections, or no treatment between the two gait analyses, but excluded subjects who 

had received a selective dorsal rhizotomy or intrathecal baclofen pump between gait 

analyses.  We excluded subjects who had botox injections less than 6 months prior or 

lower extremity surgery less than 12 months prior to the first gait analysis.  We 

required that pairs of gait analyses for a subject were between 9 and 36 months apart.  

If a subject received treatment between analyses, we required that the second gait 

analysis be at least 9 months after the treatment to ensure sufficient recovery time.  A 

histogram of intervening treatments is shown in Figure 1. 

This method of subject selection resulted in a group comprised of 211 unique 

subjects, 320 unique subject-sides, and 353 unique pairs of gait analyses for subject-

sides.  Thus we analyzed a subject’s right and left sides, if both met our selection 

criteria.  We also allowed multiple pairs of gait analyses for a subject-side if all 

analyses were distinct.  The individual data points we used to build the 
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Figure 5.1 Histogram of intervening treatments for each subject limb.  Approximately 25% of 
limbs received no treatment between gait analyses.  The remainder of limbs received between 1 and 10 
treatments between gait analyses, including hamstrings lengthening, tibial derotation osteotomy, 
patellar tendon advancement/distal femoral extension osteotomy, rectus transfer, adductor lengthening, 
psoas lengthening, femoral derotation osteotomy, gastrocnemius and/or soleus lengthening, bony and/or 
soft tissue surgery to stabilize the foot, and botox injections.  

 

regression model were pairs of unique gait analyses for a subject-side, which we refer 

to as ‘limbs’.  We accounted for the correlation between limbs from the same subject 

in our statistical analysis, as described later in this section. 

 Using this set of data for subject limbs, we built a multi-variable linear 

regression model:  

  To assess crouch 
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We started with a set of candidate predictive variables drawn from research 

about the biomechanical contributors to excess knee flexion and the other factors that 

may affect improvement in crouch gait.  We determined a reduced set of predictive 

variables and interaction terms to include in the model by using the stepwise function 

in Stata to conduct backward selection.  This function starts with a fit of the full model 

that includes all potential variables.  The function then calculates the significance of 

each of the variables in the model using the Wald Test.  The variable with the least 

 

 

Figure 5.2 Knee flexion kinematics at the initial gait analysis.  The black solid curve and dashed 
curves show the mean knee flexion angle over the gait cycle +/- 2 SD for the entire group of limbs.  The 
black box highlights the portion of the knee flexion curve used to derive the mean stance knee flexion 
measure, our metric to assess improvement in crouch gait. 
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significance is dropped from the model until all variables are significant at the p = 0.2 

level (Maldonado & Greenland, 2002). 

 The first biomechanical variable we considered for inclusion in the model was 

the binary variable GoodHams, which encoded whether a subject’s hamstrings were 

sufficiently long and fast at the first gait analysis, or, if not, were treated via 

hamstrings lengthening surgery (Table 1).  We estimated the length and lengthening 

velocity of each limb’s semimembranosus using a three-dimensional musculoskeletal 

model of the lower extremity (Arnold et al., 2001).  We calculated the peak 

hamstrings lengths and velocities and classified a limb’s hamstrings as short and/or 

slow or if the peak values were more than 2.5 SDs shorter and/or slower than the value 

for unaffected children.  A limb’s hamstrings function was then classified as ‘Good’ 

(GoodHams = 1) if the hamstrings were neither short nor slow on the first gait analysis 

or the hamstrings were short and/or slow and the limb received a hamstrings 

lengthening surgery between gait analyses.  A limb’s hamstrings were classified as 

‘Poor’ (GoodHams = 0) if the limb had short and/or slow hamstrings and did not 

receive hamstrings lengthening surgery.  There was no penalty for receiving an 

‘unnecessary’ hamstrings lengthening. 

Table 5.1:  Tabulation of the GoodHams Variable 
Classification of subject limbs based on hamstrings lengths and velocities at the first gait analysis and 
the receipt of hamstrings lengthening surgery. 
 
 
 

No Hamstrings 
Lengthening 

Hamstrings 
Lengthening Total 

Not Short and Not Slow Hamstrings 106 21 127 
Short and/or Slow Hamstrings 152 74 226 
Total 258 95 353 
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The thick black box highlights limbs with short and/or slow hamstrings that did not receive a 
hamstrings lengthening surgery (GoodHams = 0).  For all other subjects, the value of GoodHams was 1. 

 

 We similarly created a variable, GoodTibia, to encode information about each 

limb’s tibial torsion (Table 2).  We examined the thigh foot angle from the physical 

exam at the first gait analysis and classified the angle as abnormal if it was 10° or 

more degrees internal or 20° or more external.  These values correspond to 

approximately 1 SD from the mean value for all limbs.  A limb’s tibial torsion was 

then classified as ‘Good’ (GoodTibia = 1) if the thigh foot angle was normal on the 

first gait analysis or the thigh foot angle was abnormal and the limb received a tibial 

derotation osteotomy.  A limb’s tibial torsion was classified as ‘Poor’ (GoodTibia = 0) 

if the limb had an abnormal thigh foot angle and did not receive an osteotomy.  There 

was no penalty for receiving an ‘unnecessary’ tibial derotation osteotomy.  

Table 5.2:  Tabulation of the GoodTibia Variable 
Classification of subject limbs based on thigh foot angle at the first gait analysis and the receipt of a 
tibial derotation osteotomy. 

 
No Tibial Derotation 

Osteotomy 
Tibial Derotation 

Osteotomy Total 
Normal Thigh Foot Angle 194 34 228 
Abnormal Thigh Foot Angle 50 75 125 
Total 244 109 353 

The thick black box highlights limbs with an abnormal thigh foot angle that did not receive a tibial 
derotation osteotomy (GoodTibia= 0).  For all other subjects, the value of GoodTibia was 1. 

 

 The third biomechanical variable was a limb’s knee extensor strength, as 

measured on the initial physical exam.  This manual strength measure originally 

ranged from 0 to 5, including values likes 1+ and 2-, but was re-encoded to a 

completely numeric scale, with each +/- corresponding to a 1/3 point 
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addition/reduction (i.e. a score of 1+ corresponded to a strength rating of 1.33 and a 

score of 2- corresponded to a rating of 1.67).  We selected knee extensor strength as a 

surrogate for general limb extensor strength since it has been demonstrated to be a 

reliable manual measure in this patient population (Stout et al., 2010). 

 We tested models that included several other variables drawn from the 

subjects’ first gait analysis and surgical history.  This set of candidate variables 

included the Gait Deviation Index (GDI) (Schwartz & Rozumalski, 2008), normalized 

walking speed, and the subjects’ diagnosis subtype (coded as 1 for hemiplegic, 2 for 

diplegic, 3 for triplegic, and 4 for quadriplegic).  Another candidate variable was a 

limb’s mean stance knee flexion at the first gait analysis, a specific measure of crouch 

severity, on the ipsi- and contra-lateral sides.  The candidate set also included 

variables associated with other gait abnormalities, such as i) mean pelvic tilt during 

gait, ii) knee flexion velocity at toe-off, a measure of concomitant stiff knee gait, and 

iii) mean ankle dorsiflexion in the first 50% of the gait cycle, a measure of equinus 

gait.  We also created a set of binary variables that indicated whether the limb received 

a patellar tendon advancement/distal femoral extension osteotomy, gastrocnemius 

lengthening, femoral derotation osteotomy, or surgery to stabilize the foot, since these 

procedures may influence sagittal plane knee kinematics.  Other binary variables 

included whether limbs had received a prior gastrocnemius and/or soleus lengthening 

or a prior selective dorsal rhizotomy.  Finally, the candidate variable set included 

variables for the date of the first gait analysis, age, whether or not the limb had 

multiple qualifying pairs of gait analyses, and the number of follow-up months after 
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treatment or after the first gait analysis if no treatment was received.  A summary of 

key characteristics that were examined is included in Appendix B.  

 Once the predictors for the final reduced regression model were chosen via 

backward selection, we examined the overall fit of the model using the R2 statistic, 

which describes the portion of variance in the outcome measure explained by the 

regression model.  We calculated the standard errors of each of the coefficients using 

the cluster adjustment in Stata to account for the correlation between limb data points 

that corresponded to the same subject (Singer & Willett, 2003).  Using these adjusted 

standard errors, we assessed the significance of each of the coefficients in the model 

with a t-test.  To compare the relative importance of each of the variables, we 

calculated normalized regression coefficients by fitting a model using z-scores for the 

continuous variables (i.e. each continuous variable was centered and scaled by its 

standard deviation).  

After using the regression model to predict the expected change in mean stance 

knee flexion for each limb, we tested the ability of the model to correctly classify each 

limb as ‘Improved’ or ‘Unimproved’ on the second gait analysis.  We defined a limb’s 

knee flexion as ‘Improved’ if the mean stance angle decreased by at least 10° or if the 

limb’s mean stance knee flexion was less than 18° on the second analysis, which is 

within approximately 2 SD of the value for unaffected children.  A summary of 

characteristics for ‘Improved’ vs. ‘Unimproved’ groups is included in Appendix B.  

We compared the prediction accuracy of the model to the measured rate of 

improvement among all subject limbs, limbs that received intervening treatment, and 
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limbs that received a tibial derotation osteotomy or hamstrings lengthening.  We 

estimated the predictive ability of the model for a new group of subjects using 10-fold 

cross validation (Kohavi, 1995).  

5.4 RESULTS 
The multi-variable linear regression model was able to predict whether a 

limb’s mean stance knee flexion was ‘Improved’ or ‘Unimproved’ on the second gait 

analysis with approximately 71% accuracy.  For comparison, the overall performance 

of the model is displayed in Figure 3, which plots the change in knee flexion predicted 

by the regression model for each limb vs. the observed change between gait analyses.  

The regression model correctly classified 114 limbs as ‘Improved’ (True Positives) 

and 135 limbs as ‘Unimproved’ (True Negatives).  There were 47 limbs incorrectly 

classified by the regression model as ‘Improved’ (False Positives) and 57 limbs 

incorrectly classified as ‘Unimproved’ (False Negatives).  The R2 value of the fit was 

0.49, which indicates that the regression model was able to explain approximately 

49% of the variance in improvement in knee flexion between gait analyses. 

When we used 10-fold cross validation to estimate the ability of the regression 

model to make predictions for a new group of subjects, there was only a slight 

decrease in accuracy, with 69% of limbs correctly classified on average across the 10 

cross validation folds.  The average R2 value computed with cross validation was 0.44.  

The regression model was able classify limbs as ‘Improved’ and ‘Unimproved’ 

with better accuracy than the observed rate of improvement among study subjects.  

The regression model correctly classified 71% of limbs, which was 23 percentage 
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points better than the observed improvement rate of 48% among all limbs.  Among the 

entire subject pool, there may have been some subjects who did not have surgery that 

was recommended by the clinical team.  Among limbs that received any type of 

surgery between gait analyses, we correctly classified 70%, in contrast to the actual 

improvement rate of 56%.  Finally, among limbs that received a hamstrings 

lengthening or tibial derotation osteotomy, two treatments typically performed to treat 

crouch gait, we correctly classified 73% of limbs, in contrast to the measured 

improvement rate of 61%.  
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Figure 5.3 Performance of the linear regression model.  This figure shows the measured 
improvement in mean stance knee flexion (MSKF) between gait analyses vs. the amount of 
improvement predicted by the regression model for each limb.  The solid black line is the least squares 
fit to this data (R2 = 0.49).  The horizontal and vertical dashed lines indicate the 10º threshold for 
predicted and measured improvement.  Note that limbs were also classified as ‘Improved’ if they had a 
predicted or measured mean stance knee flexion angle less than 18° on their second gait analysis.  Solid 
black circles indicate limbs that the regression model correctly classified as ‘Improved’.  Open black 
circles indicate limbs whose measured improvement was not detected by the regression model.  Solid 
gray circles indicate limbs correctly classified as ‘Unimproved’, while open gray circles indicate limbs 
that were incorrectly classified as ‘Improved’.  
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All three biomechanical variables—GoodHams, GoodTibia, and knee extensor 

strength—were retained in the backward selection process, in addition to a significant 

interaction term between GoodHams and GoodTibia (Table 3, Rows 1-4).  There was 

a significant positive relationship between knee extensor strength and improvement in 

stance phase knee flexion, with an expected 2.1° more improvement in knee flexion 

for each one point increase in strength (p < 0.05).  Sufficient hamstrings lengths and 

velocities and normal tibial torsion were also associated with significant 

improvements in knee flexion.  Examining the coefficients for these terms allows 

comparison of the expected improvement in knee flexion among several groups.  

Limbs with ‘Good’ hamstrings function and ‘Good’ tibial torsion were expected to 

have 7.3° more improvement in knee flexion (p < 0.001) than limbs with ‘Poor’ 

hamstrings function and ‘Poor’ tibial torsion, when holding the other variables in the 

model constant.  

Table 5.3:  Specification of the Linear Regression Model 
Key characteristics of the regression model used to predict improvement in mean stance knee flexion 
between gait visits. 

First-Visit Variable Coefficient 
Normalized 
Coefficient 

Robust 
Standard 

Error* 
p-

value† 
GoodHams (1/0) 7.1  3.1 0.022 
GoodTibia (1/0) 6.4  2.8 0.024 
GoodHams and GoodTibia (1/0) 7.3  2.8 0.009 
Manual Knee Extension Strength (0-5 Scale) 2.1 2.2 0.91 0.020 
Ipsi-lateral Mean Stance Knee Flexion (°) 1.0 11 0.1 0.000 
Contra-lateral Mean Stance Knee Flexion (°) -0.25 -3.6 0.063 0.000 
Mean Pelvic Tilt (°) -0.18 -1.3 0.13 0.150 
Knee Flex Vel at Toe-Off (°/% Gait Cycle) 2.5 2.5 0.94 0.008 
Mean Stance Ankle Dorsiflexion (°) 0.10 1.4 0.059 0.084 
Cerebral Palsy Sub-Type (1/2/3/4) 3.0  0.97 0.002 
Intervening Patellar Advance/FEO (1/0) 8.9  2.1 0.000 
Intervening FDO (1/0) 4.6  1.6 0.003 
Multiple Qualifying Visit Pairs (1/0) -5.5  1.9 0.003 
Constant -46 -7.4 7.4 0.000 
*Robust standard errors, adjusted for the correlation between limbs from the same subject 
†p-value from a student’s t-test.  
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Several other variables retained in the backward selection process had a 

significant impact on a limb’s change in mean stance knee flexion (Table 3, Rows 5-

13).  First, limbs with a larger mean knee flexion on the ipsi-lateral side were expected 

to have more improvement (p < 0.001).  For each 1° increase in mean stance knee 

flexion on the initial gait analysis, there was an increase in expected improvement of 

1°.  Mean stance knee flexion at the initial gait analysis had the largest normalized 

coefficient of the continuous variables in the model, and thus the strongest effect on 

change in knee flexion.  For each 1 SD increase in mean stance knee flexion, there 

was a corresponding increase in expected improvement of 11°.  In contrast, having 

more severe crouch on the contra-lateral side was associated with slightly less 

improvement (p < 0.001).  More severe involvement, as indicated by cerebral palsy 

sub-type, was also associated with more improvement (p < 0.01).  We found that 

limbs with i) more severe stiff knee gait (p < 0.01), as indicated by knee flexion 

velocity at toe off, ii) more equinus, as indicated by mean ankle dorsiflexion angle (p 

< 0.1), and iii) more anterior pelvic tilt (p < 0.2), tended to show less improvement in 

knee flexion.  We also found that having multiple qualifying pairs of gait analyses was 

associated with less expected improvement (p < 0.01).  

Two procedures, including a patellar tendon advancement/distal femoral 

extension osteotomy (p < 0.001) and femoral derotation osteotomy (p < 0.01) were 

associated with improvement in knee flexion kinematics.  In particular, when holding 

the other variables in the model constant, a limb that received a patellar tendon 

advancement/distal femoral extension osteotomy was expected to have 8.9° more 
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improvement in knee flexion.  Receiving a femoral derotation osteotomy was 

associated with a 4.6° more expected improvement in knee flexion.  

5.5 DISCUSSION 
 The linear regression model we built in this study was able to predict, with 

71% accuracy, whether subjects with crouch gait would be ‘Improved’ or 

‘Unimproved’ on their second gait analysis using biomechanical variables and other 

subject characteristics.  In contrast, only 48% of the full group of limbs and 56% of 

the group that received intervening treatment had ‘Improved’ knee flexion on their 

second gait analysis.  Together, these percentages suggest that there are some patients 

who are not receiving the surgeries that might improve their crouch gait, while other 

patients are receiving treatment despite a low probability for improvement.  

We realize that 10° of improvement in mean stance knee flexion may not be 

the primary goal of treatment.  Rather, maintenance of current gait function or the 

correction of gait abnormalities other than crouch may be the intended treatment 

outcome.  For this reason, we selected a linear regression model that estimated the 

expected degree change in knee flexion to help aid treatment planning regardless of 

the goals of the clinical team.  

As hypothesized, each of the biomechanical variables—adequate hamstrings 

lengths and velocities, normal tibial torsion, and knee extensor strength—was 

associated with improvement in knee flexion, which lends support to using 

biomechanical modeling to understand gait pathology and help plan treatment.  Based 

on the regression coefficients of the GoodHams and GoodTibia variables, we expect 
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subjects with adequate hamstrings lengths and velocities (possibly via a hamstrings 

lengthening) and/or normal tibial torsion (possibly via a derotation osteotomy), to 

demonstrate approximately 7° more improvement in mean stance knee flexion 

compared to the ‘Poor’ outcome group.  Surprisingly, we did not see a large difference 

between having both ‘Good’ hamstrings function and tibial torsion and having a 

‘Good’ value for only one of these variables.  Subjects may be able to compensate for 

one of their biomechanical contributors to crouch gait or there may be diminishing 

returns for correcting both contributors with surgery.  

 Since the multi-variable linear regression model allows us to control for the 

many factors that impact change in knee flexion and vary between subjects with 

crouch gait, we can estimate the isolated effect of each variable in the model.  For 

example, we observed that having stronger knee extensor muscles was associated with 

more improvement in knee flexion, based on this variable’s regression coefficient.  In 

contrast, when we compared the raw group means, without accounting for the other 

variables in the regression model, we saw that the ‘Improved’ subjects tended to be 

weaker, with a mean strength score of 3.4 vs. 3.6 for the ‘Unimproved’ subjects, likely 

because crouch and overall gait severity mask the positive effect of strength.  For 

example, if we compare two moderately crouched subjects, we would likely observe 

more improvement in the stronger subject.  If we compare two severely crouched 

subjects, we would also expect to see more improvement for the stronger subject.  But 

the severe subjects tend to be weaker in general, and also more likely to show 

improvement (the regression coefficients associated with crouch and overall severity 
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are both positive).  Thus comparing the raw means hides the relationship between 

extensor strength and improvement in knee flexion.  

 The femoral derotation osteotomy and patellar tendon advancement/distal 

femoral extension osteotomy procedures were both associated with improvement in 

knee flexion.  We did not create biomechanical guidelines for these procedures (i.e. 

analogs to the GoodTibia and GoodHams variables).  Instead the observed effect of 

receiving these procedures corresponds to the amount of expected improvement when 

these surgeries are prescribed and performed using standard practice at Gillette.  The 

raw differences in measured improvement for groups with and without these surgeries 

was larger than the expected improvement based on the regression coefficients, since 

limbs that received a femoral derotation osteotomy or patellar tendon 

advancement/distal femoral extension osteotomy were more likely to receive more 

than one surgery to correct their crouch gait, each of which may increase improvement 

in knee flexion kinematics.  Patients with crouch gait also frequently receive foot 

stabilization surgery and gastrocnemius lengthenings, but the variables associated with 

these surgeries were not retained in the backwards selection process. 

 Several other subject characteristics had a significant effect on change in knee 

flexion between gait analyses.  Crouch severity and overall level of involvement were 

both associated with more expected improvement, likely because more severe subjects 

may have received more drastic treatment or may have had more room for 

improvement (i.e. a ‘ceiling effect’ for milder subjects).  In contrast, walking with 

more severe crouch on the contra-lateral side and the presence of other gait 
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abnormalities was associated with less improvement in knee flexion, since these 

concomitant problems may make it more difficult for subjects to recover from their 

crouch gait.  Finally, subjects with multiple qualifying gait analyses tended to show 

less improvement in knee flexion, which was expected because this group of subjects, 

by definition, had a recurring crouch gait and therefore represents a biased sample 

based on the study selection criteria.  The significant effect of this variable also 

suggests that repeat treatment for crouch gait may be less effective, a hypothesis that 

warrants further investigation. 

 How might the regression model be used to aid current clinical practice?  Table 

4 describes the characteristics of a hypothetical subject who visits the gait lab to plan 

treatment for his crouch gait.  The subject has excess tibial torsion, based on his thigh 

foot angle and short and slow hamstrings.  For the other variables in the regression 

model, this subject has values close to the mean measured in the present study’s 

subject pool.  Based on this information, we would recommend that the subject receive 

a tibial derotation osteotomy, hamstrings lengthening, or both as a part of his treatment 

plan, to achieve an expected 12° improvement in mean stance knee flexion compared 

to only 5° of improvement without the surgeries.  The regression model can also be 

used more generally to identify good candidates for single event multi level surgery, 

allowing clinicians to determine realistic expectations for improvement in knee 

flexion, given a subject’s treatment plan, severity, muscle strength, and other gait 

problems.  If the regression model predicts little or no improvement for a patient, 

extensive surgical treatment might be contraindicated. 
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Table 5.4:  Data and Predictions for a Hypothetical Subject with Crouch Gait 
 
Subject has excess tibial torsion and short and slow hamstrings at his first gait visit 

First-Visit Variable  Coefficient 
Subject 
Value 

Δ Expected 
Improvement 

Manual Knee Extension Strength (0-5 Scale) 2.1 3.5 7 
Ipsi-lateral Mean Stance Knee Flexion (°) 1.0 38 38 
Contra-lateral Mean Stance Knee Flexion (°) -0.25 35 -9 
Mean Pelvic Tilt (°) -0.18 16 -3 
Knee Flexion Vel at Toe-Off (°/% Gait Cycle) 2.5 1.0 3 
Mean Stance Ankle Dorsiflexion (°) 0.10 11 1 
Cerebral Palsy Sub-Type (1/2/3/4)? 3 3 9 
Intervening Patellar Advance/FEO?* 8.9 NO 0 
Intervening FDO?* 4.6 YES 4.6 
Multiple Visit Pairs?† -5.5 NO 0 
Constant -46 -46 

~5⁰Expected Improvement without Hamstrings Lengthening or TDO 
~12⁰Expected Improvement with Hamstrings Lengthening and/or TDO 

*The clinical team has decided to perform a femoral derotation osteotomy for this hypothetical subject, 
but not a patellar advance.  
†This is the first time the patient has visited the gait lab with a moderate crouch gait pattern. 
 

Formulating the regression model required making several decisions regarding 

the subject selection criteria, the outcome metric, and the predictive variables, all of 

which may have influenced the results of our analysis.  We performed sensitivity 

testing and model assessment, described in the following paragraphs, to test the 

robustness of our regression model and the associated conclusions about the factors 

that influence improvement in crouch gait.  

In selecting the pool of subjects, we allowed limbs corresponding to multiple 

pairs of gait analyses or multiple sides from the same subject in order to extract the 

maximum amount of information from the patient data set.  We adjusted the standard 

errors to account for the correlation between limbs from the same subject and included 

the multi-visit variable to control for the higher incidence of recurring crouch in 

subjects with more than one qualifying pair of visits to the gait analysis lab.  We 

acknowledge that this approach may not fully correct for the lack of independence in 
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our subject pool and the prediction accuracy estimated via cross validation may be 

inflated.  We also built a regression model using one randomly selected pair of gait 

analyses and only one subject limb and found that the resulting regression coefficients 

and prediction accuracy were similar to those for the model using all limbs and all 

pairs of gait analyses.  Additionally, the p-values reported for the regression 

coefficients may be too small, since backwards selection was used to formulate the 

reduced model and no standard technique is available to correct for the multiple 

statistical comparisons used to select the predictive variables. 

We chose to exclude subjects with an intervening selective dorsal rhizotomy or 

intrathecal baclofen pump, since we were interested in analyzing the ability of 

biomechanical factors to predict improvement in crouch gait.  In the future, we hope to 

develop statistical models that can identify which subjects will benefit from these 

neurological procedures.  

We chose to use the change in mean stance knee flexion between gait analysis 

lab visits to assess improvement in crouch gait since it represents an intuitive measure 

of stance phase knee flexion kinematics, the primary characteristic of crouch gait.  

Clinicians may also seek to address other aspects of a subject’s crouch gait, such as 

excessive hip flexion and internal hip rotation.  We did not include other gait features 

in our outcome metric, but found that limbs whose mean stance knee flexion improved 

also tended to show improvement in their Gait Deviation Index (GDI) (Schwartz & 

Rozumalski, 2008), an assessment of overall gait pathology. We selected a 10° 

threshold for improvement because this represents a clinically significant change that 
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is larger than the error associated with measuring the kinematics of pathological gait.  

The prediction accuracy of the regression model was similar if we used a smaller or 

larger threshold for improvement.  

We did not penalize subjects for receiving an ‘unnecessary’ hamstrings 

lengthening or tibial derotation osteotomy.  Arnold and colleagues (2006a) showed 

that receiving an ‘unnecessary’ hamstrings lengthening can have a detrimental effect 

on pelvic motion, but a similar negative effect on knee kinematics was not found. 

Since surgeons adjust the amount of correction to the severity of a subject’s tibial 

deformity, we did not expect a tibial derotation osteotomy to have a detrimental effect 

on knee flexion kinematics in subjects with pre-operative tibial torsion that was within 

our defined ‘normal’ range.  We also explored creating a continuous score to assess 

subjects’ hamstrings function and tibial torsion, which incorporated how short and/or 

slow the subjects’ hamstrings were and the severity of their tibial deformity.  These 

continuous metrics were not significant predictive variables in the regression model, 

possibly because our assessment of the contribution of each of these factors was 

imprecise or because we did not have a sufficiently large pool of subjects to observe a 

significant relationship. 

Although the model had good prediction accuracy and the relationship between 

predicted and measured improvement in knee flexion was strong, we were not able to 

fully explain the variance in subjects’ improvement in knee flexion since there were 

many factors that we could not measure accurately or at all.  For example, the manual 

knee extensor strength measure is only an approximate assessment of a subject’s 
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extensor strength.  There is also error inherent in gait analysis that may have affected 

the accuracy of the kinematics-based predictive variables.  In addition, we were unable 

to account for factors like motor control, patient and family motivation, and variability 

in surgical technique, all of which may affect improvement in crouch gait. 

In this study, we built and tested the first statistical model of its kind to predict 

improvement in crouch gait using knowledge about the biomechanical contributors to 

excess knee flexion.  This statistical model can positively affect treatment outcomes 

by identifying good candidates for some of the common surgeries performed among 

subjects with crouch gait, in particular hamstrings lengthenings and tibial derotation 

osteotomies.  Our findings also suggest several avenues of future investigation, using 

both statistical analysis and biomechanical simulation.  For example, the methods used 

to build the regression model in this study could be used to develop similar predictive 

models for other patient populations and gait pathologies.  Our findings also highlight 

the need to develop biomechanical guidelines to prescribe other surgeries, like the 

femoral derotation osteotomy and patellar tendon advancement/distal femoral 

extension osteotomy.  Given the positive relationship between extensor strength and 

improvement in crouch gait, we also suggest future research on the benefits of strength 

training in subjects with excess knee flexion.  As demonstrated in this study, 

retrospective analysis of patient data and biomechanical modeling are powerful and 

complementary tools to help improve the treatment of patients with movement 

disorders and make outcomes more predictable.  
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6 CONCLUSIONS AND FUTURE WORK 
 The investigations described in the previous three chapters have improved our 

ability to diagnose gait pathology in children with cerebral palsy through the use of 

biomechanical modeling and statistical analysis.  In the first study, we used a 

computer model of the lower extremity to understand the contribution of excess tibial 

torsion to crouch gait and the potential implications of treatment via a derotation 

osteotomy.  As a next step, we examined how crouched gait postures affect muscle 

function in models with normal tibial alignment and excess torsion, which shed light 

on the role of muscles during pathological gait and highlighted the potential 

contribution of extensor muscle weakness to crouch gait.  Using the biomechanical 

insights provided by these investigations, we built and tested the first-of-its-kind 

statistical model to predict which patients would demonstrate improvement in their 

stance phase knee flexion, the defining feature of crouch gait.  This series of studies 

provides a new framework for investigating gait pathology by using biomechanical 

modeling to inform the development of statistical tools that can be applied to help plan 

treatment.  There are several exciting fronts for future research, combining 

biomechanical modeling, statistical analysis, clinical research, and experimental 

studies.  These research directions are discussed in the sections that follow. 

6.1 FUTURE RESEARCH TO UNDERSTAND THE BIOMECHANICAL 

CONTRIBUTORS TO CROUCH GAIT  
Several questions remain about the biomechanical factors that contribute to 

crouch gait and when surgery or other treatment is appropriate.   
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6.1.1 EXCESS FORCE GENERATION BY THE HAMSTRINGS MUSCLES  
 Previous research (Arnold et al., 2006a; Arnold et al., 2006b) suggests that the 

lengths and lengthening velocities of the hamstrings may provide valuable information 

for planning hamstrings lengthening surgery and, in the statistical analysis of Chapter 

5, we demonstrated that hamstrings lengths and velocities are predictors of 

improvement in crouch gait.  Evidence from experimental studies suggests that, in 

some instances, excessive passive forces generated by ‘short’ hamstrings contribute to 

excessive knee flexion (Abel et al., 1999; Buczek, 2002).  Previous studies also 

suggest that in some instances abnormal hamstrings excitation, triggered by spasticity, 

may limit the lengthening velocity of the hamstrings during gait (Perry & Newsam, 

1992; Crenna, 1998; Granata et al., 2000; Tuzson et al., 2003).  The association 

between adequate hamstrings lengths and velocities and improvement in crouch gait 

corroborate these prior studies and suggest that surgically lengthening short 

hamstrings may improve knee extension by allowing these muscles to operate at 

increased lengths.  Similarly, surgical lengthening of ‘spastic’ hamstrings may allow 

them to elongate with greater muscle-tendon velocities without generating excess 

force. 

 Despite this evidence that hamstrings lengths and velocities are an important 

diagnostic tool, musculotendon dynamics do not fully explain the outcomes of 

hamstrings lengthening surgery.  Excessive forces in the hamstrings muscles are 

thought to contribute to crouch gait by generating excess knee flexion during stance; 

however, this dissertation and several other studies (Arnold et al., 2005; Steele et al., 

2010) suggest that the hamstrings muscles have a slight extension potential in stance 
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for both able-bodied and crouch gait.  Thus for many, if not all, subjects with crouch 

gait, it appears that excess force generation during stance phase is not the mechanism 

by which the hamstrings contribute to crouch gait.   

One alternate hypothesis is that for some subjects, excessive swing-phase 

activation of the hamstrings alters knee flexion at initial contact.  Forces generated by 

the hamstrings in swing could lead to excess knee flexion in terminal swing or could 

pull the entire swing limb backward and shorten a patient’s stride, both of which could 

lead to increased knee flexion at initial contact, which might then be propagated 

through stance.  Several approaches could be used to test this hypothesis.  A controlled 

statistical analysis, as discussed in Chapter 5, could determine if subjects with 

excessive swing phase hamstrings activation who do not receive a lengthening 

procedure demonstrate unchanged or worsened knee flexion.  We could also 

determine the effect of excessive hamstrings force-generation in swing by perturbing 

the activity of the hamstrings in a simulation of subjects with crouch gait.  Arnold and 

colleagues (2007) analyzed forward simulations of the swing phase of normal gait and 

found that the hamstrings made little contribution to the motion of the swing limb 

knee; however, the muscles did act to decelerate the forward motion of the swing limb 

shank.  In subjects with crouch gait, the hamstrings may be more highly activated in 

swing, may have a large knee flexion potential, or may generate excessive 

deceleration of the swing-limb shank.  Steele and colleagues (2010) have generated 

subject-specific simulations of individuals walking in a crouch gait that could be 

analyzed to quantify the contribution of the hamstrings to swing phase knee flexion 

and the progression of the swing limb.  If decreasing the activation of a subject’s 
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hamstrings increases the amount of knee extension in terminal swing or increases 

stride length, reducing the force generated by short or spastic hamstrings via a 

lengthening procedure might improve the subject’s knee flexion at initial contact and 

throughout stance.  

Researchers have also used functional electrical stimulation (FES) to 

investigate the role of the hamstrings during crouch gait.  Stewart and colleagues 

(2008) stimulated the hamstrings muscles of able-bodied individuals in poses 

corresponding to the stance phase of a crouch gait and found that as the amount of 

crouch increased, the hamstrings switched from flexing to extending the knee joint.  A 

similar approach could be used to investigate the role of the hamstrings in the swing 

phase of normal and crouch gait to determine if increased hamstrings activation in 

swing leads to more flexion at initial contact, which would test the results of 

simulation studies.   

 The hamstrings might also contribute to crouch gait indirectly by altering the 

forces generated by other muscles during gait.  Arnold and colleagues (2007) propose 

that some subjects with crouch gait decrease the activation of the gluteal muscles to 

compensate for the large forces generated by tight hamstrings.  Since the gluteals 

generate large knee extension accelerations, a reduction in their activation might 

contribute to the excess knee flexion associated with crouch gait.  We could test this 

hypothesis by comparing the activation of the gluteal muscles in subjects with crouch 

gait to unaffected children.  We could also examine the compensation strategies for 

increased hamstrings activation in simulations of normal and crouch gait.  If we 
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constrain the activation of the hamstrings muscles to be larger than the nominal value, 

we hypothesize that the activation of the gluteal muscles would decrease in response. 

Our investigation of the capacity of muscles to extend the hip and knee in 

crouched gait postures showed that the ability of the hamstrings to extend the knee in 

stance was maintained in a crouch gait, while the capacity of many of the other lower 

limb extensors was significantly reduced.  Thus in some individuals, excessive 

hamstrings activation may be a symptom, rather than a cause of walking in a crouched 

posture.  In this case subjects may not respond well to a lengthening procedure and 

instead might benefit from strength and balance training or surgery to correct bone 

alignment.  It is not yet clear how we might identify these subjects.  Creating pre- and 

post-operative subject-specific simulations of individuals who respond well and 

respond poorly to a hamstrings lengthening procedure would provide further 

information to help determine when the hamstrings directly contribute to excess knee 

flexion.  By combining the insights from past studies and the investigations proposed 

above, we could develop and test a specific statistical tool to predict the outcome of 

hamstrings lengthening surgery, given a subject’s gait dynamics, EMG, and the output 

of a simple biomechanical model.   

6.1.2 EXCESS TIBIAL TORSION 
Further investigation is also needed to fully understand the link between excess 

tibial torsion and crouch gait.  The modeling and dynamic analysis conducted in 

Chapter 3, which examined the effect of tibial torsion on the capacity of muscles to 

extend the hip and knee suggests that around 30° of excess tibial torsion warrants 

correction via a tibial derotation osteotomy.  In the statistical analysis conducted in 
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Chapter 5, we found that abnormal tibial alignment, as defined by a thigh foot angle 

10° or less internal or 20° or more external, was associated with less improvement in 

crouch gait.  The precise relationship between clinical measures, like the thigh foot 

angle, and the underlying morphology of the tibia has not been established.  Since the 

simulated tibial deformity we created in Chapter 3 did not substantially change the 

lengths or moment arms of muscles, the reductions in the capacity of muscles to 

extend the joints were predominantly a result of changing the relative orientation of 

the knee flexion and ankle plantarflexion axes.  Functional techniques (e.g. Besier et 

al., 2003) for determining these axes during gait might allow a more accurate 

assessment of extension capacities for individual subjects with tibial torsion 

deformities.  Imaging of subjects with excess tibial torsion would also provide more 

information about the morphology of this deformity and the relationship between 

clinical measures, functional axes, and the underlying bone structure.  In addition, a 

large, multi-center statistical analysis of subjects with excess tibial torsion might 

reveal more robust criteria for identifying good candidates for a derotation osteotomy 

by combining measures like the thigh foot angle, bimalleolar angle, functional joint 

axis alignment, and information about the strength of muscles like the gluteals and 

plantarflexors. 

6.1.3 EXCESS FEMORAL ANTEVERSION 
Femoral derotation osteotomies are commonly performed among children with 

crouch gait, often as a part of a single event multi-level surgery.  In our statistical 

analysis, receiving this procedure was associated with improvements in mean stance 

knee flexion, even when controlling for concomitant procedures.  We examined the 
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effect of a simulated femoral anteversion deformity on the capacity of muscles to 

extend the hip and knee in a preliminary investigation, using a similar approach to our 

study of excess tibial torsion.  We did not see a significant reduction in the extension 

capacity of the major lower limb muscles, but we restricted our analysis to the single 

limb stance phase of gait.  Expanding our analysis to the entire gait cycle, including 

terminal swing and double support might provide more information about the link 

between femoral anteversion and crouch gait.   

A combined approach, using biomechanical simulation and statistical modeling 

may be the ideal way to unravel the relationship between femoral anteversion and 

excessive knee flexion.  On the one hand, we could create subject-specific simulations 

of subjects before and after receiving a femoral derotation osteotomy.  By 

understanding the gait features and muscle activity that change before and after 

surgery and the differences between subjects who respond well and respond poorly to 

treatment, we may be able to create explicit guidelines to identify when excess 

anteversion contributes to a subject’s crouch gait.  There is also a large set of pre- and 

post-operative data for subjects with crouch gait who received a femoral derotation 

osteotomy as part of their care.  A controlled statistical analysis to identify the 

variables that predict which subjects will benefit from this surgery might provide a 

starting point to aid in the analysis of subject-specific simulations.  By using this 

combined biomechanical and statistical analysis, we could develop and validate an 

objective prognostic tool for prescribing femoral derotation osteotomies in subjects 

with crouch gait. 
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6.1.4 SEVERE KNEE FLEXION CONTRACTURE AND QUADRICEPS DEFICIENCY 
Receiving a patellar tendon advance and femoral extension osteotomy was also 

associated with improvement in mean stance knee flexion in our statistical analysis of 

Chapter 5.  One recent clinical investigation has shown that many patients achieve 

dramatic improvements in their knee flexion kinematics after receiving this procedure 

to correct severe knee flexion contracture and quadriceps deficiency (Stout et al., 

2008).  At Gillette Children’s Specialty Healthcare, where this study was conducted, 

patients are considered candidates for this surgery if they have a severe crouch gait, a 

fixed contracture of the knee joint, and an extensor lag (defined as the difference 

between active and passive knee extension angle), which indicates quadriceps 

deficiency.  Further investigation is needed to develop biomechanics-based guidelines 

for prescribing this procedure.  Pre- and post-operative magnetic resonance imaging of 

patients would provide information about the morphology of the patella and 

quadriceps that could be applied to develop subject-specific gait simulations before 

and after surgery.  In addition to modeling, a statistical analysis of pre- and post-

operative data for severely crouched subjects, with and without a patellar tendon 

advance and femoral extension osteotomy might provide further insight about the 

factors that are associated with a good response to this surgery. 

6.1.5 MUSCLE WEAKNESS 
Further research is also needed to determine when muscle weakness is a factor 

in crouch gait and which patients are good candidates for strength training.  Greater 

knee extensor strength was associated with more improvement in mean stance knee 

flexion in our statistical analysis, but the results of strength training studies in patients 
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with cerebral palsy have been mixed (Damiano et al., 1995; Damiano et al., 2010).  

Van der Krogt and colleagues (2010) analyzed simulations of normal gait to estimate 

how much muscle weakness individuals can tolerate during gait.  The investigators 

selectively reduced the maximum force each of the major lower leg muscles could 

generate and determined whether the simulation could track the desired kinematics.  

The simulation was most significantly affected by weakness of the plantarflexors and 

gluteus medius—these muscles could only be weakened by up to 20% before 

kinematics deteriorated.  The other muscles in the model could be weakened 

completely and the simulation could still compensate by increasing the activation of 

other muscles.  These findings indicate that for many muscles, significant weakness 

does not preclude walking with a normal gait pattern.  On the other hand, the results 

also suggest that subjects with weakness of the plantarflexors and gluteals might 

benefit from targeted strength training.  A similar investigation, simulating the effects 

of weakness on subjects with crouch gait would provide valuable insight about when 

muscle weakness contributes to excess knee flexion and what compensation strategies 

these subjects might utilize.  This would in turn allow the development of more 

effective strength training programs for individual subjects. 

 A statistical analysis might also help to identify good candidates for strength 

training.  There are several factors that may affect how different individuals with 

crouch gait respond to strength training, including the presence of motor control 

deficits, spasticity, or joint contractures, crouch severity, whether or not weak muscles 

are appropriately targeted, whether or not the other contributors to a subject’s crouch 

gait are corrected, and the presence of other gait abnormalities.  By comparing 
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subjects with a good and poor response to strength training, in a controlled fashion, we 

could develop an objective protocol to select subjects with weak muscles who would 

benefit from targeted strengthening exercises.  The results of our statistical analysis in 

Chapter 5 also suggest that a strength training program before hamstrings lengthening 

surgery and/or tibial derotation osteotomy might improve surgical outcomes, since 

pre-operative extensor muscle strength was associated with more improvement in 

crouch gait.  A controlled clinical investigation of this hypothesis is warranted.  

Finally, since the investigations described in the previous chapters have identified 

strength as an important factor in normal gait function, we need more accurate and 

precise measures of strength than the current manual assessments used to track muscle 

weakness over time in patients with gait pathology.   

6.1.6 OTHER MECHANICAL FACTORS 
Subjects with cerebral palsy also receive a few other common procedures to 

correct abnormalities at the foot and ankle that may influence sagittal plane knee 

kinematics.  For example, several bone and soft tissue surgeries are performed on the 

foot to create a stable platform for locomotion and enable efficient transfer of forces 

from the ground to the ankle to the other segments of the body.  Many subjects with 

crouch gait also receive gastrocnemius lengthening surgeries to reduce the excessive 

passive or velocity-dependent forces in this muscle, which might contribute to excess 

knee flexion.  Accordingly, Baddar and colleagues (2002) observed improved knee 

extension at initial contact after subjects received a gastrocnemius and/or soleus 

lengthening.  In our statistical analysis, we found foot surgery and gastrocnemius 
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lengthening to be associated with positive, although not significant, changes in stance 

phase knee flexion.   

For these surgeries, there are no objective, mechanics-based guidelines for 

identifying good patients for treatment.  Subject-specific simulations might provide 

more information about when these procedures are appropriate.  In a case-study by 

Seth and colleagues (2009), investigators generated a simulation of an individual with 

crouch gait and found that the subject’s gastrocnemius muscle made the largest 

contribution to stance phase knee flexion acceleration.  Accordingly, after 

gastrocnemius lengthening surgery, which likely reduced the forces generated by the 

gastrocnemius, this subject’s crouch gait improved.  Simulation of more subjects, 

before and after surgery, is needed to determine when and why the gastrocnemius 

muscles cause excess knee flexion in stance.  Using the results of these simulations, 

we can identify the factors associated with good outcomes and develop statistical 

models to predict which subjects should receive a gastrocnemius lengthening and/or 

foot surgery as part of their care.       

6.2 HOW AND WHEN DO NEUROLOGICAL FACTORS CONTRIBUTE TO 

CROUCH GAIT?   
 More investigation is needed to understand the role of non-mechanical 

contributors to crouch gait, like motor control and balance deficits.  The 

biomechanics-based statistical model we developed in the third study of this 

dissertation was able to explain approximately 50% of the variance in outcomes—

motor control and balance may explain much of the remaining variance.  Motor 

control and balance deficits are not currently included in our framework for creating 
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gait simulations, even though controlling muscles to orchestrate a repeatable gait 

pattern in a changing environment is essential for locomotion.  There are several 

possible avenues for future research on the link between motor control and crouch 

gait.   

First, there is no standardized technique to assess motor control and balance as 

it applies to gait function in patients with cerebral palsy.  In our statistical analysis, we 

examined whether selective motor control, as measured during a standard clinical 

exam, and gait variability (Kadaba et al., 1989) were associated with improvement in 

crouch gait, but did not observe a significant relationship.  The variability of a 

subject’s gait pattern from trial to trial may not be a good indicator of a subject’s 

dynamic balance or ability to respond to external or internal perturbations.  Selective 

motor control was highly correlated with strength, and thus including selective motor 

control did not enhance the performance of the statistical model.  Further investigation 

is needed to identify a standard measure of motor function during gait that can resolve 

some of the unexplained variance in our statistical model. 

 Investigation of the contribution of muscles to joint accelerations in normal 

and crouch gait, as in Chapter 4 and in a recent publication by Steele and colleagues 

(2010), suggests that some patients may adopt a crouch gait because, in a crouched 

posture, muscles provide relatively constant contributions to joint accelerations 

throughout the gait cycle.  Walking in a crouch gait might also be more robust to 

perturbations from the external environment or errors from the internal control system.  

Further research is needed to test these hypotheses and determine if and when subjects 

adopt a crouch gait for its increased controllability, agility, robustness, and/or stability.  
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Both experimental and simulation studies could be used to quantify the robustness of 

crouched gait pattern to internal and external perturbations, as compared to an erect 

gait, and determine whether walking in a crouch gait is easier for the neuromuscular 

control system of subjects with cerebral palsy.  If these findings show that patients 

adopt a crouch gait for its robustness and ease of control, we may be able to prevent 

subjects from developing a crouch gait by treating them with motor control and 

balance training.        

 The selective dorsal rhizotomy (SDR) is a common neurological treatment that 

has proven successful, reducing spasticity and improving gait function (Trost et al., 

2008), but the procedure remains controversial, largely because there are no clear 

subject-selection criteria.  In the statistical analysis of the present study, we attempted 

to include subjects who had received a SDR between gait visits, but were not able to 

develop a predictive model that was accurate for subjects with and without an 

intervening SDR.  We may be able to develop a more accurate statistical predictor for 

all subjects if we incorporate guidelines about which subjects should and should not 

receive an SDR, creating analogs to the ‘GoodHams’ and ‘GoodTibia’ variables of 

Chapter 5.  Alternately, we could develop a distinct statistical model to predict 

changes in gait function after an SDR using the framework developed in Chapter 5.   

 Several new rehabilitation technologies, including robotics-assisted gait 

training and bio-feedback may prove to be successful interventions for patients who 

walk in a crouch gait or preventative therapies for patients at risk for developing 

crouch gait.  Preliminary research in children with cerebral palsy suggests that these 

therapies may improve dynamic balance and motor control and in turn enhance 
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locomotor ability in patients with cerebral palsy.  Researchers have investigated the 

use of robotics-assisted locomotor training in the pediatric population, including 

individuals with cerebral palsy, and observed improved gait speed, endurance, and 

gross motor function after training with a pediatric version of the Lokomat device 

(Meyer-Heim et al., 2009).  Treadmill gait training is highly task-specific, enhancing 

the motor control skills and strength needed for locomotion, and robotics-assisted 

training does not require intensive therapist support.  Given the initial promise of this 

rehabilitation therapy in children with neurological impairments, further study is 

warranted.  Investigation of bio-feedback training in children with cerebral palsy is 

limited.  The Lokomat device gives patients feedback in the form of a graphical 

representation drawn from force sensor data on the device, but many children had 

difficulty focusing on this biofeedback for long periods of time.  Dursun and 

colleagues (2004) compared the effectiveness of an exercise program for the 

plantarflexors with and without EMG biofeedback in a group of children who walked 

with an equinus gait pattern.  They observed improvements in tone, range of motion, 

and gait function in both groups, with greater improvements in the biofeedback group.  

These initial findings suggest that more comprehensive and intuitive bio-feedback 

systems, using tactile feedback, for example, should be developed and tested in 

children with cerebral palsy.           

 Our understanding of the interaction been neurological and mechanical deficits 

in children with cerebral palsy is also limited because gait simulations do not currently 

incorporate central nervous system control.  For example, our analysis of the effect of 

tibial torsion on the capacity of muscles to extend the knee and hip joints did not 
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consider how the nervous system may modulate muscle activation to compensate for 

this deformity.  The central nervous system may adapt to compensate for poor balance 

or muscle weakness, or in response to surgery or other treatment; however, the current 

modeling and simulation framework does not account for these adaptations.  Further, 

simulations of children with cerebral palsy do not typically incorporate velocity or 

stretch-dependent spasticity.  Currently gait simulations choose muscle activation 

patterns that minimize the sum of squared muscle forces, a surrogate measure of 

efficiency.  In children with CP, the nervous system may choose muscle activations 

and movement patterns to optimize not only efficiency, but also stability and ‘ease’ of 

control.  The incorporation of an accurate representation of sensorimotor control into 

dynamic simulations of abnormal movements is one of the critical challenges for 

developing models that can accurately simulate pathological gait and the outcome of 

treatment. 

6.3 INTERACTIONS BETWEEN EXCESSIVE KNEE FLEXION AND OTHER GAIT 

ABNORMALITIES 
 Children who walk with excessive knee flexion in stance typically exhibit 

concomitant gait abnormalities.  In our statistical analysis, we found that subjects who 

walked with a stiff knee gait, increased ankle plantarflexion, or increased anterior 

pelvic tilt tended to show less improvement in their knee flexion between gait visits, 

even when controlling for overall gait severity.  More investigation is needed to 

understand how these gait abnormalities interact with crouch gait and to determine if a 

subject’s other gait deviations must be corrected in order to maximize improvements 

in stance phase knee kinematics.    
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 In our statistical analysis, subjects with a slower knee flexion velocity at toe-

off had less improvement in their stance phase knee flexion.  Reinbolt and colleagues 

(2008) showed that larger stance phase knee flexion angles were associated with less 

improvement in stiff knee gait after a rectus transfer procedure.  It is not clear why 

stiff knee gait and crouch gait are related and whether both abnormalities must be 

treated in order to improve a subject’s gait function.  One hypothesis is that a subject’s 

excessive knee extension moment in stance, a consequence of crouch gait, leads to 

reduced knee flexion velocity at toe-off and reduced knee flexion in swing.  

Simulation of subjects with both stiff knee and crouch gait would shed light on this 

question.  A controlled statistical analysis could also be used to identify if and when 

improvement in stiff knee gait is associated with improvement in crouch gait.   

 Increased anterior pelvic tilt was associated with less improvement in crouch 

gait in our statistical analysis, although the relationship was not significant.  The prior 

investigation of hamstrings lengths and velocities conducted by Arnold and colleagues 

(2006a)  determined that subjects who received a hamstrings lengthening surgery 

when their hamstrings were not short and slow tended to have unimproved or 

worsened pelvic tilt.  These two results suggest that we may be able to predict overall 

improvement in sagittal plane motion by penalizing the receipt of an ‘unnecessary’ 

hamstrings lengthening surgery. 

Similarly, motion at the ankle was associated with a subject’s change in mean 

stance knee flexion.  Baddar and colleagues (2002) found that subjects with an 

equinus gait pattern exhibited more kinematic coupling between ankle dorsiflexion 

and knee flexion and suggest that uncoupling the motion of these joints is the 
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mechanism by which some subjects show improved knee flexion after a gastrocnemius 

and/or soleus lengthening.  As discussed earlier in this chapter, more investigation, 

using simulations of subjects with crouch gait and equinus, is needed to understand 

how knee and ankle motions are related and the implications of gastrocnemius 

lengthening surgery.  

6.4 FUTURE RESEARCH ON STATISTICAL MODEL BUILDING 
The success of our hypothesis-driven approach to developing a predictive 

statistical model raises several possible areas of future investigation.  As suggested in 

the previous sections of this chapter, additional statistical models, such as predictive 

tools tuned to identify good candidates for a femoral derotation osteotomy or patellar 

tendon advance, may help to improve patient treatment.  Our model-building 

framework could also be used to develop predictive models to track gait changes in 

subjects with stiff knee gait or equinus gait or to help plan treatments for patients with 

stroke, spinal cord injury, or other neurological deficits that impact locomotor ability.  

Our approach could also be used to build a statistical model to predict which patients 

are at risk for developing a crouch gait so that these subjects could be treated with 

preventative training programs to enhance strength or motor control.  

In future work, we must also validate the accuracy of the predictive model we 

developed using data from subjects at Gillette with patients from other clinical centers.  

We believe that our hypothesis-driven approach increases the likelihood that our 

statistical model is generally-applicable and robust, but we must test the accuracy of 

our predictions with a larger pool of patients from multiple centers to ensure that our 

model is not specific to subjects at Gillette.  If the model is not accurate at other 
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clinical centers, individualized statistical models may be required for different gait 

analysis labs.  Although we used cross validation to estimate the ability of our model 

to make predictions for new subjects, we must also test our ability to make predictions 

for new subjects, prospectively.  In addition, we must determine if the relatively short-

term predictions made by the current model are valid in the long term. 

The hypothesis-based linear regression model we used in this study balances 

prediction ability with clinical interpretability—we can easily examine the regression 

coefficients in the model to gain insight about the factors that impact improvement in 

crouch gait.  Using a different approach to building the statistical model might yield a 

slightly improved predictive accuracy at the expense of clinical interpretability.  For 

example, shrinkage methods like ridge regression might be used to reduce the degrees 

of freedom in the statistical model, as opposed to stepwise reduction, but the model 

coefficients would not be as easily interpreted.  Data mining techniques to select 

predictors from the full set of gait and physical exam data, as in the study by Reinbolt 

and colleagues (2009), might also be used to develop a more accurate predictor, 

although such a model would have to be used by clinicians as a ‘black box’.  Other 

statistical model formulations like the Support Vector Machine or Bayes Network 

might also improve prediction accuracy, and warrant future investigation. 

6.5 CONCLUSIONS AND VISION FOR THE FUTURE 
 In the series of studies that compose this dissertation, we demonstrated that 

both biomechanical modeling and statistical modeling have the potential to make 

treatment planning more rigorous and objective, helping us achieve the ultimate goal 

of improving the outcome of surgery.  Biomechanical modeling is a powerful tool for 
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quantifying muscle function during pathological gait, which can in turn help us 

identify why a specific patient walks with an abnormal gait pattern.  In Chapters 3 and 

4, we analyzed the dynamics of a physics-based model of the musculoskeletal system.  

We examined the effect of walking in a crouched posture on the ability of muscles to 

extend the hip and knee joints and the effect of excess tibial torsion, a common bone 

deformity, on the capacity of muscles to extend the joints.  This analysis revealed that 

walking with a crouched posture reduces the capacity of many of the major lower limb 

muscles to extend the hip and knee.  We found that excess torsion of the tibia further 

reduces the capacity of muscles to extend the knee.  A child must therefore generate 

much larger muscle forces to achieve the same amount of joint extension when 

walking in a crouch gait or with a tibial torsion deformity.  Excess tibial torsion can be 

corrected with a derotation osteotomy and our results suggest that this type of surgery 

would improve muscle capacities and allow subjects to walk with a more efficient, 

upright gait posture.   

In Chapter 5, we investigated whether a statistical model has the potential to 

aid treatment planning for children with crouch gait.  In a retrospective analysis of 

patient data, we developed a multi-variable linear regression model that was able to 

predict whether or not a subject’s crouch gait would improve between visits to the gait 

analysis lab based on gait kinematics, physical exam measures, and surgical history.  

We were able to correctly classify over 70% of subject-limbs as ‘Improved’ or 

‘Unimproved’, in contrast to the observed improvement rate of around 50%.  We 

developed this predictive statistical model using our knowledge about the 
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biomechanics of crouch gait; therefore, we were also able to show that correcting the 

biomechanical factors that contribute to a subject’s excess knee flexion is associated 

with more improvement in knee motion after surgery.  

 Moving forward, one of the primary challenges in modeling and simulation 

research is to ensure that both positive and negative findings are effectively translated 

to a clinical setting.  There are several approaches to enhancing communication 

between the biomechanics and clinical worlds.  First, many clinicians do not clearly 

understand how subject-specific simulations can be used to identify the contributors to 

a subject’s gait pathology and understand the implications of treatment.  A series of 

case studies that demonstrate how to interpret a pre- and post-operative simulation 

would help to educate the clinical audience about the benefits and limitations of 

biomechanical models and gait simulations.  Conducting further validation work, as 

discussed in the previous section will also lend confidence to the findings in this 

dissertation and related studies.  On the other hand, obtaining feedback from therapists 

and surgeons will provide valuable information to help interpret the results of 

biomechanical simulations and design accurate predictive statistical models. 

 We believe that the framework developed in this dissertation, combining 

biomechanical modeling and statistical analysis has tremendous potential to improve 

the diagnosis and treatment of gait disorders.  In these investigations, we focused on 

crouch gait, but the methods we developed could be applied to other gait pathologies 

in children with cerebral palsy, or to other patient populations, like individuals who 

have suffered from a stroke or spinal cord injury.  Assessment modalities like three-
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dimensional motion capture provide a wealth of information about the intricate 

orchestration of human movement.  As we demonstrated in the investigations that 

compose this dissertation, recent advancements in techniques for creating and 

analyzing the musculoskeletal system and developing robust statistical predictors 

allow us to efficiently and effectively harness this wealth of information to create 

rigorous diagnostic tools for subject-specific treatment planning. 
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APPENDIX A 
 

Figure A.1 Complete plots of joint kinematics for normal and crouch gait.  The gray line and bands 
show the mean values ± 1 SD for a group of 83 able-bodied children walking at self-selected speed.  
The black lines show mean kinematics for subjects with cerebral palsy who walked in a crouch gait, 
classified as mild (N = 89), moderate (N = 127) or severe (N = 100) based on knee flexion angle at 
initial contact.  All angles are in degrees. 
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Figure A.2 The effect of crouch gait on the capacity of all muscles to extend the hip.  The entries in 
the table represent the capacity of all muscles in the model to accelerate the hip per unit force, averaged 
over the single limb stance period, for normal, mild crouch, moderate crouch, and severe crouch. 
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Figure A.3 The effect of crouch gait on the capacity of all muscles to extend the knee.  The entries 
in the table represent the capacity of all muscles in the model to accelerate the knee per unit force, 
averaged over the single limb stance period, for normal, mild crouch, moderate crouch, and severe 
crouch. 
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APPENDIX B 
 
Table B.1 Key Characteristics of the Subject Pool—Continuous and Ordinal 
Variables 
Means and standard deviations corresponding to all limbs, ‘Improved’ limbs, and ‘Unimproved’ limbs 
for several variables from the first gait visit, as well as follow-up time and improvement in mean stance 
knee flexion between gait visits. 

Variable 
Overall 
Mean 

Overall 
Std Dev 

Improved 
Mean 

Unimproved 
Mean p-val* 

Manual Knee Extension Strength (0-5 Scale) 3.47 1.04 3.39 3.55 0.146 
Ispi-lateral Mean Stance Knee Flex (°) 37.98 11.13 42.49 33.74 0.001 
Contra-lateral Mean Stance Knee Flexion (°) 34.55 14.26 38.24 31.09 0.001 
Gillette Deviation Index 65.00 10.47 62.14 67.69 0.001 
Normalized Walking Speed 0.29 0.11 0.27 0.30 0.007 
Cerebral Palsy Sub-Type (1/2/3/4) 2.67 0.95 2.81 2.54 0.009 
Mean Pelvic Tilt (°) 15.56 7.32 15.14 15.96 0.297 
Knee Flexion Vel at Toe-Off (°/% Gait Cycle) 1.04 0.97 0.94 1.14 0.048 
Mean Stance Ankle Dorsiflexion (°) 10.90 13.68 13.03 8.90 0.004 
Age 10.57 3.10 10.95 10.21 0.026 
Follow-Up Time (months) 15.73 6.26 14.80 16.60 0.007 
Improvement in MSKF (°) 10.50 15.39 22.49 -0.78 0.001 
*Two-Sample t-test for Improved vs. Unimproved groups.   
Variables for which the difference between groups was significant (p < 0.05) are italicized. 
 
 
Table B.2 Key Characteristics of the Subject Pool—Binary Variables 
Total percentage of limbs that received each intervening or prior surgery or had multiple visits, with 
values shown for all limbs, ‘Improved’ limbs, and ‘Unimproved’ limbs.  

Variable % Overall 
% Improved 

Limbs 
% Unimproved 

Limbs p-val* 
Good Tibial Torsion 86% 87% 85% 0.498 
Good Hamstrings Lengths and Velocities 57% 58% 56% 0.123 
Hamstrings Lengthening? 27% 32% 23% 0.055 
Tibial Derotation Osteotomy? 31% 42% 21% 0.001 
Patellar Advance and/or Femoral Extension 
Osteotomy? 23% 34% 13% 0.001 
Femoral Derotation Osteotomy? 52% 61% 43% 0.001 
Foot Stabilization Surgery (Bony or Soft Tissue)? 49% 61% 37% 0.001 
Gastrocnemius Lengthening? 29% 35% 25% 0.044 
Prior Gastrocnemius and/or Soleus 
Lengthening? 38% 35% 41% 0.237 
Prior Selective Dorsal Rhizotomy? 35% 35% 36% 0.812 
Multiple Qualifying Visit Pairs? 19% 17% 20% 0.417 
*Χ2 Test of Independence.   
Variables for which the difference between groups was significant (p < 0.05) are italicized.  
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