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Abstract

Function can sometimes be restored to patients with movement disabilities via surgical recon-
struction of musculoskeletal structures. Surgical reconstructions, however, often compromise the
capacity of muscles to generate force and moments about the joints. Patients that cannot generate
sufficient joint moments are left with weak or dysfunctional limbs. The goal of this dissertation
is to understand the connection between the parameters of various surgical procedures and the
moment-generating capacity of the lower-limb muscles.

A graphics-based model of the human lower limb was developed to study the effects of
musculoskeletal reconstructions on muscle function. The lines of action of forty-three muscle-
tendon complexes were defined based on their relationships to three-dimensional bone surface
models. A model for each muscle-tendon complex was formulated to compute its force-length
relation. The kinematics of the lower limb were defined by modeling the hip, knee, ankle, subta-
lar, and metatarsophalangeal joints. Thus, the maximum isometric force and joint moments that
each muscle-tendon complex develops can be computed at any body position. Since the model is
implemented on a computer graphics workstation, the model parameters can be graphically
manipulated according to various surgical techniques. For example, the origin-to-insertion path
of a muscle-tendon complex can be altered to simulate a tendon transfer. The results of the simu-
lated surgeries are displayed in terms of presurgery and postsurgery muscle forces, joint
moments, and other biomechanical variables.

The model of the lower limb has been used to analyze tendon surgeries and pelvic osteoto-
mies. The analysis of tendon lengthenings indicated that the forces generated by the ankle plan-
tarflexors are extremely sensitive to surgical lengthening of tendon, while other muscles are
much less sensitive. Quantifying the sensitivity of the muscle forces and joint moments to
changes in tendon length provides important new data needed to design effective tendon surger-
ies. Simulations of the Chiari pelvic osteotomy suggest that osteotomies performed with high
angulation shorten the hip abductors and may lead to the commonly observed weakness of the
hip abductors. Simulated surgeries showed that horizontal osteotomies preserve the moment-
generating capacity of the hip abductors and may therefore decrease the number of patients who
limp after surgery.

Just as computer graphics systems have enhanced other areas of design and analysis, an
interactive, graphics-based model of the human lower limb can facilitate the design and analysis
of surgical procedures.

iv



Acknowledgements

I am deeply thankfui to have had the opportunity to work with Professor Felix E. Zajac. As
my principal advisor, Felix has been a constant source of insight and encouragement. His enthu-
siasm, attention to detail, and friendship wil! continue to influence my work in the years 0 come.

I thank Professors Joseph Rosen and Dennis Carter, the other members of my reading com-
mittee, for the many discussions we have had related to biomechanics and surgery simulation,

My regular meetings at Dr. Rosen’s home have been especially constructive.

I gratefully acknowledge the contributions of Peter Loan and my brother, 1dd Delp. Pete,
Idd and I hegan this project in 1986 when we digitized and displayed a human pelvis. Since then,
Pete and I have worked together to develop much of the musculoskeletal modeling software that
was used in this dissertation. Pete has written most of the software that is presented in Chapter 3.
Idd has helped me to create illustrations, posters, and videos that describe the surgery simulation
project. Without Pete and Idd this project would not have been possible.

Melissa Hoy and Eric Topp have been of tremendous assistance in developing the model
of the Jower limb that is presented in Chapter 4. Eric Topp is responsible for developing the “par-
tial velocity” method for computing moment arms which is presented in Chapter 3.

Many physicians have helped give clinical direction to this work. Special thanks go to Dr.
Eugene Bleck and Dr. Gerard Bollini for their help with the analysis of the Chiari osteotomy (Chap-
ter 6). I also thank Dr. Bleck and Dr. George Rab for sharing their insights into tendon lengthen-
ings and tendorn transfers. Iam grateful to George Rab for his careful review of Chapter 5.

I'have benefitted from daily interactions with colleagues at Stanford University and the VA
Rehabilitation Research and Development Center. Gary Beaupre’, Dave Brown, Carol Cady,
Gayle Curtis, B. J. Fregly, Michael Gordon, Gon Khang, Artimus Kuo, Tracy Orr, Marcus Pandy,
Lisa Schutte, Pamela Stevenson, Marjolein van der Meulen, and Gary Yamaguchi have been
helpful. Scott Tashman has been especially helpful in providing insight into gait analysis in cere-
bral palsy. Thanks to Jim Bishop and Pat McCarty for helping me get things done at the VA and
for keeping the refrigerator stocked.



I thank Don Stredney for providing data describing the shank and foot bones, Michael Rob-
erts for help with the anatomical study of the Chiari osteotomy, and Scott Fisher and Steve Pieper
for transferring our lower-limb model into NASA’s virtual environment.

Finally, and most importantly, I thank my family for their love and support. Comprehen-
sive thanks are not possible, so I have chosen some examples. Brother Gary, in a foolish act of
pure love, read and commented on the entire first draft of this dissertation. Brother Bryan called
the night before qualification exams with the one thing I did remember during the exam — “drive
for the hoop and score.” Brother Idd, worked ‘#ith me until 4:00 AM to finish the illustration and
layoat of this document, and then cooked me breakfast. Mom responded to my request to borrow
food money with “How about if I fly out and cook your dinners for a month.” Dad, you taught
me how to revitalize myself by canoeing in the Canadian wilderness. It's time for a little wilder-

ness.

This work was supported by the Rehabilitation Research and Development Service, Depart-
ment of Veterans Affairs; the Aerospace Human Factors Research Group at NASA Ames Re-
search Center; and a National Science Foundation Predoctoral Fellowship.

Scott L. Delp
Palo Alto, California
August, 1990



Contents

1 INTRODUCTION
1.1 Focus of the Dissertation 2
1.2 Significance of this Research 4
1.3 Static Properties of Muscle and Tendon 4
14 Other Terminology 7
1.5 Thesis Overview 9

2 BACKGROUND AND RELATED WORK
2.1 Musculoskeletal Models 10
2.2 Three-dimensional Reconstructions from Medical Imaging Equipment 11
23 Computer Simulation of Tendon Transfers 12
24 Computer Modeling of Hip Reconstructions and Osteotomies 13
25 Our Model in Relation to These Others 13
2.6 Major Assumptions 13
We assume full muscular activation 13
Comparing the model results to experimental data is problematic 14
We do not account for muscle-tendon adapration over time 15
We use model of a nominal lower extremity 15

3 MUSCULOSKELETAL MODELING SOFTWARE
3.1  Introduction 16
3.2 Defining a Musculoskeletal Model 17
Defining the Body Segments 18
Defining the System Kinematics 18
Modeling the Muscles 20
Computing Moment Arm, Muscle-tendon Length and Force 22
3.3 Interacting with a Model 24
3.4  Software Design Goals 27



4 LOWER-EXTREMITY MODEL

4.1
4.2
4.3
44
4.5

4.6
4.7
4.8
4.9

5.1
5.2
5.3
54

5.5

6.1
6.2
6.3

6.4
6.5
€.6

Musculoskeletal Geometry 29
Joint Models 31

Muscle-tendon Parameters 34
Model Outpur 36

Computed Joint Moments Compared to Experimental Data 37
Ankle Moments 38

Knee Moments 40

Hip Moments 43

Sensitivity Study 47

Example Surgery Simulation 49
Assumptions and Limitations 50
Advantages of Graphics 51

ANALYSIS OF TENDON LENGTHENINGS

Abstract 53
Introduction 53

Methods 54

Results 55

Effect of Optimal Fiber Length 57

Effect of Tendon Length 57

Effect of Pennation 58

Relative Importance of Fiber Length, Tendon Length, and Pennation Angle
Effect of Moment Arm 59

Sensitivity of Joint Moments 60

Discussion 63

Confidence in Muscle-Tendon Parameters 63
Assumptions and Limitations 64

Clinical Implications 66

ANALYSIS OF THE CHIARI PELVIC OSTEOTOMY

Abstract 68

Introduction 68

Methods 69

Surgical Model 70
Musculoskeleral Model 71
Simulations of Surgery 72
Results 72

Discussion 77

Conclusion 79

59



7 CONCLUSION

7.1
72
7.3
74

7.5

Contributions 80

Applications and Extensions of Musculoskeletal Modeling Software
Applications and Extensions of Lower-Extremity Model 82
Clinical Applications 82

Surnmary of Clinical Findings 82

Application to Muscle-Tendon Surgery 82

Application to Osteotomies 84

Application to Joint Replacements 84

Applications to Complex Reconstructions 85

Future Work 85

APPENDIX A Muscle inputfile 89

APPENDIX B Jointinput file 100

APPENDIX C Format of bone files 106

REFERENCES 107

80



IHlustrations

Figure
1.1
1.2
1.3
14

3.1
3.2
33
3.4
35
3.6

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
49
4.10
4.11
4.12
4.13
4.14
4.15
4.16

Surgery simulation system 2

Normalized force-length property of muscle 5

Orientation of muscle fibers and tendon in a pennated muscle 6
Normalized force-length relationship for tendon 6

Structure of musculoskeletal modeling software 17
Muscle-tendon actuator model 20

Definition of terms used in moment arm calculations 22
Display highlighting the model viewer 25

Display highlighting the joint editor 26

Display highlighting the plotmaker utility 27

Three-dimensional representation of musculotendinoskeletal geometry 30
Location of the body-segmental reference frames 31

Geometry for determining knee moments and kinematics 32

Knee extensor moment arm vs. knee angle 33

The ankle, subtalar, and metatarsophalangeal join: axes 33

Passive hip moment vs. hip flexion angle 36

Comparison of computed and experimental plantarflexion moments 36
Plantarflexion moment vs. ankle angle with knee extended 38
Plantarflexion moment vs. ankle angle with knee flexed 38
Dorsiflexion moment vs. ankle angle 39

Knee extension moment vs. knee angle with the hip extended 41

Knee extension moment vs. knee angle with the hip flexed 41

Knee flexion moment vs. knee angle with hip extended 42

Knee flexion moment vs. knee angle with hip flexed 42

Hip extension moment vs. hip angle with knee flexed 43

Hip extension moment vs. hip angle with knee extended 43

X



4.17
4.18
4.19
4.20
421
422
4.23

5.1
5.2
53
5.4
5.5
5.6
5.7
5.8

6.1
6.2
6.3
6.4
6.5

Al
B1

Hip flexion moment vs. hip angle with knee flexed 44

Hip abdiiction moriicist vs. hip abduction angle 45

Hip adduction moment vs. hip abduction angle 46

Hip rotation moment vs. hip rotation angle 46

Change in joint angle at which four actuators develop peak force 47
Decrease in muscle force at the joint angle of peak force 48
Display from a simulated surgery 49

Body position for which forces and momenis are presented 55

Change in tendon length resulting in a 50% decrease in muscle force 56
Soleus force vs. ankle angle with elastic and inelastic tendon 58

The effect of pennation on the soleus force vs. ankle angle curve 58
Force vs. joint angle for muscles with different moment arms 60

Ankle moments before and after simulated tendon lengthening 61

Knee moments before and after simulated tendon lengthening 62

Hip moments before and after simulated tendon lengthening 62

Surgical parameters 70

Musculoskeletal coordinates for the gluteus medius 71

Comparison of computed and experimental hip abductor moments 73
Results of two surgery simulations 74

The effect of surgical parameters on gluteus medius abductor moment 76

Reading the muscle input file 89
Reading the joint input file 160

Tables

4.1
5.1
6.1

Muscle-tendon parameters for 43 muscle-tendon complexes 35
Parameters for commonly lengthened muscle-tendon complexes 56
Gluteus medius parameters at anatomical position 75



1 Introduction

Muscles and tendons actuate movement by developing force and generating moment about the
Joints. When human movement is impaired by disease or trauma, function can sometimes be
restored with surgical reconstruction of musculoskeletal structures. For example, patients with
muscular spasticity often undergo tendon transfer and tendon lengthening operations aimed at
correcting gait abnormalities. In osteoarthritic patients, bones are reconstructed to alter the joint
geometry or to accommodate an endoprosthesis. Surgical reconstructions and Jjoint pathologies
often compromise the capacity of muscles to generate force and moment about joints. For
instance, when a tendon is lengthened or reattached in a new location, the muscle fibers may be
too long or toc short to generate active force. When a joint becomes deformed from disease, the
moment arms of the muscles that cross the joint may be reduced, thus decreasing the moment that
can be generated at that joint. Patients that cannot generate sufficient muscle force or joint
moment are left with weak or dysfunctionai limbs.

At present, there are few quantitative tools to evaluate the effects of surgical procedures on
muscle function. Surgeons rely on their experience and qualitative information from clinical
exams to make surgical decisions. However, the combined effects of muscle-tendon properties
and skeletal geometry in determining moment-generating characteristics of each muscle are com-
plex and have not been quantified. The absence of a quantitative understanding has limited the
success of many musculoskeletal reconstructions and hampers the development of new
procedures.

Computer models can assist in understanding the biomechanical consequences of muscu-
loskeletal reconstructions. Since musculoskeletal mechanics are complex, computer models are
needed to understand the effects of surgery on the interactions of bone, muscle, and tendon.
Alternatively, developing effective surgical procedures without computer models takes years of
experience with many patients for each surgeon. Computer models can be especially useful to
less experienced surgeons for investigating the effects of surgical decisions on a model rather
than on a patient. Computer models can also be useful to biomechanical engineers and experi-
enced surgeons for analyzing problematic surgeries and designing new procedures.

Computer graphics are an essential part of computer models for simulating surgery. Com-
puter graphics are helpful to visualize the three-dimensional geometry of the musculoskeletal

1



1 Introduction

system and to facilitate communication among engineers and surgeons. During the past two dec-
ades, computer graphics systems for engineering and scientific applications have been under vig-
orous development. Since graphics effectively link the planning and conceptualizing ability of
the human user with high-speed computational machines, graphics tools have become an essential
part of engineering design and scientific analysis. However, the use of computer graphics in the
design and analysis of surgical procedures is in its infancy. The primary reason is that few sys-
tems have been developed that give insight into the biomechanics of surgical procedures.

1.1 Focus of the Dissertation

The goal of this dissertation is to study the biomechanical consequences of surgical reconstruc-
tions of the lower extremity. To this end, a computer graphics-based model of the lower
extremity was developed to simulate the effects of musculoskeletal reconstructions on muscic
function. The model calculates the maximum isometric force and Jjoint moment that each muscle
can develop for any body position. Since the model is implemented on a computer-graphics
system, one can manipulate the model parameters according to various surgical techniques. The
results of the simulated surgeries are then displayed in terms of pre- and post-surgery muscle
forces and joint moments (Figure 1.1). The thesis of this dissertation is that the use of such

SURGERY SIMULATIGY
TENDON TRANSIER

HIP OSTEOTOMY

MUSCLE FORCE

Figure 1.1. Surgery simulation system. Computer simulation of surgical procedures can help 1o under-
stand how surgically changing the musculoskeletal system affects the force- and moment-generating
capacity of the muscles. The two windows on the left show the biomechanical consequences of a simulated
hip osteotomy. The two windows on the right show the muscle force curves before and afier a simulated
tendon transfer.



1 Introduction

models will facilitate the design of surgical procedures by providing information about the varia-
bles that affect surgical outcomes. We expect that better understanding of the biomechanical con-
sequences of surgical interventions will improve the design of surgical procedures and thus the
functional results.

Our model-based studies of musculoskeletal surgeries focus on such questions as:
» How much can a tendon be lengthened before muscle weakness occurs?

= Precisely where should the tendon of a transferred muscle be attached so that the
muscle can generate force over a desired range of joint motion?

* Why does muscle weakness occur after some pelvic osteotomies, but not others?

The three main contributions of this dissertation are:

(D

)

Musculoskeletal modeling software was developed that enables users to develop, alter,
and analyze models of a wide variety of musculoskeletal structures. The particular struc-
ture to be analyzed (e.g., the lower extremity) is specified by defining the surfaces of the
bones, the kinematics of the joints, and the geometry and force-generating properties of the
muscles. From the bone, joint, and muscle data, the software calculates the maximum iso-
metric force and joint moment that each muscle can develop for any body position. The
software has been implemented on a computer graphics workstation so that users can easily
view and interact with the musculoskeletal models. Also, since the software can be used to
anaiyze many different musculoskeletal structures, it can be used to study diverse problems

in biomechanics.

A three-dimensional model of the lower extremity was developed using the musculoskel-
etal modeling software. That is, the bone geometry and the joint kinematics were specified
for the entire lower extremity. This model also defines the origin-to-insertion paths and
specifies the muscle-tendon parameters (i.e., peak force, fiber length, fiber angle, and
tendon length) for every muscle such that the isometric joint moments computed with the
model correspond closely to joint moments measured during maximum voluntary contrac-
tion experiments. This lower-extremity model can be used to study surgical procedures, as
done here, or to calculate muscle-tendon lengths, moment arms, ezc. during movements

such as bicycling and walking.

(3) The lower-extremity model was use to analyze several clinical problems. Surgical length-

ening of tendon was analyzed to determine the sensitivity of muscle force to changes in
tendon length. The Chiari osteotomy [23] was analyzed to study how the procedure might
be performed to reduce the number of patients who limp afier surgery. Sensitivity tests
were performed that indicate which parameters have the greatest potential to affect the out-
come of these surgical procedures.



1 Introduction

1.2 Significance of this Research

In an article on surgery simulation, Mann states: “Musculoskeletal disorders are reported as a
major, if not dominant, source of morbidity nationally, NIH surveys ranking chronic diseases
place arthritis and orthopaedic problems ahead of even heart disease. The Veterans Administra-
tion reports that, among its patient population, musculoskeletal diseases rank second in frequency
of complaints, fourth in hospital admissions, and fifth in surgical procedures. Among children,
much rehabilitation and surgical attention is devoted to postural and gait abnormalities, Conser-
vative estimates put the national cost of direct care for musculoskeletal disease at $20 billion a
year [83].”

Many people who suffer from neuromuscular or musculoskeletal diseases (e.g., stroke,
cerebral palsy, arthritis, and spinal cord injury) may benefit from the insights gained from surgery
simulations, since musculoskeletal reconstructions are commonly performed on these individuals.

Improved surgical outcomes will benefit these individuals not only in the shori-term, but also in
the long-term, since their future rehabilitation needs may be reduced. Unsatisfactory surgical out-
comes often require revision or “second try” surgeries. For example, in several series of patients
who have undergone surgical lengthening of tendon to correct gait abnormalities, the revision rate
was over 40% [98, 118]. Potentially, simulation studies that quantify the sensitivity of muscle
force to changes in tendon length will reduce the need for revision surgeries in patients treated
with tendon lengthening.

Another potential benefit of surgery simulation is improved communication between engi-
neers, clinicians, and patients. I have found that surgeons quickly grasp the concepts needed to
understand the simulation results in a short tutorial session with the computer-graphics system.
These sessions have fostered a great deal of interaction among engineers, physicians, and other
health scientists. Also, with a computer graphics display, a surgeon could demonstrate to a
patient and his or her family what is causing a problem, what surgery is planned, and what bene-
fits are expected from the surgery. Using the model to improve physician-patient communication
is along-term benefit that has not yet been realized.

1.3 Static Properties of Muscle and Tendon

This dissertation is concemed with the isometric (static) properties of muscle and tendon, so it
will be helpful to review some of the basic properties of these tissues. An excellent introduction
to muscle properties is presented by Lieber (74]. Zajac gives a more comprehensive review of
both muscle and tendon properties [150]. I will briefly summarize the isometric properties of
muscle and tendon. Those familiar with these ideas can skip this section without loss of conti-
nuity. My intention is to introduce some basic properties of muscle and tendon and define some
key terms, not to discuss the details of muscle-tendon modeling.



1 Introduction

The sarcomere is the fundamental unit of force generation in muscle. Each sarcomere is
about 2-3pum in length and about 1um in diameter. A muscie fiber is composed of a large number
of sarcomeres in series. Thus, the length of a muscle fiber depends on the number of sarcomeres
in series and the length of each sarcomere. In general, the muscle fibers within a given muscle
are of similar length; however, fiber lengths vary significantly between muscles. A bundle of
muscle fibers form a muscle fascicle. A whole muscle can be considered to be a set of muscle
fascicles that are arranged in paraliel. The physiologic cross-sectional area (PCSA) of a muscle
can be estimated by measuring the volume of the muscle and dividing by the average fiber length.
The peak isometric force that can be generated by a muscle is proportional to its PCSA (see Sec-
tion 4.3 for details).

The force developed by a muscle also depends on its length. The force-length relationship
can be obtained by stimulating a muscle maximally and measuring the force developed at dif-
ferent muscle lengths. Given a nominal muscle force-length curve (Figure 1.2), the force-length
property of an individual muscle can be estimated by specifying its peak isometric muscle force
(F OM ) and optimal muscle-fiber length (lf," ) (i.e., the fiber length at which active force peaks). t

4 !
l;
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™ L -— a\cnve+passuve / F
4] . < 0:
8 ‘l
~>°- .'
@ s
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E B
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Longee R
o5 M XM 15 M
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Figure 1.2. Normalized force-length property of muscle. Wken fully activated, muscle develops peak active
force (F : ) at optimal fiber length (£ : ). Passive (ie., not activated) muscle develops force when
stretched beyond (£ : ). The active + passive force is equal to the sum of active and passive components.

T A few words about notation will be helpful. F denotes force and £ denotes length. Superscripts
indicate the tissue under consideration. Thus, F™ refers to the force in muscle, £™ to the length of
muscle, and £ to the length of tendon. Subscripts denote the conditions under which force and
length are considered. That is, F,' denotes the peak, or optimum, muscle force. £ refers to
optimal muscle-fiber length. l: denotes tendon slack length, or length at which tendon begins to
develop force when stretched.



1 Introduction

Muscle force is transmitted to the skeleton via tendon. Thus, the properties of muscle and
tendon must be integrated into a model of the muscle-tendon complex (i.e., “muscle-tendon actu-
ator”). In such a model, muscle can be considered as a set of equally-long fibers that are in series
with tendon. These fibers may be oriented such that they are in line with the tendon, as in a parallel-
fibered muscle, or at an angle (the pennation angle, o) to the tendon (Figure 1.3). The model for a
pennate muscle is equivalent to a parallel-fibered muscle when the pennation angle is 0°.

muscle

aponeurosi

......

pennation angle, o

axtemal intamal

tendon

Figure 1.3. Orientation of muscle fibers and tendon in a pennated muscle. Muscle fibers are assumed to
lie in parallel and be of equal length. Fibers may be oriented at an angle (pennation angle) with respect to
the tendon. Tendon consists of a component internal (i.e., the aponeurosis) and external to the muscle
belly. Adapted from Zajac [150].

o
-

i
)

normalized tendon force
5

0.0 0.033 . 0.10
tendon strain

Figure 1.4. Normalized force-length relationship for tendon. Tendon is more compliant in the toe region
than in the linear region and fails at about 10% strain. Tendon force is normalized by peak isometric
muscle force (F : inFigure 12 ). Tendon strain is defined by tendon stretch divided by tendon slack length
't : ), where ¢ I is length at which tendon begins to develop force on elongation. Adapted from Zajac [150].



1 Introduction

The static properties of tendon must be included in a muscle-tendon model. Given a nor-
malized force-length curve for tendon (Figure 1.4), the force-length property of an individual
tendon can be determined by specifying F:' and its tendon slack length (£ ,T) [150]. Data suggest
that the properties of internal and external tendon are identical [110], so “tendon” is considered to
consist of both internal and external portions. Thus, tendon length includes the length of internal
and extemnal tendon. The length of tendon at which force begins to develop when stretched is
called the tendon slack length (£} ).

To summarize, both muscle and tendon have force-length properties. These properties can
be scaled to represent an individual muscle-tendon complex by specifying four parameters [150].
Peak isometric force (Ff,'1 ) and optimal fiber length (£ ;‘ ) scale the muscle force-length property.
F: and tendon slack length (l:) scale the tendon force-length property. Pennation angle (o)
specifies the angle between the muscle fibers and the tendon.

Muscle-tendon force rotates the joints by generating moments about the joints. The
momeni of force about a joint (joint moment) is the product of tendon force and moment arm.
A muscle has a moment arm for each degree of freedom of the joint(s) it spans. For example, the
semitendinosus muscle, which spans the hip and the knee, has a moment arm for each degree of
freedom in the hip and knee joints. We have developed a complex method to calculate moment
arms for all types of joints (see Section 3.4). However, it is often helpful to think of the moment
arm as the lever am of a muscle. So, in the most simple terms, joint momeni equals tendon force
times its lever arm. The maximum isometric joint moment is equal to the moment generated by
a muscle, or set of muscles, when the muscles are maximally activated and held at constant
length.

Clinically, muscular strength is quantified in terms of a patient’s ability to generate moment
about the joints. Physical therapists and other health professionals who use strength iesting
equipment, such as a Cybex II dynamometer, to measure joint moment often refer to joint
moments as torque. Those who cannot generate “normal” moments about a joint are considered
to be weak at that joint. If a patient cannot generate the moments needed to actuate a certain
movement, they may require assistive devices to perform the task, compensate for their weakness
by moving abnormally, or avoid the movement altogether. For example, a patient that cannot
generate sufficient moments to extend the knee and hip may need assistance to get up from a

couch or a toilet.

1.4 Other Terminology
This section defines some terms that are frequently used in this dissertation.

tendon transfer - a surgery in which a tendon is detached from one location and then reattached
in a new location. Thus, a muscle that normally generates extension moment can be transferred
so that it generates flexion moment after surgery.

7



1 Introduction

tendon lengthening - a surgery in which tendon is lengthened. Tendon lengthenings are often
performed to correct postural and gait abnormalities. For example, the Achilles tendon is often
lengthened in patients that walk on their toes (an equinus deformity) because of hyperactive or
tight calf muscles.

osteotomy - a surgery in which a bone is cut into two pieces, and then the pieces are realigned.
This procedure is usually performed to reconstruct a diseased joint.

musculoskeletal geometry - the geometric relationships among muscles and bones. These rela-
tionships determine the length and moment arms of each muscle-tendon complex.

muscle-tendon parameters - peak isometric force (F.'), optimal fiber length (£;'), fiber penna-
tion angle (av), and tendon slack length (£} ).

maximum isometric joint moment of a muscle - the moment generated by a muscle when it is
maximally activated and held at constant length.

maximum isometric joint moment of a muscle group - the moment generated by a group of
muscles (z.g., knee flexors) when they are maximally activated and held at constant length.

muscle strength - the peak isometric joint moment that can be generated by a muscle, or group of
muscles, over a specified range of joint motion. This is often determined from the maximum iso-
metric joint moment vs. joint angle curve (e.g., Figures 4.8 - 4.20).

total joint moment - the sum of the moments generated by all the muscles that contribute to a
joint moment. For example, total hip flexion moment is the sum of the moments generated by all
muscles that have hip flexion moment arms.

momeni curve - the maximum isometric joint moment vs. joint angle curve (e.g., Figures 4.8 - 4.20).
muscle force curve - the maximum isometric muscle force vs. joint angle curve {e.g., Figure 5.3).

passive joint moment - the moment of passive muscle force about a joint. Muscle that is not
activated develops ferce when stretched beyond a certain length (Figure 1.2). For example, even
when the muscles are not excited, force develops in the hamstrings when the hip is flexed (see
Figure 4.6). The moment generated by muscles from stretching the fibers beyond a certain length
is termed passive joint moment.

active + passive joint moment - the moment of active + passive muscle force about a joint. This
is the moment that is measured when the muscles are activated and stretched beyond a certain
length (i.e., when both aciive and passive force are developed).

active joint moment - the moment of active muscle force about a Jjoint. The moment of active
force (Figure 1.2) about the joinis is plotted in the “active only” curves of Figures 4.8 - 4.20.

aponeurosis - the part of tendon that is internal to the muscle belly (Figure 1.3).
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1.5 Thesis Overview

The next chapter describes related work and outlines some of the major assumptions of this dis-
sertation. Chapter 3 describes the musculoskeletal modeling software and details how to define
musculoskeletal models using this software system. Chapter 4 presents the model of the lower
extremity, discusses its limitations, and presents an example surgery simulation. This chapter
presents some of the details that were excluded from our recent joumnal article [30]. The files that
define the lower-extremity model within the musculoskeletal modeling software (e.g., by speci-
fying the muscle-tendon paths) are contained in the Appendices A and B. Chapters 5 and 6 apply
the lower-extremity model to study specific clinical problems. Chapter 5 discusses how tendon
lengthening surgeries affect the moment-generating capacity of the muscles. Chapter 6, an anal-
ysis of the Chiari pelvic osteotomy [23), is the result of my first surgery simulations [29]. This
analysis was performed before the lower-extremity model was implemented on the computer
graphics system. Chapter 7, the conclusion, summarizes the key contributions of this dissertation
and discusses possible future directions of the surgery simulation project.

Since much of the work I have done for this dissertation was performed in collaboration
with others, I use the pronoun “we” throughout this document. In Chapters 2 and 4, “we” refers
to myself, Peter Loan, Melissa Hoy, Eric Topp, and Felix Zajac. In Chapter 3, “we” refers to
myself and Peter Loan. In Chapter 5, “we” refers to myself and Felix Zajac. In Chapter 6, “we”
refers to myself, Eugene Bleck, Felix Zajac, and Gerard Bollini.



2 Background and Related Work

To put our surgery simulation project into a larger context, this chapter reviews the research of
other investigators in the area of musculoskeletal modeling and surgery simulation. Section 2.1
presents other biomechanical models of the musculoskelctal system and shows how these models
can be enhanced with computer graphics. Section 2.2 discusses surgery simulators that make use
of data from medical imaging equipment. Sections 2.3 and 2.4 outline biomechancial analyses of
specific surgical procedures that relate closely to our simulations. Based on this introduction, the
remainder of the chapter contrasts our simulations with these previous investigations and
describes some of the basic assumptions of this dissertation.

2.1 Musculoskeletal Models

Other investigators have developed models of the lower extremity to evaluate muscular forces
and moments during walking [56], kicking [571, and other activities (see [150, 151] for review).

In general, these studies have emphasized the calculation of muscle forces using optimization
theory, but did not focus on musculoskeletal geometry. Recently, White et al. [140] reported a
model describing the variability of musculoskeletal geometry (origin and insertion coordinates)
for gait analysis. A similar model [13] has becn adapted by Rab to calculate muscle-tendon
lengths during normal and pathological walking [111]. Other models demonstrating the effects of
musculoskeletal geometry on muscle function exist [62, 81, 86, 108, 123], but these have not
been applied to analyze surgical procedures. Models of the lower extremity have been applied to
study surgeries such as total hip reconstructions [69], osteotomies [15], and tendon transfers [32].

However, since these models were not implemented on computer-graphics workstations, they
provided no means to visualize the geometric changes caused by the surgery, nor did they enable
the user to graphically alter the model parameters.

The advantages of using interactive graphics to model the musculoskeletal system were
first described in 1977 [143)]. Since that time, advances in computer and display technology have
significantly expanded the potential to visualize and interact with models of musculoskeletal
structures. For example, Wood ez al. [145] have displayed upper-limb musculature as part of
their efforts to design prosthetic arm controllers. To help design more effective tendon transfers,
others have developed a graphics-based system to simulate hand biomechanics {16, 128]. Garg
and Walker used a computer-graphics model to study the effects of prosthesis design on knee
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2 Background and Related Work

motion [46]. All of these studies were significantly enhanced by computer graphics. However,
no graphics-based model has been reported to study how surgical changes in musculcskeletal
geometry affect the moment-generating characteristics of the lower-extremity muscles.

The geometry of the musculoskeletal system is complex. Computer display is therefore
helpful to visualize the three-dimensional geometric relationships among the muscles and bones,
and to understand how these relationships are changed during surgery. Musculoskeletal geometry
is impotant to the function of muscles because it determines the moment arm of each muscle and
thus the moment about a joint of a given muscle force. Geometry also determines muscle-tendon
length (i.e., origin to insertion length) for a specific body position. Since muscle-tendon force
depends on muscle-tendon length [150], accurate specification of musculoskeletal geometry is
necessary to calculate both muscle-tendon force and moment arm, the two multiplicative factors
that determine the moment of muscle force about a joint.

2.2 Three-dimensional Reconstructions from Medical Imaging Equipment

Predicting the outcome of surgical procedures has been of interest for many years. In the past,
surgeons and engineers have used clay, wood, or plastic models to visualize the geometric
changes that occur during surgery. Recent advances in medical imaging technology, such as
computed tomography (CT) and magnetic resonance (MR), have made it possible to display and
manipulate realistic computer-generated images of anatomical structures (see [4, 39, 47] for
review). Because of the immediate practical applications, medical imaging groups commonly
present examples related to surgery simulation. Vannier and colleagues pioneered many of the
early applications related to planning and evaluation of craniofacial surgery [135]. Three-
dimensional reconstructions from CT data are now being used to plan total hip reconstructions,
osteotomies, and allograft procedures [93]. Groups at the University of Pennsylvania [59], Uni-
versity of North Carolina [109] and the Mayo Clinic {114] have also developed interactive Sys-
tems to analyze medical images.

Sometimes CT reconstructions are used to create plastic models via computer-aided manu-
facturing technology [40]. The solid models have been used to plan routine craniofacial recon-
structions or to experiment with unique surgeries prior to actual operations [88]. The solid
models are also used to design custom prostheses [53, 113]. Where available, three-dimensional
image reconstruction systems are used roatinely in patient management. The cost is high, how-
ever, and only a limited number of stand-alone systems are available [71]. Further, while this
metncd is well-suited to visualize a patient’s anatomy, it does not provide a means to understand
how a planned surgery will affect muscle strength.

The key advantage of surgery simulators based on medical image technology is that they
allow the user to visualize a patient’s anatomy in three dimensions. Some systems allow users to
manipulate the images by cutting bones to plan osteotomies [93, 132]. Others allow one to
measure linear and curvilinear distances from three-dimensional surface displays [129]. However,
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none of these image-based systems have incorporated the mechanical properties of muscle and
tendon or the kinematic properties of the joints. This is the fundamental difference between
image-based surgery simulators and our model-based approach. Although both approaches take
advantage of computer display of anatomical structures, our objective is to understand how sur-
gical changes in musculoskeletal geometry, joint kinematics, and other parameters affect muscle
strength. This is not possible without a biomechanical model.

A computer-aided surgery system that includes both biomechanical analysis and three-

of Technology [54, 83]. The system combines motion analysis, optimization models, CT data,
and computer graphics display. Although Mann et al. have made significant progress with
motion analysis [84], CT processing [126], and computer graphics [20, 78], no analyses of clin-
ical problems using computer-aided surgery have yet been reported.

2.3 Computer Simulation of Tendon Transfers

Dul et al. developed a biomechanical model to simulate tendon transfers at the ankle [32]. An
optimization scheme was used to predict muscle forces before and after an anterior transfer of the
posterior tibial tendon. Estimates of muscle force were based on mus:le cross-sectional area, but
did not take tendon length into account. However, Hoy et al. suggest that tendon length is an
important factor influencing the ability of muscles to generate active force, especially for muscles
crossing the ankle [62]. Although the tendon transfer simulations agree with clinical findings
(i.e., the mechanical conditions for normal standing and walking are met by the surgery), they
provide no insight into how surgical variables affect the clinical result. Dul et al. conclude that
biomechanical models can assist engineers and surgeons in analyzing the mechanical effects of
tendon-transfers, but make no clinical recommendations based on their results [32]. Qur goal is
10 understand how the surgical variables affect the functional result and thus to provide insight
into how the design of tendon transfer surgeries can be improved.

A system for interactive simulation of tendon-transfer surgeries in the hand is being devel-
oped for clinical use at Louisiana Staie University in conjunction with the Hansen’s Disease
Center [16]. Initially this system was based on the kinematics of the thumb joints only. Now, it
includes motion of the fingers and three long flexors of the thumb and fingers [128]. The user
can simulate the kinematics of a patient’s impaired hand, try out a proposed tendon transfer on
the computer model, and display the results on a graphics workstation. The hand model can be
customized to an individual patient by specifying muscle weaknesses and ranges of joint motion
found from clinical exams. Once the patient parameters are specified, a tendon-transfer surgery
can be simulated by choosing from a set of commonly performed operations. The outcome of
simulated surgeries are evaluated in terms of moment arms and muscle-tendon excursions (i.e.,
changes in origin-to-insertion length). A model of muscle and tendon has not been included in
this system, so muscle-tendon forces and Jjoint moments cannot be calculated.

12



2 Background and Related Work

2.4 Computer Modeling of Hip Reconstructions and Osteotomies

A computer model has been developed at University of lowa to investigate the mechanism by
which proximal femoral osteotomies relieve pain [15]. In this model, muscle moments were cal-
culated from kinematic and force plate data using optimization algorithms to distribute the total
joint moment among the muscles of the lower extremity. Once muscle forces were calculated,
joint force was computed. Osteotomies were simulated by adjusting the muscle attachment coor-
dinates and recomputing the muscle and joint forces. The primary conclusion of this study was
that proximal femoral osteotomies do not significantly reduce the joint force, and thus a different
explanation for the success of femoral osteotomies should be explored.

The University of Iowa group used a similar approach to optimize the geometry in total hip
replacements [69]. They determined that the hip joint force could be minimized by positioning
the femoral head as far medially, anteriorly, and inferiorly as possible. This early study clearly
demonstrated the utility of using computer models of the musculoskeletal system to analyze ‘he
biomechanical consequences of surgical reconstructions.

2.5 Our Modei in Relation to These Others
The fundamental goal of the dissertation is to understand the connection between the parameters
of various surgical procedures and the forces and joint moments that can be developed by the
muscles (i.e., muscle strength). To achieve this objective, we have developed a computer model
of the human lower extremity. The model is based on the three-dimensional geometry of the
muscles and bones, the kinematic properties of the joints, the force-generating properties of
muscle, and the elastic properties of tendon. With this model we can compute each muscle’s
maximum (i.e., fully activated) isometric force and its moment about the joints for any body posi-
tion. We can then change the musculoskeletal model according to various surgical techniques to
determine how the simulated surgery affects the force- and moment-generating capacity of the
muscles,

To develop this model we have had to make many simplifying assumptions. While the pre-
vious section noted some of the limitations of previous investigations, the following section
describes some of the assumptions and limitations of our model.

2.6 Major Assumptions
This section discusses the major assumptions of our musculoskeletal model.

We assume full muscular activation. To test the validity of our model, we compare calculated
joint moments with experimental joint moments reported by others (e.g., Figures 4.§ - 4.20).

Since we assume that the muscles are fully activated and held isometric, we compare calculated
moments to isometric moments measured during maximum voluntary contractions (MVC). Sup-
port for the assumption of full muscular activation during MVC is abundant {6, 7]. However,
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recent evidence suggests that a MVC may yield less than the maximum force that a muscle can
develop because not all the motor units are fully excited during sustained voluntary contractions
[35, 36]. In any case, the forces or moments measured during MVC represent a standard measure
of muscular performance [36]. Muscular strength is defined in this dissertation as the peak iso-
metric joint moment that can be generated by a muscie, or group of muscles, over a specified
range of joint motion. For an individual muscle, it is determined by the muscular activation, mus-
culoskeletal geometry, and parameters of the specific muscle-tendon complex. By assuming full
activation, we can isolate the effects of surgically changing musculoskeletal geometry and
muscle-tendon parameters on muscle strength.

Comparing the model results to experimental data is problematic. There are other problems
associated with comparing computed joint moments with experimental joint moments. A complete,
consistent set of experimental data indicating how the maximum isometric joint moments vary with
joint angles does not exist. Researchers typicaily report moments for a single joint only (e.g., plan-
tarflexion moment vs. ankle angle). Thus, we had to compare our simulated joint moments with
experimental joint moments measured by a number of different research groups on a number of dif-
ferent populations. For some joints (e.g., the ankle), different research groups report very similar
joint moment curves [63, 116). We have confidence in these experimental data. Joint moment
curves for the hip, however, vary significantly between research groups {72]. Whei reported experi-
mental data are inconsistent, we had i0 seiect the data that we considered to be the most accurate
based on the authors’ descripiions of the experimental methods.

The redundancy of muscles is also a problem in comparing the calculated and ineasured
joint moments. Many muscles may contribute to the moment about a Jjoint, but only the total joint
moment can be measured. So, total calculated moment may match the experimental moment, but
how do we know if the individual muscle moments are reasonable?

Several conditions help us gain confidence in the moments generated by individual mus-
cles. First, when comparing calculated and experimental joint moment curves, we are not just
matching a single value. The moment curve’s shape, magnitude, and joint angle at which moment
peaks must all be considered. Also, many muscles generate moment about more than one axis of
a joint, or span more than one joint. Yet, a single set of muscle-tendon parameters must yield rea-
sonable moments for all joint axes. For example, the parameters chosen for hip muscles must
yield both reasonable hip flexion-extension moments and hip abducticn-adduction momenis.
Adjacent joint angles can also be varied to study moments generated by biarticular muscles. For
instance, simulated and experimenial plantarflexion moment curves can be compared for different
knee angles (see Figures 4.8 and 4.9). Herzog et al. described a similar method to determine the
force-length relationship of selected biarticular muscles by varying adjacent joint angles [60].

A second set of constrainis helped us to gain confidence in individual muscle moments.
We used experimentally measured muscle-fiber lengths, pennation angles, and physiologic cross
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sectional areas. Thus, only one parameter, tendon slack length, was varied to match simulated
and experimental joint moments. For many muscles there is a very small range of tendon lengths
that yields reasonable results (i.e., active force in a reasonable range of motion and not too much
passive force). Thus, we are fairly confident in the muscle-tendon parameters that determine the
moments of individual muscles. Chapter 4 compares computed and experimental moments and
further discusses our confidence in the muscle moment curves.

We do not account for muscle-tendon adaptation over time. It is well known that muscle and
tendon adapt to the loads imposed upon them. Adaptation is one basic mechanism of strength
development. Muscles are exercised against progressively larger resistances, and over time, the
muscle c:ess section increases in response. Muscle and tendon also adapt to imposed stretch, or
to being held in a shortened position over a period of time [142]. Numerous experimental studies
have investigated the effects of immobilization and exercise on the properties of muscle (e.g.,
[125]) and tendon (e.g., [144]). However, no comprehensive mathematical model that relates the
combined effects of imposed forces and lengths, activations, and musculoskeletal geometry on
the time-changing properties of the muscle-tendon complex has been validated. Consequently,
we do not include such relationships in our model. If a mathematical model of muscle-tendon
adaptation over time did exist, it could be easily incorporated into the model presented here.
Presently, muscle-tendon adaptation can only be studied by changing the muscle-tendon parame-
ters (e.g., muscle fibers can be shortened 10% to study the effects of immobilizing a joint in a
flexed position).

We use model of a nominal lower extremity. We use a nominal model of the lower extremity
to study how surgical changes affect muscle function. Our nominal model represents a subject
that is about 1.8 meters tall and has the strength of a young, adult male. We have modeled an
“average” lower extremity because we want to understand the basic interactions among muscle,
tendon, and bone that affect muscle function before we study how these fundamental relation-
ships vary among individuals. Understanding which parameters have the greatest potential to
affect muscle function will help to define future, patient-specific models. Also, through sensi-
tivity tests, the nominal model can be used to identify which parameters of a surgical procedure
have the greatest potential to affect the surgical outcome (see Chapters 5 and 6).

There are several other assumptions associated with the using a nominal model to simulate
surgeries. These are discussed in Sections 4.8, 5.4, and 6.5. The next chapter describes the mus-

culoskeletal modeling software.
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As part of the surgery simulation project, we have created a computer graphics system that ena-
bies users to quickly develop, alter, and evaluate models of a wide variety of musculoskeletal
structures. A model is specified by defining the surfaces of the bones, the geometry and force-
generating properties of the muscles, and the kinematics of the joints. Once a model is defined,
the isometric force and resulting joint moments that each muscle develops can be computed, The
software has been implemented on a computer graphics workstation so that the user can effi-
ciently view and interact with a model. This not only makes the development of a model very
efficient, but enables the user to alter a model and instantly analyze the effects. Also, since the
software can be used to develop and analyze models of many different musculoskeletal structures,
it can enhance the productivity of biomechanics researchers working in diverse areas. This
chapter describes the musculoskeletal modeling software and gives detailed examples of how to

define models using this system.

3.1 Introduction
In designing the software we established four goals. Specifically, the software should:

(1) be general enough so that many different musculoskeletal structures can be
modeled,

(2) provide realistic models of muscle and tendon, and allow accurate specifica-
tion of joint kinematics,

(3) provide an interactive, graphics-based environment so the model can be visual-
ized, altered, and analyzed efficiently,

(4) be extensible so that new features, such as a more complex muscle model or a
bone cutting tool, can easily be added to the software system.

The software was developed using the C language on a Silicon Graphics IRIS 2400T, and
has recently been ported to a Personal IRIS 4D/25. A window manager provides a multi-window
environment. The program allows the user to load one or more musculoskeletal models by
reading sets of input files. Once loaded, a model can be acted upon by a number of tools (Figure
3.1). Each tool is contained within its own window and has a distinct function, such as control-
ling the viewing of the models, altering the muscles, or making plots for analysis.

A musculoskeletal structure is specified with three types of input files. The “bone” files
contain lists of the polygons that represent the bone surfaces. The “joint” file specifies the kine-
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Figure 3.1. Structure of musculoskeletal modeling software. Input files describing the bone surfaces (bone
files), joint kinematics (joint file), and muscle properties (muscle file) are read in to make a musculoskel-
etal model. A model can be altered using the joint editor, muscle editor, and model viewer. Information is
extracted from the model by making plots or by exporting edited joint and muscle files.

matics of each joint. Finally, the “muscle” file contains a list of coordinates that describe the line
of action of each muscle, and the parameters (described below) needed to compute isometric
muscle force. The model maker (Figure 3.1) scans these input files and creates a data structure
that represents the musculoskeletal model. The joirt and muscle files are passed through a pre-
processor so that C-style comments (demarcated with /*  */ ) can be used within the files.

3.2 Defining a Musculoskeletal Model

A musculoskeletal model consists of a set of rigid body segments that are connected by joints.
Muscles span the joints and thus develop moment about the joints. To define a model of a mus-
culoskeletal structure, one must create the input files that define the body segments, joints, and
muscles. I will use examples from ous ivwer-extremity model to demonstrate how one defines a
musculoskeletal model. Comprehensive examples of the muscle, joint, and bone files that
describe the lower-extremity model are given in the appendices.
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3.2.1 Defining the Body Segments
A body segment consists of one or more bones. In the joint file, the bones that make up each
body segment are specified as shown in the following example.

/* EXAMPLE BODY SEGMENT */

beginsegment TIBIA

name: right_shank

files: 2

filenames: r_tibia.dat

r_fibula.dat
endsegment

The files listed in the definitions of the body segments (e.g., r_tibia.dat) define poly-
hedra that describe the bone surfaces (see Appendix C for format of bone files). These bone sur-
face data can be derived from CT or MR images, or digitizing bone surfaces. The vertices in each
polyhedron are expressed in a Cartesian coordinate system that serves as the reference frame for
the body segment (Figure 4.2 shows the reference frames for the lower-limb model). These refer-
ence frames are used to specify the position and orientation of one body segment with respect to
another by defining joints, as described below.

3.2.2 Defining the System Kinematics

The body segments can be connected in any arrangement by defining joints. A joint specifies the
transformations that relate the position and orientation of one body segment to another. The
transformations consist of three orthogonal translations and three rotations around user-defined
axes, and are performed in a user-defined order. Each translation and rotation is either a constant
(i.e., independent of body position) or a function of a generalized coordinate. A generalize coor-
dinate defines a degree-of-freedom in the musculoskeletal model (e.g., a joint angle). The func-
tions that relate the translations and rotations to the generalized coordinates are called kinematic
functions.

The joint file defines the joints, generalized coordinates, and the kinematic functions used
in the joint definitions. Selected examples from the lower-extremity model illustrate the format
for defining a joint, generalized coordinate, and kinematic function. For example, the femoral-
tibial joint definition shown below specifies the transformations from the FEMUR segment to the
TIBIA segment. The order of the transformations indicates that to move from the FEMUR ref-
erence frame to the TIBIA reference frame, a translation is performed first, followed by rotations
around axisl, axis2, and axis3, respectively. The rotation axes are defined relative to the
FEMUR reference frame, and can be changed by adjusting the axis definitions. The translation is
broken into three orthogonal components (tx, ty, tz), where the x, y, and z directions are defined
by the axes of the FEMUR reference frame. In this example, all the translations and rotations are
either constants or functions of a single generalized coordinate (knee_angle); thus, there is
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one degree-of-freedom in this joint definition. This joint is not a simple revolute because two of
the translations (tx, ty) are functions (f1, £2) of knee_angle.

/* FEMORAL-TIBIAL JOINT DEFINITION */

beginjoint (FEMUR,TIBIA) /* joint from FEMUR frame to TIBIA frame */

name knee

order t rl r2 r3 /* translate, then rotate about axisl,
axis2, and axis3 */

axisl 0.0 0.0 1.0

axis2 1.0 0.0 0.0 /* rotation axis definitions */

axis3 0.0 1.0 0.0

tx function f1 (knee_angle) /* the kinematic function (f1) specifies */

ty function £2(knee_angle) /* the relation between the generalized */

tz constant 0.0 /* coordinate (knee_angle) and tx, the */

rl function £3(knee_angle) /* translation in the x direction.*/

r2 constant 0.0
r3 constant 0.0
endjoint

Kinematic functions define translations and rotations as functions of the generalized coordi-
nates. These functions can be derived from biomechanical investigations of joint motion. For
example, Yamaguchi and Zajac have determined the anterior-posterior translation (tx) between
the femur and the tibia as a function of knee angle [146]. This functional relationship is specified
by the kinematic function, £1, shown below. The (knee_angle, tx) pairs are interpolaied by
a natural cubic spline using an algorithm by Forsythe and Malcolm [42]. Thus, the value of tx
can be determined by evaluating the cubic spline at any knee_angle (see Figure 3.5, below).

/* EXAMPLE KINEMATIC FUNCTION */
beginfunction f1 /* defines x-translation from femur to tibia */
/* knee_angle (degrees), tx (meters) */
(-120.0,-0.003)

(-100.0, 0.001)

( -80.0, 0.004)

( -60.0, 0.004)

( -40.0, 0.002)

(-20.0,-0.001)

(-10.0,~-0.003)

( 0.0,-0.005)

endfunction

Each generalized coordinate must be defined in the joint file. The generalized coordinate,
knee_angle, from the femoral-tibial joint definition, is defined below. Two ranges of motion
are defined (in degrees), each of which can serve as the independent variable when making plots.
Also included are the two keys that can be used to change the value of the generalized coordinate
and thereby animate the model on the workstation display.

/* EXAMPLE GENERALIZED COORDINATE */

begingencoord knee_angle

range 0.0 =-90.0 knee_flexion

range 0.0 20.0 knee_hyperextension

keys k LEFTMOUSE /* press these keys to flex the knee */

endgencoord
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3.2.3 Modeling the Muscles
A muscle, or “muscle-tendon actuator,” is defined by specifying its geometry and force-
generating properties. The geometry of a muscle-tendon actuator is defined by a series of points
that are connected by line segments. Each point is fixed to one of the body segments, and is
expressed in that segment’s reference frame. A minimum of two points, origin and insertion, is
required to define the muscle path. In cases where a muscle wraps over bone or is constrained by
retinacula, intermediate “via” points can be introduced to further constrain the muscle path. By
specifying a restricted range of joint angle over which these via points constrain the path, the
number of line segments in the muscle path can change with joint motion. For example, a via
point near the surface of a bone can be used to constrain a muscle path only in the range of joint
angle where the path would otherwise pass through the bone.

The isometric force-generating properties of a specific muscle-tendon actuator are derived
by scaling a generic, Hill-based model. The generic model {150], accounts for the static pioper-
ties of both muscle [48] and tendon [144]) (Figure 3.2).
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Figure 3.2. Muscle-tendon actuator model. The isometric propertie: of muscle are represented by an
active contractile element (CE) in parallel with a passive elastic element. Isometric muscle force is
assumed to be the sum of muscle force when it is inactive {passive) and when it is excited (active). The
muscle is in series with tendon, which is represented by a non-linear elastic element. The forces in muscle
(F¥) and tendon (FT) are normalized by peak isometric muscle force (F : ). Tendon length (£ r) and
muscle-fiber length (¢ *) are normalized by optimal muscle-fiber length (£ : ). Note that: £ = 47 + ¢
(cosar), and F'= F M(cosa) where "7 is the muscle-tendon length and o is the pennation angle. ¢ : is
the tendon slack length. For a given muscle-tendon length and acvivation level the model determines
muscle and tendon forces. From Delp et al. [30].
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To scale the generic model to represent a specific actuator, the user must supply four
parameters and three curves. The four parameters are: peak isometric miscle foice (Ff,‘ )
optimal muscle-fiber length (¢ : ), pennation angle (o), and tendon slack length (¢ :) [150]. The
process for determining these parameters is described in Section 4.3. The three curves are the
normalized active and passive force-length relations of muscle, as well as the normalized force-
length relation of tendon (Figure 3.2). These curves are defined by listing control points that are
interpolated by natural cubic splines [42]. For example, the points defining the normalized
tendon force-length relation are shown below. For a given tendon length (£), the tendon strain
W-¢H¢ ») is used to interpolate this function, yielding the nomalizad force value. This nor-

malized force, multiplied by peak isometric muscle force (F:," ), equals the force in the tendon.

begintendonforcelengthcurve

/* (tendon strain, normalized force) */
(0.0000, 0.000)

(0.0013,0.011)

(0.0043,0.043)

(0.0088,0.123)

(0.0123,0.227)

(0.0333,1.000)

(0.0920, 3.450)
endtendonforcelengthcurve

The muscle file (Appendix A) contains definitions of the muscles, as described above. A
“default” muscle can be defined that describes the relationships that are usually identical for
every muscle (e.g., the normalized force-length curves). If a particular muscle definition does not
contain a certain parameter or curve, the parameter or curve is inherited from the default muscle.
This greatly reduces the amount of information that must be specified in each muscle definition.

A sample lower-limb muscle, rectus femoris, is defined below. The path of this muscle is
defined by three points, one in each of the PELVIS, FEMUR, and PATELLA reference frames.
The peint in the FEMUR frame is included in the muscle path only when the knee angle is between
-120 and -80 degrees. This is done so that the muscle path wraps over the femur when the knee is
flexed beyond -80 degrees. The muscle is a member of two groups (hip flexion
knee_extension), which means that the muscle name will appear in those two muscle-group
menus on the workstation display. The muscle definition also lists the values for the four muscle-
tendon parameters (F: 4 r 4 : ). Since the curves that specify the force-length relations of the
muscle and tendon are nct given in this sample muscle definition, they would be inherited from
the default muscle.

/* EXAMPLE MUSCLE */
beginmuscle RectusFemoris
beginpoints
-0.029 ~0.031 0.096 segment PELVIS
0.033 -0.403 0.001 segment FEMUR range knee_angle (-120,-80)
0.012 0.043 -0.001 segment PATELLA
endpoints
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begingrcupg hip flexion knee_extension endgroups
/* The four muacle-tendon parameters are: *

force max 780.0 /* Newtons */
optimal fiber length 0.0840 /* meters */
tendon_slack_length 0.3460 /* meters *x/
pennation_angle 5.0 /* degrees */
endmuscle

3.2.4 Computing Moment Arm, Muscle-tendon Length and Force

For every joint that a muscle spans, the muscle has a moment arm for each generalized coordi-
nate used in the joint definitions. For example, since the RectusFemoris muscle, defined
above, spans both the knee and hip, it has a moment arm for the knee angle and for each general-
ized coordinate (degree-of-freedom) at the hip. We calculate moment arms using the “partial
velocity” method, which is defined by equations (1) - (4), below. These equations determine the
moment arm of a muscle for a generalized coordinate, qi. as follows (see Figure 3.3).

Figure 3.3. Definition of terms used in moment arm calculations. Points P 1 through P, define the muscle
path. PythroughP, , are fixed in body A. Py, through P, are fixed in body B. V is the vector from point
Py to P, I expresses point P,, in reference frame A. In general, six generalized coordinates {three rota-
tion angles: ql. g2, 93, and three translation coordinates, not shown) are needed to characterize the orien-
tation and position of body A relative to body B. The moment arm for each generalized coordinate is given
by equation (4).
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First, let u, the translational component of the partial velocity, be defined as:
{
u= (8t:x/aqi)x + \aty/aqi)y + (8tz/3qi)z 6}

where tx, ty, and tz are the constants or kinematic functions that define the translation between
the two reference frames. Next, let ®, the angular component of the partial velocity, be defined

as:

@ = (r1/aq; A, + (3r2/ag A, + (ar3/3q, A, @

where rl, 12, and 13 are the constants or kinematic functions that define the rotations about Al
(axisl), A2 (axis2), and A3 (axis3), respectively. Then, *PV™=, the partial velocity of the
muscle point P in reference frame A, is:

APV =@ xr+u 3)

where r is P in reference frame A (Figure 3.3). Finally, the moment arm (ma) of the muscle for

the generalized coordinate qi is given by:

ma = PV’ .V @

where V is the vector along the muscle line of action (Figure 3.3). When the muscle line of
action spans more than one joint (i.e., biarticular muscles) moment arms are computed by sum-
ming the partial velocity terms for each joint spanned. That is, equation (3) is used to determine
the component of the partial velocity at each joini. These components are then summed to deter-
mine APV which is used in equation (4).

This method is equivalent to computing moment arms with a vector cross product [62] for
ball-and-socket and revolute joints. For planar joints that include kinematic constraints (e.g., the
femoral-tibial joint defined above), this method gives the moment arm of a muscle about the
instant center of rotation as determined from the joint kinematics. In the general case, the partial
velocity method calculates a moment arm (ma) equal to the change in muscie-tendon length
(0™ with respect to a change in the generalized coordinate (dqi). That is, (4) is equivalent to

ma = (3¢ /aq; ). ©)

The advantage of the partial velocity method is that it provides a consistent technique to compute

moment arms for all types of joints.
Muscle-tendon length is calculated as the sum of the lengths of the line segments that con-
nect the points defining the muscle path. That is, if a muscle path is defined by points P, through
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P,, then muscle-tendon length (/™) is determined by first transforming the muscle points to a
common reference frame and then computing

&M= 3 B, - ©

O<i<n

To calculate the force in a muscle-tendon actuator, the following iterative algorithm was
developed. Once the muscle-tendon length is computed, an initial guess of the muscle and tendon
lengths is made. The force in the muscle is found by summing active force and passive force,
each of which is calculated by using the length guess to interpolate the appropriate force-length
curve. Similarly, the force in the tendon is found by using its length to interpolate the force-
length curve of the tendon. In static equilibrium, the force in tendon (FT) and muscle (F M) are

related by

F' = FM(cosat) Q)

where o is the pennation angle (Figure 3.2) [150]. If the computed muscle and tendon forces
indeed satisfy (7), then the muscle and tendon forces have been found. Otherwise, the muscle
and tendon lengths are adjusted based on the slopes of their force-length curves at their respective
lengths, and the process is repeated. This algorithm converges on a solution within about four

iterations.

3.3 Interacting with a Mode!

An effective user interface is helpful both to develop and analyze musculoskeletal models. Four
software tools: “model viewer, joint editor, muscle editor, and plot maker,” help the user to
modify and study a model.

The model viewer allows the user to rotate, scale, and translate the model into any viewing
perspective (Figure 3.4). The joints can also be manipulated by varying the values of the general-
ized coordinates by holding down the appropriate keys. The keys that control each generalized
coordinate are specified in the generalized coordinate definitions. At any time, the model can be
viewed as a shaded image or a wireframe object.

The joint editor enables the user to graphically manipulate the kinematics of any joint.
Once a joint is selected, the three rotations and three translations that comprise the joint are dis-
played. If the rotations and translations are constants, they can be changed by typing in a new
value. If they are functions of the generalized coordinates, they can be changed by moving,
adding, or deleting control points of the splines that define the kinematic functions. For example,
the user may choose to alter the kinematic functions that define the relative motion of the femur
and tibia (Figure 3.5). The resulting motion can then be observed by flexing and extending the
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Model: Lower Lirpb

i hip_tjesion’

" hipledductio
“hip.rotat for

Figure 3.4. Display highlighting the model viewer. Each of the musculoskeletal models (Foot, Lower Limb,
Knee) can be transformed into any viewing perspective. The joints in each model can be manipulated with
the mouse or by typing in values of the generalized coordinates in the “model viewer” window (upper ieft).

knee. Graphical manipulation of joint kinematics is an efficient way to refine the model parame-
ters to match experimental data and to alter the joint motion according to surgical procedures or
various pathologies.
The muscle editor gives access to every parameter that describes a muscle. The muscle
paths can be altered by first selecting a muscle from a screen menu and then choosing one or
more of the points that define its path. The chosen muscle points can then be moved in the X, Y,
and Z directions. An algorithm assists the user in attaching a muscle point to the bone by first
finding the surface polygon closest to the muscle point and then moving the point toward that polygon,
At any time, a muscle point can be added or deleted, or the muscle can be restored to its original
path. Graphical manipulation of the muscle-tendon paths provides an efficient way to define
muscle paths when developing a model, and to alter muscle paths to simulate tendon transfer sur-
geries. In addition, each of the muscle-tendon parameters (F:‘ v f," , €5, &) and muscle activation
can be changed by typing in a new value.
The plot maker utility allows the user to plot various computed properties of a muscle-
tendon actuator. For example, the user may plot the effect of changing an actuator’s tendon slack
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Figure 35. Display highlighting the joint editor. In the Joint editor window (left) the user can alter the
rotations (rl, r2, r3) and translations (tx, ty, tz) that comprise the joint. In this example, the tibial-femoral
joint is being altered. The spline ihat defines the x-translation (tx) of the tibia as a function cf the knee
angle is beirg changed by moving the spline's control points with the mouse. Other translations and rota-
tions that are functions of the knee angle (r3, ty) can be similarly altered. Constants (rl, r2, tz) can be
changed by typing in new values. The effects of any change are immediately displayed in the view of the
knee model (right window).

iength (Z:) or muscle-fiber length (!2‘ ) on isometric muscle force. To specify a plot, the user
first chooses one of the six properties (muscle-tendon length, muscle-fiber length, tendon stretch,
tendon force, moment arm, and joint moment) as the dependent variable, and then selects an inde-
pendent variable (a generalized coordinate). Next, the user selects a muscle, or set of muscles,
from menus that group them according to their functions. Figure 3.6 shows the menus used to
specify the plots along with an example of the graphical output (soleus force versus ankle angle
for two values of £; and £).

In addition to these four tools, several file saving features have been implemented to enable
the user to save musculoskeletal models and analyses of them. Joint and muscle files can be
saved containing the same information as in the joint and muscle input files. Plots can be saved
in Postscript files for printing or editing by other applications.
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Model: Lower Limb

note | et

H'otllnp force 3 wnkle ang

Figure 3.6. Display highlighting the plotmaker utility. The menus in the tool window (. left) allow the user to
specify the plotiing parameters. The plots on the right show soleus active force versus ankle angle for two
values of tendon slack length ( l ) (upper plot) and optimal muscle-fiber length ( l ) (lower plot). Nega-
tive ankle angles indicate plantarflexion; positive angles indicate dorsiflexion. Note that the angle of peak
soleus force changes by 15° for a Icm change in Z (upper plot). Decreasing l not only changes the
angle of peak force, but also decreases the range of ankle angles over which soleus develops active force
(lower plot).

3.4 Software Design Goals

As stated in the introduction of this chapter, the software was designed to be general, accurate,
interactive, and extensible. Generality was achieved by making the code completely independent
of the particular system to be modeled. For example, all of the menus that contain muscle, joint,
or body segment names are formed after the input files have been loaded, so they are not specific
to any particular musculoskeletal structure. Also, the software can handle any number of muscles
and body segments that are connected in arbitrary ways. Thus, the hindlimb of a cat or the upper
limb of a human can be modeled in as straightforward a manner as a human leg.

It is important to discuss the limitations in the accuracy of models developed using our
software. In the past, biomechanists have represented muscle-tendon paths as single lines from
origin to insertion [13, 56, 57]. In our system, each muscle-tendon path can be described by a
series of line segments. This is accurate for muscles with small areas of origin and insertion (e.g.,
tibialis posterior). However, muscles with large areas of attachment would be more realistically
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modeled by defining them as volumes. As a compromise, muscles with large attachment areas
(c.g., gluteus medius) can easily be split into several compartments (e.g., anterior, middle, and
posterior). Our method of computing muscle-tendon force is based on a generic model of muscle
and tendon [150] that can be scaled to represent a wide range of muscle architectures. However,
our implementation of the model described by Zajac [150] characterizes only the isometric prop-
erties of muscle. To calculate muscle forces during movements, our muscle-tendon model must
be enhanced to include force-velocity effects and other dynamic properties. The joint modeling
technique allows any conceivable kinematic joint to be modeled. The only limitation is that the
kinematic functions used to define Joint motion cannot involve polynomials higher than third
order (cubic splines). Joint models that move according to the forces in muscles, ligaments, and
other surrounding tissues may provide a more realistic means to represent joint motion.

A set of window-oriented tools allows the user to interact with musculoskeletal models by
changing any parameter of a model without leaving the program. Once created, a musculoskel-
etal model can be viewed, manipulated, and analyzed using screen menus, the mouse, and user-
defined keys. The graphics display enhances the user's ability to extract information from the
models.

We have developed a basic set of software tools for simulatirg the biomechanical conse-
quences of surgical procedures. Additional capabilities could enhance the existing surgery simu-
lations. For example, to simulate osteotomies, it might be desirable to implement a bone-cutting
tool. This would allow the user to orient a cutting planc in order to cut and reposition sections of
bone.

To achieve extensibility in the software we have impleraented the editing and analysis tools
as a set of distinct, modular components. Thus, little of the existing code would need to be
changed to extend the capabilities of the program. Rather, to add a new tool to the program, three
subroutines must be created to handle: (i) drawing the tool window, (ii) updating data structures,
and (iii) processing keyboard and mouse input. These three subroutines must be registered with
the event handler, which processes all input by calling the appropriate subroutines. A single
window is associated with each tool, allowing for a clean segregation of input events. Also, each
tool has its own private data structure and can change the public data structures of the models and
plots, but not the structures of the other tools.

To maximize portability, the software will be converted to “X-windows” (an emerging
graphics standard) using the “Motif” toolkit. This will reduce future conversion efforts and pro-
vide a more standard user interface. Other potential enhancements to the musculoskeletal mod-
eling software are discussed in Chapter 7.

The next chapter describes the model of the human lower limb that we have developed

using this software.
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Using the software described in Chapter 3, we have developed a model of the iower extremity.
This model represents a subject that is about 1.8 meters tall and has the strength of a young, adult
male. The model computes the maximum isometric force and Jjoint moment that each muscle can
develop at any body position. Using a computer-graphics workstation, the model can be altered
according to various surgical procedures to study how surgical changes in musculoskeletal geom-
etry (e.g., origin-to-insertion path) and muscle-tendon parameters (e.g., optimal muscle-fiber
length and tendon slack length) affect the moment-generating capacity of the muscles.

This chapter first describes our lower-extremity model and compares the joint moments cal-
culated with the model to experimentally measured Jjoint moments. The sensitivity of muscle
force to optimal muscle-fiber length and tendon slack length is analyzed and an example surgery
simulation is presented. Finally, the limitations of the model are discussed.

4.1 Musculoskeletal Geometry
To acquire the bone surface data, we first marked the surfaces of bones with a mesh of polygons,
and then determined the coordinates of the vertices with a three-dimensional digitizer (Polhemus
Navigation Sciences, Colchester, Vermont). These coordinates were used to create files
describing the surfaces of the pelvis and thigh bones. Data describing the shank and foot bones
were provided by Stredney [124]. The format of these “bone files” is shown in Appendix C.
Based on the anatomical landmarks of these bone surface models, we defined the paths (i.e.,
the lines of action) of forty-three muscle-tendon actuators. Each muscle-tendon path is represented
as a series of line segments. Origin and insertion are necessary landmarks and, in some cases, are
sufficient for describing the muscle path (e.g., soleus is represented by a single line segment). In
other cases, where the muscle wraps over bone or is constrained by retinacula, intermediate *via
points” were introduced to represent the muscle path more accurately (e.g., peroneus longus is repre-
sented by a series of six line segments, see Figure 4.1). The number of muscle via points can depend
on body position. For example, the quadriceps tendon wraps over the distal femur when the knee is
flexed beyond some angle, but not when the knee is extended. Thus, additional via points, called
“wrapping points,” are introduced for knee flexion angles greater than 80° so that the quadriceps
tendon wraps over the bone, rather than passes through the bone, in that range of knee motion.
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Figure 4..1. Three-dimensional representation of the musculotendinoskeletal geometry of the shank, foot,
and toes. Some muscle-tendon actuators are represented as single line segments (e.g., soleus). Others are
represented as a series of line segments (e.g., peroneus longus).

On the computer graphics system, we visually compared our muscle paths with paths
defined by a commonly used set of muscle coordinates [13]. In the anatomical position, the paths
are similar. However, interactively changing the skeletal configuration from the anatomical posi-
tion revealed that several muscle paths (e.g., iliacus, psoas, sartorius, rectus femoris) reported by
Brand ez al. [13] passed through the bones or deeper muscles. This occurred because each muscle
path reported by Brand et al. is defined by only two points that were measured on cadavers in the
anatomical position. Displaying the muscle paths along with the bone surface models was helpful
because it clearly showed where muscle via points and wrapping points were needed to properly
constrain the muscle-tendon paths. We also compared moment arms calculated from our muscle
paths with measurements we took from cadavers and from cross-sectional anatomy texts [38], as
well as with moment arms reported in the literature (e.g., [32, 96, 146]). These comparisons
showed that our muscle paths are anatomically accurate, and generate moment arms that are con-
sistent with previous investigations over a wide range of joint motions. The coordinates that
define all the muscle paths are listed in the “muscle file” contained in Appendix A.

Despite our effort to define accurate muscle paths, there are some muscles that pass
through the bones or deeper muscles with extreme hip flexion and extension, and thus yield unre-
alistic moment arms. Specifically, GMAX3 (the most inferior component of gluteus maximus)
passes through the ischial tuberosity beyond 60° of hip flexion. GMAX1 and GMAX2 (the
superior and middle components of gluteus maximus) pass through deeper muscles beyond about
80° of flexion. Iliacus and psoas paths were also difficult to define. Both these muscles pass
through the hip capsule beyond 5° of hip extension. It is difficult to introduce wrapping points to

30



4 Lower-Extremity Model

constrain the paths of the hip muscles over specific ranges of motion because the intersections of
the muscles with the bones, otiicr muscles, and the joint capsule depend on all three hip angles
(flexion, adduction, rotation). This problem could be solved by checking for intersections between
the muscles and other tissues as the body position is changed. However, since checking for inter-
sections is computationally intensive, this approach would decrease display speed considerably.

4.2 Joint Models

We medeled the lower extremity as seven rigid-body segments: (1) pelvis, (2) femur, (3) patella,
(4) tibia/fibula, (5) talus, (6) foot (comprising the calcaneus, navicular, cuboid, cuneiforms, and
metatarsals), and (7) toes (phalanges), with reference frames fixed in each segment (Figure 4.2).
The relative motion of these segments is defined by models of the hip, knee, ankle, subtalar, and
metatarsophalangeal joints. The “joint file” that specifies the kinematics of all the joints is con-
tained in Appendix B.

Figure 4.2, Location of the body-segmental reference frames.

PELvis:  The pelvic reference frame is fixed at the midpoint
of the line connecting the two anterior
superior iliac spines.

FEMur:  The femoral frame is fixed at the center g
of the femoral head. TAL [ L4

TIBia:  The tibial frame is located at the mid- =
point of the line between the medial
and lateral femoral epicondyles.

PATella: The patellar frame is located at the
most distal point of the patella.

TALus:  The talar frame is located at the midpoint of the line between the apices of the medial and lat-

eral maleoli.

CALcanus: The calcaneal frame is located at the most inferior, lateral point on the posterior surface of the
calcanus.

TOE: The t0e frame is located at the base of the second metatarsal,
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We characterized the hip as a ball-and-socket joint. The transformation between the pelvic
and femoral reference frames is thus determined by successive rotations of the femoral frame
about three orthogonal axes fixed in the femoral head.

We modified a planar model of the knee [146] to characterize the knee extensor mecha-
nism. This single-degree-of-freedom model accounts for the kinematics of both the tibiofemoral
joint and the patellofemoral joint in the sagittal plane as well as the patellar levering mechanism.
We specified the transformations between the femoral, tibial, and patellar reference frames as
functions of the knee angle. Tibiofemoral kinematics were determined as follows. The femoral
condyles were represented as an ellipse; the tibial plateau was represented as a line segment
(Figure 4.3). The transformation from the femoral reference frame to the tibial reference frame
was then determined so that the femoral condyles remain in contact with the tibial plateau
throughout the range of knee motion. The tibiofemoral contact point depends on the knee angle
and was specified according to data reported by Nisell et al.. [97]. Assuming that the length of
the patellar ligament (c'p, in Figure 4.3) is constant, the angle between the patellar ligament and
the tibia (¢ in Figure 4.3) determines the translation vector from the tibial reference frame to the
patellar reference frame [133]. Rotation of the patella with respect to the tibia (B in Figure 4.3)

Figure 4.3. Geometry for determining knee
moments and kinematics in the sagittal
plane. 6, is the knee angle; ¢ is the patellar
ligament angle; B is the angle between the
patella and the tibia; F, is the quadriceps
force; ¢ ol iS the length of the patellar liga-
ment. From these kinematics, the moment of
the quadriceps force about the instant center
of knee rotation can be computed. Adapted
JromDelp et al. [30].

was specified according to experimental measurements of patellar rotation [133]. Moment arms
calculated from these kinematics correspond closely to moment arms that have been measured

experimentally (Figure 4.4).
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Figure 44. Knee extensor
moment arm vs. knee angle.
The moment arm calculated for
rectus femoris (solid line) cor-
responds closely with knee
exiensor moment arms meas-
ured by van Eijden et al. [134]
and Wendt et al. [139].
Moment arms calculated for
the vastus lateralis, vastus
medialis, and vastus interme-
dius are slightly smaller (about
Smm) than the rectus femoris
moment arm, but vary with
knee angle in a similar way.

knee extensor moment arm {cm)

6.0 1

4 Lower-Extremity Model

2.0

A
@ van Eljden et al. (1987) Y
A Wendtet al. (1985)
e callctiated moment arm
T T -1
[¢] 30 60 90

hr L N

We modeled the ankle, subtalar, and metatarsophalangeal joints as frictionless revolutes
(Figure 4.5). Inman has described the location and orientation of axes for each of these joints
[65]. When displayed, these axes produced realistic motion of the ankle and subtalar joints (i.e.,
the bone surface models did not collide or disarticulate), but unrealistic motion of the metatar-
sophalangeal joint (the phalanges separated from the metatarsals). We therefore rotated the meta-
tarsophalangeal axis (-8° right-handed rotation about a vertical axis) to minimize disarticulation

of that joint.
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Figure 4.5. The anlde (ANK), subtalar (ST), and
metatarsophalangeal (MTP) joints are modeled
as revolute joints with axes oriented as shown.
FromDelp et al. [30].
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4.3 Muscle-tendon Parameters

Section 3.2.3 describes a generic model of muscle and tendon that can be used to compute iso-
metric muscle force as a function of muscle-tendon length. When this generic model is scaled by
a muscle’s peak isometric force (F:' ), optimal muscle-fiber length (lr ), pennation angle (),
and tendon slack length (£ : ), the force-length relation of a specific muscle-tendon actuator can
be computed [62, 150].

Values for the muscle-tendon parameters were determined with a procedure similar to that
used by Hoy et al. [62]. Values for muscle physiological cross-sectional area (PCSA), which
determines F:‘ [122], were taken from the literature (43, 141]. Different factors were needed to
scale the PCSA values reported by Friederich et al. [43] (25Ncm’2) and Wickiewicz er al.. [141]
(61Ncm'2) due to differences in their anatomical specimens. That is, we used the PCSA values
from Friederich et al. [43] that were measured on a young cadaver, whereas the values from
Wickiewicz et al. [141] were measured only on elderly cadavers. Thus, to scale the PCSA values
that were measured on the elderly cadavers to match the moment curves measured on young sub-
jects, we needed to use a factor (61Ncm?) that is larger than the “specific tension” reported by
Spector et al. [122] (23Ncm™? ). Values for optimal fiber length (£ :," ) and pennation angle (o)
were taken from Wickiewicz et al. [141]. We scaled the fiber lengths reported by Wickiewicz et
al. by a factor (2.8/2.2); this is the ratio of the optimal sarcomere length used in this study
(2.8um) to the optimal sarcomere length used by Wickiewicz et al. (2.2um) [141]. We used
2.8um as the optimal sarcomere length of human muscle because 2.8um is the length at which a
fiber develops peak force based on the sliding filament theory of muscle contraction [48], and
human thick and thin filament lengths of 1.60um and 2.55um, respectively [102]. For muscles
not reported by Wickiewicz et al., we used muscle-fiber lengths and pennation angles measured
by Friederich et al. in the anatomical position [43].

Since no experimental data exist for tendon slack length (i.e., the length of tendon beyond
which force develops when stretched), one application of our model was to estimate £ : for each
actuator. Tendon slack length includes both the length of free tendon and the length of tendon
internal to the muscle belly (aponeurotic tendon). When muscle paths are specified, ¢ : deter-
mines the joint angles where a muscle-tendon actuator develops force [62, 150]. We specified
values for £ : based on the following two criteria [62]. First, assuming that passive muscle con-
tributes to the joint moment (called “passive moment”) only when the muscle fibers are longer
than £, , we selected £ so that each actuator was slightly longer than £, at joint angles corre-
sponding to the onset of in vivo passive moment measured at the hip [148], knee [58, 85] and
ankle [121]. We then compared total passive moment (i.e., the sum of the passive moments gen-
erated by all the muscles) that were calculated with the model to measured passive moments for a
range of joint angles (e.g., Figure 4.6). Second, since !: determines the joint angles where an
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Table 4.1 Muscle-tendon Parameters for 43 Lower-Limb Muscles*

peak muscle optimal fiber  pennation  tendon slack tendon
force length angle length** length/fiber
ok
muscle (FM) 039 (o (lf) lf:rngth
™ (cm) (degrees) (cm) (¢
hip muscles
gluteus mediusl§ 550 5.4 8 7.8 1.4
gluteus medius2§ 380 8.4 0 53 0.6
gluteus medius3§ 435 6.5 19 5.3 0.8
gluteus minimus1§ 180 6.8 10 1.6 0.2
gluteus minimus2§ 190 5.6 0 2.6 0.5
gluteus minimus3§ 215 3.8 1 5.1 1.3
gluteus maximusi§ 380 14.2 5 12.5 0.9
gluteus maximus2§ 550 14.7 e 12.7 0.9
gluteus maximus3§ 370 14.4 5 14.5 1.0
adductor magnusl§ 345 8.7 5 6.0 0.7
adductor magnus2§ 310 12.1 3 13.0 1.0
adductor magnus3§ 445 13.1 5 26.0 2.0
adductor longus§ 420 13.8 6 11.0 0.8
adductor brevis$ 285 13.3 0 2.0 0.2
pectineus§ 175 13.3 0 0.1 0.1
fliacus§ 430 10.0 7 9.0 0.9
psoas§ 370 10.4 8 13.0 1.3
quadratus femoris§ 255 5.4 0 2.4 0.4
gemelli§ 110 2.4 0 3.9 1.6
piriformis§ 295 2.6 10 11.5 4.4
hip and knee muscles
rectus femorist 780 8.4 5 34.6 4.0
semimembranosust 1030 8.0 15 35.9 4.5
semitendinosust 330 20.1 5 26.2 1.3
biceps femoris(lh)t 720 10.9 0 34.1 3.1
gracilist 110 35.2 3 14.0 0.4
sartoriust 105 57.9 0 4.0 0.1
tensor fasciae lataet 155 9.5 3 42.5 4.5
knee muscles
vastus medialust 1295 8.9 5 12.6 1.4
vastus intermediust 1235 8.7 3 13.6 1.6
vastus lateralust 1870 8.4 5 15.7 1.9
biceps femoris(sh)t 400 17.3 23 10.0 0.6
knee and ankle muscles
medial gasirocnemius# 1115 4.5 17 40.8 9.0
lateral gastrocnemius# 490 6.4 8 38.5 6.0
ankle muscles
soleusq 2830 3.0 25 26.8 8.9
tibialis posteriert 1270 3.1 12 31.0 10.0
fl. digitorum longust 310 3.4 7 40.0 1i.8
fi. hallucis longust 320 4.3 10 38.0 8.8
peroneus brevist 350 5.0 5 16.1 3.2
peroneus longust 755 4.9 10 34.5 7.0
tibialis anteriort 600 9.8 5 223 2.2
peroneus  tertius§ 90 7.9 13 10.0 1.3
ext. digitormum longust 340 10.2 8 34.5 3.4
ext. hallucis longust 110 ii.1 6 30.5 2.6

* See Appendix A for muscle path coordinates

**Values generated in this study; see text for details.

§ Peak force derived from Brand et al. (1986); fiber length and pennation from Friederich and Brand (1990).

T Peak force, fiber length, and pennation angle drived from Wickiewicz et al. (1983).

# Peak force derived from Brand et al. (1986); fiber length and pennation derived from Wickiewicz et al. (1983).

§ Peak force derived from Wickiewicz el al.(1983) multiplied by 0.8; fiber length from Friederich and Brand (1990).
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4 Lower-Extremity Model

actuator develops peak joint moment, we adjusted l: so that the total moment about each joint
peaked at a joint angle corresponding to in vivo joint moments measured during maximum volun-
tary contractions (e.g., Figure 4.7). Table 4.1 lists values for the muscle-tendon parameters.

passive hip moment (Nm)

plantarfiaxion moment (N-m)

20 1 ~

Figure 4.6. Passive hip moment vs.
hip flexion angle with 50°, 35°, and
0° of knee flexion. Positive (nega-
tive) momenis are flexion (extension)
moments. Notice that both computed
(solid lines) and experimental (dotted
lines) hip extension moments
increase as the knee is extended from
50° flexion to full extension (0°)
because of hamstring stretch. Com-
puted hip flexion moments are less
than experimental moments because
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4.4 Model Output
By combining the musculoskeletal geometric dara, joint models, and muscle-tendon models, we
are able to compute the force and joint moment that each muscle can develop for any body posi-
tion. For a given body position, we compute muscle-tendon length and moment arm with the

the model does not include ligament
Jforces, which contribute to the exper-
imental moment when the hip is in
extension.

Figure 4.7. Comparison of computed and experi-
mental  plantarflexion moments. Computed
moments of soleus (SOL), medial and lateral gas-
trocnemius (GAS), and the other plantarflexors
(OPF) were summed to produce the total com-
puted moment (thick-solid line). The total com-
puted moment, with muscles fully activated,
compared well with plantarflexion moments meas-
ured during maximum voluntary isometric con-
tractions (large dots) [116]. From Delp et al. [30]
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equations given in Section 3.2.4. Using the muscle-tendon models, we then compute the max-
imum (i.e., fully activated) isometric tendon force at the computed muscle-tendon length. The
joint moment for each muscle is then computed as the product of the tendon force and the
moment amn. This process is repeated for a range of joint motion to produce the joint moment vs.
joint angle curve.

We summed the joint moments exerted by all muscles, and compared these total computed
moments to joint moments measured during maximum voluntary isometric contractions MVO).
For example, Figure 4.7 compares the total plantarflexion moment computed with the model to
the moment measured during maximum voluntary isometric contraction of the ankle plantar-
flexors [116]. Similar to Figure 4.7, we compared computed joint moments to moments meas-
ured at the hip [17, 66, 95, 96, 99, 1371, knee [66, 75, 94, 119, 134], ankle [87, 116] and subtalar
[130] joints. The next section shows these comparisons.

4.5 Computed Joint Moments Compared to Experimental Data

The figures in this section compare joint moments that have been measured during maximum vol-
untary contractions (MVC) of particular muscle groups (e.g., knee extensors) to calculated joint
moments. Both the experiments and the model calculations assume isometric conditions. The
calculated joint moments are the sum of the moments from all the muscles that contribute to the
joint moment, assuming full muscular activation. At some joints, many muscles contribute to the
total joint moment. For example, rectus femoris, iliacus, psoas, sartorius, and tensor fasciae latae
all contribute to the total hip flexion moment. Since the contributions of each muscle to the total
joint moment can be observed more easily on the computer-graphics system, we present here only
the total joint moments. The problems associated with comparing calculated and measured joint
moments are discussed in Section 2.6.

Passive muscle forces (i.e., the force developed in muscle when the fibers are stretched
beyond optimal fiber length, see Figure 1.2) contribute significantly to the toial joint moment for
some ranges of joint motion, but not for others. In the figures below, two curves (“active + pas-
sive” and “active only™) are shown for the joint moments to which passive forces contribute sig-
nificantly. For ranges of motion in which passive muscle forces do not contribute to the
maximum isometric joint moment, only the active + passive curve is shown since it is the same as
the active-only curve. It should be noted that the active-only curve is computed as the moment
of active muscle force about the joint. It should also be noted that the contribution of passive
muscle forces 1o joint moment during maximum voluntary contractions is less than during passive
joint meticn because of tendon stretch. Since muscle develops more force when it is activated,
the stretch in tendon is greater. Thus, at a given body position (muscle-tendon length), the
muscle fibers will be shorter (by the amount of tendon stretch) muscle is fully activated. Conse-
quently, there is less force from fiber stretch.

37



4.5.1 Ankle Moments
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Figures 4.8 and 4.9 compare computed plantarflexion moments to those measured by Sale ez al.

[116]. Computed and measured moments correspond very closely with the knee extended (Figure
4.8) and flexed (Figure 4.9). We found that the peak moment is greater with the knee extended
because the gastrocnemius is longer and develops greater force when the knee is extended. In the
model, when the knee is flexed 90° and the ankle is plantarflexed, the gastrocnemius fibers are
too short to develop active force. We found that passive muscle force contributes nothing to the

total moment when the muscles are fully activated over the range of ankle angles plotted in Fig-

ures 4.8 and 4.9. Thus, active and active+passive curves are the same for the ankle plantarflexors.
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Figure 4.8. Plantarflexion moment
vs. ankle angle with knee extended.
Maximum isometric moments from
soleus, gastrocnemius, tibialis pos-
terior, flexor hallucis longus, and
the peroneals were summed to pro-
duce the total (active+passive)
computed moment.

Figure 4.9. Plantarflexion moment
vs. ankle angle with knee flexed
90°. Maximum isometric plantar-
flexion moments from soleus, gas-
trocnemius, tibialis posterior, and
the peroneals were summed to pro-
dice the total (active+passive)
computed moment.
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Soleus and gastrocnemius, together, provide about 85% of the total plantarflexion moment
at the ankle angle where the moment peaks. Also, these muscles account for most of the variation
in the moment as the ankle is flexed. Since soleus and gastrocnemius have short fibers relative to
their moment arms, the fibers change length (force) significantly as the ankle is moved. In con-
trast, tibialis posterior, flexor hallucis longus, and the peroneals have small moment arms, and
therefore undergo a small change in length (force) as the ankle is flexed. These muscles play a
significant role in contributing moment only near full plantarflexion because the fibers of gastroc-
nemius and soleus are almost fully shortened and develop very little force in that position.

We are fairly confident in our computed plantarflexion moments for three reasons. First,
the experimental data of Sale et al. [116] is similar to momenis measured by others [63]). Second,
our computed moments match these data very closely. Third, since only the gastrocnemius
crosses both the ankle and the knee, we can gain confidence in our estimates of gastrocnemius
force by matching the ankle moment curves at various knee angles. Once we understand how
gastrocnemius force changes with ankle and knee angles, we can adjust the tendon length of
soleus until the total plantarflexion moment curves match. Since the other plantarflexors (tibialis
posterior, flexor hallucis longus, and the peroneals) do not contribute much to the total moment
because their moment arms are small, the effect of soleus on the total moment curve can be deter-
mined. Also, we found that the soleus force vs. ankle angle curve is extremely sensitive to
changes in tendon length (see sensitivity study below). Thus, only small adjustments in soleus
tendon length (1-2mm) were needed to match the experimental plantarflexion moments.

Figure 4.10 compares computed and experimental dorsiflexion moments. The peak
moment calculated with the model (42 Nm) is similar to the peak moment measured by Marsh ez
al. (45 Nm) [87]. The joint angle where the moments peak are also similar. Tibialis anterior con-
tributes over 50% of the total dorsiflexion moment over the entire range of ankle motion. Passive

muscle forces contribute very little to the total moment.
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4.5.2 Knee Moments

Knee Extension
Figure 4.11 compares computed knee extension moments to knee moments measured during

maximum voluntary contraction of the quadriceps. The peak moment calculated with the model
(215 Nm) is similar to the peak moment measured by Lindahl ez al. [75] (230 Nm). However, the
knee angles at which the computed and experimental moments peak are quite different.

The computed moment peaks near 30° of knee flexion, but the experimental moment peaks
at about 60° of knee flexion. The computed moment peaks at 30° because the moment arm peaks
near 30° and decreases with knee flexion (see Figure 4.4, above). The moment arm peak near 30°
has been demonsirated in both theoretical and experimental investigations [134, 139, 146]. The
MVC moment peak near 60° has also been observed by many different investigators [75, 134]. If
moment arm indeed peaks at 30°, then the moment peak at 60° indicates that the quadriceps force
is much higher at 60° than at 30°. However, since the fibers of the vastus muscles are fairly short
(see Table 4.1), I found that it was impossible for the computed moment to peak at 60° while
maintaining quadriceps force at full knee extension.

Our inability to reproduce the experimental moment curve may result from the simplicity of
the muscle model. We simplify the muscle-tendon geometry in a number of ways. We represent
each muscle with a series of line segments, not as a volume. This may be a reasonable approxi-
mation for muscles that have well-defined paths, such as tibialis posterior. However, muscles
with large areas of origin, such as the vastus muscles, are only crudely approximated with lines.
The approximation is improved by breaking the muscle into compartments (e.g., vastus medialis,
intermedius, and lateralis), but lines are still a gross approximation of the actual three-
dimensional anatomy. We also assume that the lengths and angles of all the muscle fibers are the
same within a given muscle-tendon compartment. This assumption could be relaxed by allowing
fiber length, at any given muscle length, to vary within a given muscle (60, 101]. Alternatively,
a more complex model that represents both the geometric and the force-generating properties of
the muscles in three dimensions might better represent architecturally complex muscles, such as
the vastus group.

There is another possible explanation for the difference between computed and experi-
mental knee moments that points out a limitation of our joint models. Our model of the knee
accurately reproduces the kinematics and moment arms that have been measured experimentally.
However, the knee model does not account for the effects of changing muscle forces on the
motion of the knee. Thus, even though we can reproduce moment arms that were measured at
fairly low muscle forces [139], this may not apply during MVC experiments when muscle forces
are large. If the forces in the quadriceps alter the relative motion of the femur, tibia, and patella,
the angle at which the moment arm peaks may change. This explanation seems reasonable in
light of our finding that the knee moment arms are very sensitive to changes in knee kinematics.
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That is, small changes in, say, the angle of the patella with respect to the femur significantly
change the knee extension moment arm. Since the motions of our Jjoint models do not depend on
the muscle forces, we cannot account for this effect.
Figure 4.12 shows computed and measured knee extension moments with the hip flexed.

The length of rectus femoris at each knee angle is the only change causing the difference between
the computed moments in Figures 4.12 and 4.11. Flexing the hip shortens rectus femoris and thus
shifts the angle at which it develops peak force toward greater knee flexion. It does not change
the moment arms, however. So, the peak computed moment with the hip flexed is less than with
the hip extended, and the peak occurs at greater knee flexion. Hence, the match with the experi-
mental joint moments is slightly better. Also, flexing the hip decreases the contribution of pas-
sive moment to the total moment curve.
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Figure 4.11. Knee extension
moment vs. knee angle with the
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Knee Flexion
Inman ez al. [66] measured isometric knee flexion moments on four subjects over a wide range of
knee motion with the hip in extension. These experimental data are compared to the total com-
puted moment in Figure 4.13. The computed and experimental moments both peak at about 15°
of knee flexion. The calculated moment decreases as the knee is flexed from 15° to 90° because
the hamstrings shorten with flexion and develop less force. Moment decreases as the knee is
extended from 15° flexion because the moment amms of the hamstrings decrease near full exten-
sion. With the hip extended, passive muscle forces contribute nothing to the total joint moment.
Figure 4.14 compares computed and experimental moments with the hip flexed. Notice
that the knee flexors are stronger (i.e., generate more moment) when the hip is flexed (¢f. the peak
moments in Figures 4.13 and 4.14). Passive muscle force contributes significantly to knee
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*® Figure 4.13. Knee flexion
moment vs. knee angle with
hip extended. Maximum iso-
metric moments from semi-
membranosus, semitendinosus,
P — o biceps femoris (short and long
—— activespassive heads), sartorius, gracilis, and
gastrocnemius were summed
to calculate the total compuied
moment (solid line).
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flexion moment near full knee extension when the hip is flexed. It is difficult to know how the
knee flexion moments change with knee angle because experimental moments have only been
measured over a small range cf knee angles. Also, no investigations of knee flexion strength
have controlled the ankle angle, and thus the contribution of the gastrocnemius to the knee
flexion moment has not been determined.

4.5.3 Hip moments
Hip Extension/Flexion

Figure 4.15 compares computed and measured hip extension moments with the knee flexed 90°.

The maximum computed and experimental moments are about 170 Nm. However, the computed
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Figure 4.15. Hip extension
moment vs. hip angle with
knee flexed 90°. Maximum
1sometric moments from all the
hip extensors (gluteus max-
imus, semimembranosus, semi-
tendinosus, biceps femoris,
adductor magnus, and gluteus
medius) were summed to cal-
culate the total computed
moment (solid line). The
dotted line shows the contribu-
tion of active muscle only.

Figure 4.16. Hip extension
moment vs. hip angle with
knee extended. Maximum iso-
metric moments from all the
hip extensors (listed in Figure
4.15) were summed to calcu-
late the total computed
moment (solid line). The
dotted line shows the contribu-
tion of active muscle only.
Note that passive muscle con-
tributes significantly to the
Jjoint moment beyond about
45° of hip flexion.
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moment decreases at hip flexion angles greater than 70°, whereas the experimental moment
increases. In the model, the moment decreases beyond 70° because the moment arms of the ham-
strings and the gluteus maximus decrease as the hip is flexed beyond about 40°. From observing
the musculoskeletal geometry on the computer-graphics system, I have confidence that the model
calculates accurate hip extension moment arms for the hamstrings because they are represented
well by single lines from origin to insertion. Gluteus maximus, on the other hand, has widely dis-
tributed muscle fibers that wrap over the ischium and deeper muscles as the hip is flexed. Our
model does not represent the lines of action of gluteus maximus well, especially when the hip is
flexed. If gluteus maximus moment arms did not decrease with hip flexion, then computed and
experimental moments would match more closely.

Figure 4.16 compares computed and measured hip extension moments with the knee
extended. In an experimental investigation, Waters et al. [137] found little difference in hip
extension strength with the knee flexed and extended. Through modeling, however, we uncov-
ered two important differences. First, passive muscle forces contribute significantly to the hip
extension moment when the knee is extended (cf. solid and dotted lines in Figure 4.16). Also, we
found that the hamstrings contribute more to the total hip extension moment near full extension
when the knee is extended. Thus, at the anatomical position, computed moment is greater with
the knee extended (100 Nm) than flexed (50Nm).

Very little experimental data exist for hip flexion strength as a function of hip angle.
Although Cahalan et al. [17] have measured hip flexion moments, they did not control the knee
angle during their experiments. Thus, their data could not be compared to our model, which fixes
the knee angle during hip flexion, Figure 4.17 compares computed moments with maximum iso-
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metric moments measured on three subjects [66]). The shape of the computed and measured
moment curves correspond closely, but the magnitude of the computed moment is less than the

measured flexion moment.

Hip Abduction/Adduction and Rotation

The hip abductors are an extremely important muscle group. Consequently, several research
groups have quantified the strength of the hip abductors [17, 95, 99]. These groups have consis-
tently reported that abduction moment increases with adduction. Figure 4.18 compares these
experimental measurements with the abduction moments calculated with the model. A detailed

comparison of the computed and experimental moments is presented in Section 6.4.
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The hip adductors can generate more moment when the hip is abducted. This has been
shown experimentally [17, 95] and with our model (Figure 4.19). Although the shape of the com-
puted hip adduction curve is similar to the experimental data, the magnitude of the computed
moment is higher. The following observation may explain this difference. In addition to the
muscles commonly considered to be adductors (i.e., adductor magnus, longus, and brevis, grac-
ilis, and pectinius), I found that the hamstrings {semimembranosus, semitendinosus, and biceps
femoris) also contribute significantly to adduction moment. Without the contribution from the
hamstrings, the computed and experimental moments match almost exactly (Figure 4.19, dashed
line). However, the additional moment of the hamstrings makes the computed moment greater.

Should the moment from the hamstrings be included? In computing the total adduction
moment, we sum the moment generated by each muscle that has an adduction moment arm. We
assume that each muscle is fully activated, and thus develops maximum force at the computed
length. However, the hamstrings may not be fully activated in experimental measurements of
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Figure 4.19. Hip adduction
moment vs. hip adduction angle.

Maximum isometric moments from
all the hip adductors (adductor
magnus, longus, and brevis, grac-
ilis, pectinius, and the hamstrings)
were summed to calculate the total

160 7

hip adduction moment (Nm)
3
1

r” Z E‘:&?L?Lf’(ﬁé, computed moment (solid line). The
p— mﬁ;ﬁ;omgu dashed line shows adduction
moment computed without the
0 ; — hamstrings.
10 0 -40

hip adduction angle /i

adductor strength since they also generate hip extension moment and knee flexion moment. This
raises several questions. During hip adduction experiments, are other muscles activated to coun-
teract the hip extension and knee flexion moments generated by the hamstrings? Or, do subjects
refrain from activating their hamstrings to avoid these “unwanted” moments? These issues need
to be resolved, not only for the hip adductors, but for any muscle that generates moment about
multiple joint axes.

Very few investigators have studied hip rotation strength. Figure 4.20 compares hip rota-
tion moments measured by Cahalan et al. [17] to computed rotation moments. Computed internal
rotation moments compare closely with measured moments, but computed extemal rotation
moments are smaller than experimental moments. We found that the hip rotation moments
depend strongly on the angle of hip flexion.
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4.6 Sensitivity Study

We performed a sensitivity study to understand how the muscle-tendon parameters and
musculoskeletal geometry affect muscle force. The joint angle at which a muscle develops peak
force (6,,) depends on tendon slack length (II) (Figure 3.6, upper plot) and optimal muscle-fiber
length (£3') (Figure 3.6, lower plot). To determine the sensitivity of muscle force to £ ;and £
we varied these parameters and determined the change in the joint angle at which each actuator
develops peak force (A8,). This change in the joint angle also depends on the actuator's moment
arm (ma), since 6 = 9/ ma (see Section 3.2.5). The change in joint angle at which four actua-
tors develop peak force resulting from a 5% change in £; and £ is shown in Figure 4.21.

Figure 421. Change in joint angle at which four

I'_ muscle-tendon actuators (gastrocnemius (GAS), rectus
JSemoris (RF), semitendinosus (ST) and gracilis (GRA))

develop peak force resulting from a 5% change in
tendon slack length ({ :) (open bars) and optimal
muscle-fiber length ({ : ) (filled bars). The number
associated with each open (filled) bar is the { : ! ma
174 ;‘ / ma) ratio of that actuator. The moment arms
(ma) were computed at the ankle (GAS), knee (RF and
ST), and hip adduction (GRA) angles at which these

change In joint angle
of peak force (deg)
8

e
e b actuators develop peak force. Note that actuators with
b = high ¢ : Ima ratios (£, : ! ma ratios) are most sensitive
0 10 a change in tendon length (fiber length).
GAS RF

We found that the angle of peak force (8,) is more sensitive to a change in tendon length
for actuators with high ratios of tendon slack length to moment arm (£ : / ma) than for actuators
with low £ : / ma ratios (Figure 4.21, open bars). For example, changing the £ : of gastrocnemius
by 5% shifted the joint angle of peak force by 38°, whereas a 5% change in the l: of gracilis
shifted the angle by only 6°. Similarly, the angle of peak force is more sensitive to a change in
optimal muscle-fiber length for actuators with long fibers relative to moment arm (i.e., high £ ;" /
ma ratios) than for actuators with low £ :‘ / ma ratios (Figure 4.21, filled bars). For instance, a 5%
change in the l;‘ of gracilis shifted the joint angle of peak force by 16° while the same per-
centage change shifted gastrocnemius force by only 2°. In general, 9 is more sensitive to /: than
¢, since £5/¢2 > 1 for most actuators (cf. magnitude of open and filled bars).

The range of joint angles over which an actuator develops active force increases with the
ratio of its optimal fiber length to its moment arm (i.e., range increases with /:’ / ma) [62].
Hence, muscles with small l: / ma ratios (e.g., gastrocnemius, soleus, rectus femoris) develop
active force over a relatively limited range of motion (e.g., soleus develops active force over only
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50° of ankle motion). Since ¢ : has been measured for many muscles in the lower extremity [43,
141], and given that the muscle paths presented here yield reasonable moment arms, we expect
that the calculated range of motion over which each actuator develops active force is fairly
accurate.

Since no experimental measurements of £ : have been reported, it is important to assess the
adequacy of our £ ST estimates. We have shown that the angle of peak muscle force is most sensi-
tive to £ ,T for actuators with high ¢ : / ma ratios (e.g., gastrocnemius, soleus, rectus femoris). We
have also shown that actuators with low ¢ :‘ / ma ratios develop force over a limited range of
motion. Consequently, £ : must be specified accurately for actuators with both high Z: / ma ratios
and low £, / ma ratios (i.e., actuators with high ¢/ ¢, ratios), so that active force is developed
in the physiologic range of motion. Since the modeled actuators indeed develop force in the
physiologic range of motion, we are confident in the estimates of l for muscies with high £, / H
l ratios. We are less confident in our estimates of l for muscles with low l / l ratios (e.g.,
sartorius, gracilis, iliacus); however, the force developed by these muscles is less sensitive to £ s
and thus accurate estimates of £; are less critical.

To study how increasing tendon length influences the magnitude of the forces generated by
the muscles, we increased the £ : of each actuator by 5% and mcasured the decrease in force at the
angle of peak force (0,). Figure 4.22 shows that the magnitude of the force developed at 6 by
actuators with large ratios of tenidon length to fiber length (£ :/ 4 : ) is much more sensitive to a
change in tendon length. For example, gastrocnemius force decreased by 40% at 6 for a 5%
(2.0cm) increase in £ s» Whereas gracilis force decreased only 1% at 6 for a 5% (0.7cm) increase
in l These results indicate that, in an actual surgery, a much larger decrease in force will be
realized by lengthening the tendons of muscles with high £} / £} ratios (the ankle actuators) than
by lengthening the tendons of muscles with low £; / £2' ratios (the hip actuators).

40
- Figure 4.22. Decrease in muscle force (F M) at
s the joint angle of peak force (9 ) resulnng from
gf a 5% increase in tendon slack length (£3). The
: numbers associated with the bars for gastrocne-
l“:- 20 - mius (GAS), rectus femoris (RF), semitendinosus
° (ST) and gracilis (GRA) are the tendon slack
L length to muscle-fiber length ratios (¢ : /¢ : )
g for each actuator. Note that the magnitude of
g the muscle force is significantly more sensitive
fo a change in tendon length for actuators with
high ¢ : /¢ : ratios

GAS FRF GRA
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4.7 Example Surgery Simulation

To determine how a planned surgical procedure affects muscle force and joint moment, we can
adjust the model’s parameters (e.g., origin-to-insertion paths and tendon lengths) according to a
specific surgical technique. For example, to simulate the mechanical effects of an Achilles
tendon lengthening with concomitant anterior transfer of the tibialis posterior (a procedure com-
monly performed to correct an equinovarus deformity [115]), we increase the model’s Achilles
tendon length and graphically detach the tendon of tibialis posterior from its insertion on the
navicular bone, and reroute its path to insert on the dorsum of the foot. The resulis of this simu-
lated surgery are then displayed as plots of presurgery and postsurgery plantarflexion and dorsi-
flexion moments versus ankle angle (Figuare 4.23).

Figure 4.23. Display from a simulated surgery in which the Achilles tendon was lengthened (1cm) and the
tendon of tibialis posterior was transferred to the base of the third metatarsal. The left window shows the
Ppostsurgery musculoskeletal geometry with tibialis posterior passing anteriorly to the ankle. The plot on
the right shows presurgery and postsurgery ankle dorsiflexion (DF) and plantarflexion (PF) moments (in
Nm) vs. ankle angle. Positive (negative) ankle angles and moments indicate dorsiflexion (plantarflexion).
Postsurgery dorsiflexion moment is increased significantly, but only in the range of ankle plantarflexion
(¢f. curves 1 and 2). Postsurgery plantarflexion moment is greatly decreased (cf. curves 3 and 4).
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Notice that the magnitude and the shape of the plantarflexion moment versus ankle angle
curve are changed by the surgery (cf. curves 3 and 4 in Figure 4.23). Two factors cause the sig-
nificant decreasc (65% at 0°) in the ankle plantarflexion momen: . First, after surgery, the tibialis
posterior does not contribute to the plantarflexion moment since it crosses the ankle anteriorly.
Second, and more importantly, increasing the Achilles tendon length changes the ankle angle at
which both the gastrocnemius and soleus produce maximum force. This combination of effects
not only decreases the magnitude, but also shifts the angle of the peak moment toward greater
dorsiflexion. We found that the plantarflexion moment is extremely sensitive to changes in
Achilles tendon length. This may explain why it is clinically difficult to maintain plantarflexion
strength after Achilles tendon lengthening procedures [9].

In this particular surgery simulation, the postsurgery dorsiflexion moment is greater than
the presurgery moment, but only in the range of ankle plantarflexion (-30° to 0°) (¢f. curves 1 and 2
in Figure 4.23). The significant increase in dorsiflexion moment in the range of ankle plantarflexion
(100% at -30°) can be attributed to the large force developed by tibialis posterior in that range. Pre-
surgery and postsurgery dorsiflexion moments are equal in the range of ankle dorsiflexion (0° to
20°) because the fibers of tibialis posterior are too short to develop force in dorsiflexion.

One reason for transferring the tibialis posterior is to correct the varus component of the
equinovarus deformity. Indeed, the varus moment will be decreased by this transfer since, after
surgery, the tendon passes lateral to the subtalar joint. However, in this particular simulation,
tibialis posterior does not generate a corrective valgus moment when the ankle is dorsiflexed
since its fibers are too short to develop force in dorsiflexion. If the attachment of the tendon were
moved distally on the metatarsal, or if the tendon were shortened, the tibialis posterior would then
generate force, and thus valgus moment, over the full range of ankle motion. Such variations in
the surgical procedure are easily explored on the computer graphics system.

4.8 Assumptions and Limitations

This section discusses some of the assumptions and limitations of our model. First, we have sim-
plified the knee model to represent motion in the sagittal plane only. While this does not account
for rotation of ihe tibia about its longitudinal axis near full extension [55], or varus/valgus rota-
tion, these non-planar rotations are smail compared to motion in the sagittal plane [146]. Since
our objective was to determine the effects of knee flexion and extension on muscle-tendon excus-
sions, forces, and moments, the sagittal-plane model is adequate. We have also idealized the
ankle and subtalar joints as fixed-axis revolutes. This is a reasonable assumption for the ankle,
but e subtaiar joint has more complex kinematic characteristics [121]. Thus, we are fairly con-
fident in the ankle moment calculations, but less confident in the computed subtalar moments.
Since our musculoskeletal modeling software allows for six degrees of freedom between any two

bones, more complex joint models can easily be incorporated into the lower-extremity model.
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Second, the musculoskeletal geometry and muscle-tendon parameters have been specified
for only a single, nominal subject. However, there is a paucity of experimental data to indicate how
the muscle-tendon parameters vary among subjects with different musculoskeletal geometry (i.e.,
different moment arms and body-segment lengths). If we assume that the range of joint angles over
which each actuator develops active force is relatively constant across individuals, then 4," would
scale with the moment arm (ma) since the !o"' / ma ratio determines the range of joint angles over
which active force is developed [62]. Further, if we assume that the joint angle at which each actu-
ator develops peak force is also subject-independent, we would expect l,T to vary to accommodate
the change in muscle-tendon length in subjects with different body-segment lengths.

We make several assumptions when using this nominal model to study how the muscle
function of an individual, or class of individuals, would be affected by surgery. We assume that
the relative cross-sectional areas of muscles are about the same between individuals [12]). We
also assume that the ratio of tendon length to muscle-fiber length (£ :/ ¢ ;‘ ) is relatively constant
between individuals. That is to say, since my soleus muscle can be characterized by a large cross-
sectional area, short muscle fibers, and a long tendon, but my sartorius muscle has a small cross-
sectional area, long muscle fibers, and a short tendon, it is reasonable to assume that the relation-
ship between the two muscles will be similar in other individuals. There is an extremely large
variation in muscle-tendon parameters among the muscles in the lower extremity, yet a small var-
iation of these parameters within specific muscles [43]. Thus, it seems Justified to use the nom-
inal model to compare the response of different muscles to surgical alterations, especially if the
fundamental conclusions are insensitive to the perturbations of the parameter values that we
expect among individuals.

In using our nominal model, we also make assumptions about the musculoskeletal geom-
etry. For example, we assume that muscles attach in nearly the same locations in different indi-
viduals. Also we use “normal” joint models that yield moment amms similar to average
experimental data. These nominal joint models may lead to unrealistic conclusions if they are
blindly applied to study conditions in which joint pathology exists. On the other hand, one can
gain insight into joint pathologies by graphically manipulating the nominal joint kinematics and
determining the sensitivity of the joint function to joint geometry.,

4.9 Advantages of Graphics

In the past, biomechanists have represented muscles as single lines from origin to insertion [13,
56, 571 and resorted to physical models, such as elastic threads attached to skeletons, to visualize
the muscle paths [67, 108]). The ability to manipulate computer-generated images of musculos-
keletal structures has allowed us to define more accurate muscle-tendon paths for all the major
lower-extremity actuators, and to efficiently change these paths to study the biomechanical conse-
quences of surgical reconstructions.
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Display of the bone surfaces was also helpful in developing the joint kinematic models.
Although the knee model has only one degree of freedom, there are five kinematic functions that
specify the relative motion of the femur, tibia, and patella. The ability to graphically alter these
kinematic functions and then view the motion of the knee allowed us to quickly refine the knee
model (see Figure 3.5). Dynamic display was also helpful to position and orient the axes for the
ankle, subtalar, and metatarsophalangeal joints.

The combined effects of musculoskeletal geometry and muscle-tendon parameters on the
joint moment versus joint angle curve of a muscle are complex. We have found, however, that
interacting with our model facilitates rapid discovery of how surgical manipulations of musculo-
tendinoskeletal structures affect the moment generating capacity of the muscles. For example, in
a few minutes, one can explore the effects of transferring the insertion of the rectus femoris to the
tendon of sartorius (a procedure preformed to correct stiff-legged gait [44]) on the knee flexion/
extension moments. Further interaction with the model allows one to determine the sensitivity of
the knee and hip moments to the exact location of rectus femoris attachment. Since the graphical
mode of interaction eliminates the need for the user to focus on the model's mathematical basis, it
can be used not only to analyze surgical procedures, but also to train surgeons.

The next two chapters represent applications of the lower-extremity model to study specific

clinical problems.
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5.1 Abstract

We applied the lower-limb model to study how surgical lengthening of tendon affects the force-
and moment-generating capacity of the muscles. Tendon lengthenings were simulated by
increasing tendon length and computing the change in maximum isometric muscle force and joint
moment at a specific body position. We found that the forces and moments developed by the
ankle plantarflexors are extremely sensitive to changes in tendon length. For example, the max-
imum isometric moment generated by soleus, at a body position corresponding to the midstance
phase of gait, decreased 30% with a 1 cm increase in tendon length and 85% with a 2 cm increase
in tendon length. In contrast, 1 and 2 cm increases in iliopsoas tendon length.decreased its hip
flexion moment by only 4% and 9%, respectively.

5.2 Introduction
Patients with muscular spasticity often undergo tendon transfers and tendon lengthenings aimed
at nomalizing joint moments and correcting gait abnormalities. For example, the Achilles
tendon is commonly lengthened to correct an equinus deformity in stroke [91] and cerebral palsy
patients [9]. Also, the hamstrings may be lengthened in patients who walk with excessive knee
flexion, or a crouch gait [127). While tendon lengtherings sometimes improve posture and
walking, they often compromise the capacity of the muscles to generate force and moment about
the joints. When a tendon is lengthened or iransferred to a new location, the muscle fibers may
be too long or too short to generate active force. Lack of sufficient muscle strength can leave the
patient with weak or dysfunctional legs. For instance, over-lengthening of the Achilles tendon
may weaken the plantarflexors and result in excessive dorsiflexion during stance [9, 136].
Lengthening the hamstrings may correct excessive knee flexion during stance by decreasing the
forces in these muscles. However, weak hamstrings can lead to genu recurvatum [5, 9, 127],
inadequate knee flexion during swing [127], and excessive hip flexion [37. 112]. An under-
standing of how changes in tendon length affect the force- and moment-generating characteristics
of each muscle is needed to help design effective tendon surgeries.

The force-generating capacity of a muscle depends on several parameters. The peak force
that a muscie can develop depends on its physiologic cross-sectional area (PCSA) [122]. The
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range of joint angles over which a muscle can develop active force depends on its fiber length and
moment arm. Muscles with long fibers can develop force over a greater range of lengths than
muscles with short fibers. The change in muscle-tendon length (excursion) with joint angle
depends on moment arm. For a given range of joint motion, muscle-tendon excursion increases
with moment arm. Thus, the ratio of a muscle’s fiber length to its moment arm determines the
range of joint angles over which the muscle can develop active force [62]. The maximum iso-
metric force developed by a muscle (i.e., the force developed when a muscle is maximally excited
under isometric conditions) at each joint angle also depends on the fiber pennation angle and the
length of tendon in series with the muscle fibers (see Sections 5.4.2 and 5.4.3). Since each
muscle-tendon complex has different parameters (i.e., peak force, fiber length, tendon length, and
pennation angle), each responds differently to surgical changes in tendon length. The combined
effects of the muscle-tendon parameters and the musculoskeletal geometry (moment arms) in deter-
mining the sensitivity of muscle force and joint moment to changes in tendon length are complex.
We have applied our model of the human lower extremity to study how surgical length-
ening of the tendons affects the force- and moment-generating capacity of the lower-extremity

muscles. The specific objectives of this study were:

(1) to quantify the sensitivity of the force developed by each lower-extremity
muscle to changes in tendon length;

(2) to determine the relative contributions of fiber length, tendon length, and penna-
tion angle in determining the sensitivity of each muscle;

(3) to quantify the changes in the maximum isometric joint moments that result
from changes in tendon length for the most commonly lengthened tendons.

5.3 Methods

We used the lower-extremity model that was described in Chapter 4 to study the mechanical
effects of tendon lengthenings. With this model, the maximum isometric force and joint moment
that each muscle generates can be computed for any body position. It should be emphasized that
the forces and moments computed with the model assume full muscle activation and isometric
conditions. Thus, the calculated forces and moments represent each muscle’s isometric strength,
not the forces and moments that are developed during movement when muscles are, in general,
neither fully activated, nor isometric.

With the model the parameters of each muscle-tendon complex can be changed and the
effect on the muscle force curve observed. We define the “muscle force curve” as the maximum
isometric force vs. joint angle curve (e.g., see Figures 5.3, 5.4, and 5.5). To study the effects of
lengthening a particular tendon, we first plotted a muscle’s nominal force curve., We then length-
ened the tendon that is in series with the muscle fibers by a certain amount, and plotted the new

force curve.
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To quantify the sensitivity of muscle force to changes in tendon length, we increased the
tendon length of each muscle and computed the change in the force at a specific body position
from the muscle force curve. Since muscle force varies with joint angle, the change in force (for
a given change in tendon length) depends on the body position at which it is computed. Conse-
quently, we computed the changes in the muscle forces at many body positions. To limit the
quantity of data, however, all the results presented in the following section were measured at one
body position (Figure 5.1). We chose this position because it is used in many functional activities
(e.g., the stance phase of walking). Also, we found that this position yields results that are repre-
sentative of many other body positions.

Figure 5.1. Body position for which changes in
the forces and moments are presented. The Joint
angles are 10° dorsiflexion, 20° knee flexion,
and 10° hip flexion. All other joint angles (hip
adduction angle, hip rotation angle, subtalar
angle, and metatarsophanangeal angle) are (°
{anatomical position).

5.4 Results
We found that the decrease in muscle force and joint moment for a given increase in tendon
length is different for each muscle. Conversely, the increase in tendon length that reduced muscle
force by a certain amount is different for each muscle. Figure 5.2 shows the change in tendon
length that reduced muscle force 50% at the specified body position. Notice that there is a wide
variation among the muscles in the sensitivity of force to a change in tendon length. For
example, soleus force decreased 50% with only a 1.2 cm increase in tendon length. Biceps fem-
oris (long head) and iliopsoas, on the other hand, required a 4 cm increase in tendon length to
decrease force 50%.

In general, the forces developed by the muscles that cross the ankle are more sensitive to
changes in tendon length than are the forces generated by the muscles that cross the hip. This
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Figure 5.2. Change in tendon length resulting in a 50% decrease in muscle force. Forces in these com-
monly lengthened tendons were calculated at the body position shown in Figure 1. Tendon lengths are
scaled for a 1.8 m adult skeleton.

variation in the sensitivity of the muscle forces to changes in tendon length is caused by differ-
ences in the parameters of each muscle-tendon complex. That is, each muscle has a different
optimal fiber length, tendon length, and pennation angle, and thus responds differently to tendon
lengthening. Table 5.1 shows the Farameter values for the muscle-tendon complexes that are
commonly lengthened.

Table 5.1. Muscle-tendon Parameters*

peak optimal  pennation tendon tendon
muscle fiber angle slack length /

force length length fiber length
muscle ™) (cm) (degrees) (cm)
soleus 2830 3.0 30 26.8 8.9
tibialis posterior 1270 3.1 12 31.0 10.0
gastrocnemius § 1600 5.1 14 40.0 7.8
tibialis anterior 600 9.8 5 22.3 2.2
rectus femoris 780 8.4 5 34.6 4.0
semimembranesus 1030 8.0 15 35.9 4.5
semitendinosus 330 20.1 5 26.2 1.3
biceps femoris(lh) 720 10.9 0 341 3.1
biceps femoris(sh) 400 17.3 23 10.0 0.6
iliopsoas t 800 10.0 8 11.0 1.1

» See Section 4.3 for explanation of how the parameters were derived.
§ Peak force is the sum of the two heads; other parameters are the averages of the two heads.
t Peak force is the sum of iliacus and psoas; other parameters are the averages of the two muscles.
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5.4.1 Effect of Optimal Fiber Length

The force developed by a muscle with short fibers is more sensitive to changes in tendon length
than the force developed by a muscle with long fibers. A 1 cm increase in tendon length causes
an excursion that is significant in terms of the force-length property for a muscle with 3 cm fibers.
In contrast, a I cm excursion is insignificant for a muscle with 40 cm fibers. Muscle fibers are of
similar length within a muscle, but vary widely between muscles [43, 141]. For example, Friede-
rich and Brand [43] report an optimal fiber length of about 3 cm for soleus and 44 c¢m for sartorius.
Considering the effects of fiber length alone, changing muscle-tendon length by 1 cm represents a
33% change in fiber length for soleus, but only a 2% change for sartorius. Table 5.1 lists the fiber
lengths of the most commonly lengthened muscle-tendon complexes.

To study the effect of variations in optimal fiber length we constructed a muscle with a
nominal fiber length of 5 cm. The muscle was given 0° pennation and no tendon (or inelastic
tendon). At the joint angle where active force peaks (6,), force decreased 48% for a2 cm change
in tendon length for the nominal fiber length (5 cm). Fiber length was then altered and the
decrease in force was measured at 8,. Active force decreased 80% when the muscle fibers were 4 cm,
and 23% when the fibers were 6 cm. Thus, even a 1 cm variation in the optimal fiber length has a
large effect on the sensitivity of muscle force to changes in tendon length.

5.4.2 Effect of Tendon Length

Elastic tendon in series with the muscle fibers tends to increase the range of lengths over which
the muscle-tendon complex develops force [150]. This occurs because tendon stretch accounts
for part of the muscle-tendon excursion (i.e., muscle fiber excursion = muscle-tendon excursion -
tendon stretch). Thus, the muscle fibers underge less excursion than the muscle-tendon complex
when tendon stretches. Long tendons stretch more than short tendons for a given force. The
magnitude of the effect of tendon stretch on fiber excursion therefore depends on the ratio of
tendon length to fiber length. Table 5.1 lists the tendon lengths and the ratios of tendon length to
fiber length for the muscle-tendon complexes that are commonly lengthened. Tendon elasticity
also decreases the slope of the (active + passive) muscle force curve [150]. For example, Figure
5.3 shows maximum isometric soleus force vs. ankle angle with nominal tendon stiffness (elastic)
and with tendon stiffness equal to 100 times the nominal value (inelastic).

The normal variation of tendon lengths among muscles in the lower extremity is about 0-30 cm
(see Table 4.1 and [62]). This leads to a variation in tendon elasticity. To quantify the effect of
the variation in tendon elasticity on the sensitivity of muscle force, we constructed a muscle with
5 cm fibers, 0° pennation, and a 30 cm tendon. With nominal tendon elasticity (see Figure 3.2),
active force decreased 29% for a 2 cm increase in tendon length. Without tendon elasticity active
force decreased 48% for a 2 cm increase in tendon length. Thus, tendon elasticity decreases the
sensitivity of muscle force to changes in tendon length.
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Figure 5.3. Active + passive soleus force vs. ankle 1.51 .
angle with elastic and inelastic tendon. The solid inelastc
curve was calculated with nominal tendon elasticity
(see Figure 3.2 for nominal tendon force-length
curve). The dotted curve shows the effect of making
the tendon inextensible; this also represents a
muscle that has a very short or no tendon. The dif-
JSerence in the curves results from the tendon streich.
Notice that tendon elasticity tends to decrease the .
slope of the force vs. angle curve. This indicates 0.0 T -—r—
that tendon compliance decreases the sensitivity of -30 ( 0 L LSO
muscle force to changes in muscle-tendon length.
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5.4.3 Effect of Pennation
Pennation increases the range of joint motion over which a muscle develops active force and
decreases the peak force [150]. Because the muscle fibers are oriented at an angle with respect to
the direction of force (see Figure 1.4), the excursion of the muscle fibers is less than the excursion
of the muscle-tendon complex. Thus, pennation tends to decrease the slope of the muscle force
vs. joint angle curve. For a given muscle cross section, pennation also decreases the peak force.
Since muscle force (FM ) is directed along the fibers, the force in tendon (FT) is decreased by a
factor equal to the cosine of the pennation angle () (i.e., F* = F¥cos(a)) [150].

Figure 5.4 shows the effect of pennation on the soleus force vs. ankle angle curve, With
30° of pennation (the nominal pennation angle for soleus at optimal fiber length), the range of

1.5
Figure 5.4. The effect of pennation on the soleus

Jorce vs. ankle angle curve. Active + passive
soleus force is plotied for (° (dotted curve) and
30° (solid curve) of pennation. The bars show
the range of ankle angles over which active
force increases with muscle length (the
ascending region of the force-length curve).
Nortice that pennation increases the range of
Joint motion and decreases the peak force.
Force in both curves is normalized by peak iso-
metric force for 0° pennation.
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joint angles over which soleus operates on the ascending region of its force-length curve is
greater than with 0° pennation (cf. bars). The effect of pennation is enhanced when the fibers are
shorter than optimal length because the pennation angle increases as the fibers shorten. On the
other hand, the muscle fibers become more aligned with the tendon (i.e., pennation decreases)
when they are stretched beyond optimal length. Consequently, pennation has a very small effect
on the passive force characteristics (note the similariiy of the slopes of the force curves near full
dorsiflexion in Figure 5.4).

The normal variation in pennation angles among muscles in the lower extremity muscles is
about 0-30° [43, 141]. To assess the effect of this variation in pennation angle on the sensitivity
of muscle force to changes in tendon length, we constructed a muscle with 5 cm fibers and ine-
lastic tendon. The decrease in force for a 2 cm increase in tendon length was 48% with 0° penna-
tion, and 30% with 30° pennation. Thus, pennation decreases the sensitivity of force to changes

in tendon length,

5.4.4 Relative Importance of Fiber Length, Tendon Length, and Pennation Angle

Optimal muscle-fiber length is the most important parameter in determining the sensitivity of iso-
metric muscle force to changes in muscle-tendon length. There is a large variation in optimal
fiber lengths among the muscles in the lower extremity [43, 141]. This variation in fiber length is
the major factor contributing to the widely different sensitivities found among the muscles shown
in Figure 5.2.

Tendon elasticity and fiber pennation both decrease the sensitivity of muscle force to
changes in tendon length. Many muscles have tendons of sufficient length (elasticity) to signifi-
cantly affect the sensitivity. Of the tendons that are commonly lengthened, soleus, gastrocne-
mius, tibialis posterior, peroneus longus, semimembranosus, rectus femoris, and biceps femoris
(long head) all have tendon length to fiber length ratios greater than 3.0 (see Table 5.1). We
found that tendon elasticity affected the slope of both active and passive muscle force curves for
these muscles. On the other hand, few muscles have pennation angles large enough (>20°) to
affect sensitivity significantly. The soleus and biceps femoris (short head) are exceptions, since

they have pennation angles greater than 20° [43, 141].

5.4.5 Effect of Moment Arm

A muscle’s moment arm affects its moment-generating capacity in two ways. First, since
moment about a joint is the product of force and moment arm, increasing moment arm increases
the joint moment, for a given muscle force. Moment arm also affects the change in length, or
excursion, that a muscle-tendon undergoes as a joint is moved. Moment arm (ma) and muscle-
tendon excursion (3¢ ™) are related by the following equation: ma = a/""/00, where 0 is the joint
angle [2]. Thus, muscles with larger moment arms exert more moment per unit muscle force, and
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undergo larger excursions as the joints they span are flexed and extended.

At a given body position, the moment arm does not affect the change in muscle force or
joint moment that results from tendon lengthening. However, since moment arm affects excur-
sion, it affects the shape of the muscle force curve before and after tendon lengthening. Figure
5.5 shows the change in force caused by increasing tendon length for two muscles with the same
parameters (fiber length, tendon length, and pennation angle), but different moment arms. (A
physiologic example of this situation can be demonstrated by comparing soleus and tibialis poste-
rior, since they have similar fiber lengths, tendon lengths, and pennation angles, but different
moment arms.) Notice that the decrease in force (arrow) is the same for both muscles. However,
the force developed by the muscle with the small moment arm (B) varies less with joint angle

than the muscle with a large moment arm (A).
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Figure 55. Force vs. joint angle for muscles with different moment arms. Active force is plotted for mus-
cles with large (A) and small (B) moment arms. The thin (thick) lines are the muscle force curves before
(after) tendon lengthening. Notice that the decrease in force caused by increasing tendon length (arrows)
is the same for the two muscles at a specific joint angle (6). This occurs because the two muscles were
given the same fiber length, tendon length, and pennation angle. Thus, the decrease in force, at a partic-
ular joint angle, does not depend on moment arm. However, since the Sibers of the muscle with the large
moment arm (A) undergo a significant excursion as the joint is flexed, the slope of the muscle force curve is
large. In contrast, the force in muscle B varies less with Joint angle, both before and after tendon
lengthening.

5.4.6 Sensitivity of joint moments

The percent change in muscle force for a given change in tendon length depends only on fiber
length, tendon length, and pennation angle, as discussed above. Whether a change in muscle
force has a significant effect on the total joint moment, however, depends on the muscle’s physio-
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logic cross-sectional area (PCSA) and moment arm, since PCSA determines peak force [122],
and moment arm determines moment per unit force. Figures 5.6, 5.7, and 5.8 show the changes
in the maximum isometric joint moments calculated for 1 and 2 ¢m increases in tendon length for
the most commonly lengthened lower-extremity tendons.

Figure 5.6 shows that the plantarflexion moments developed by soleus, gastrocnemius, and
tibialis posterior are extremely sensitive to changes in tendon length. For example, the maximum
isometric moment that can be developed by soleus decreased 30% with a 1 cm increase in tendon
length and 85% with a 2 cm increase in tendon length. Since soleus and gastrocnemius, together,
provide a large percentage (about 90%) of the total plantarflexion moment in this body position,
decreasing their moment has a significant effect on the total plantarflexion moment (strength).
Tibialis posterior moment also decreases significantly with changes in tendon length. However,
this has a small effect on total plantarflexion moment, since tibialis posterior contributes only a
small percentage to the total plantarflexion moment due to its small moment arm.

Ankle Momaent (Nm)

50 100
i

soleus

{plantarfexion
moment)

gastroc.
(Plantarflexion

Figure 5.6. Maximum isometric ankle
moments before and after simulated
B vfore fengthening tendon lengthening. Moments were cal-
EZ]after 1cm lengthening culated with 10° dorsiflexion and 20°
[Jatter 2cm lengthening knee flexion (Figure 5.1).

tibiellis pos
(Plantarflexion

Of the ankle muscles, the moment developed by tibialis anterior is the least sensitive to
changes in tendon length. Tibialis anterior is less sensitive because it has relatively long fibers
(9.8 cm) and a long tendon (22 cm), both of which decrease sensitivity.

Figure 5.7 shows the changes in the knee moments for 1 and 2 cm increases in tendon
length. The knee extension moment developed by rectus femoris decreased 17% for 1 cm and
48% for 2 cm increases in tendon length. The knee flexion moments generated by semimembra-
nosus and gastrocnemius are both fairly sensitive to changes in tendon length. However, the
flexion moment generated by semitendinosus decreases very little with changes in tendon length.
Since semimembranosus is more sensitive than semitendinosus, and provides a greater percentage
of ihe total knee flexion moment, a much greater decrease in total knee flexion moment results

from lengthening semimembranosus.
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Figure 5.7. Maximum isometric knee
moments before and after simulated
tendon lengthening. Moments were cal-
culated with 10° dorsiflexion, 20° knee
flexion, and 10° hip flexion (Figure 5.1).
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When the tendon of a biarticular muscle is lengthened, the effect on the moments about
both spanned joints must be considered. For example, when the hamstrings are lengthened to cor-
rect excessive knee flexion during stance (i.e., “crouch gait”), the extension moment they exert
about the hip is also changed. Figure 5.8 shows the changes in hip moments for 1 and 2 cm
lengthening of the hamstrings and other tendons. For the hamstrings, note that seinimembranosus
is capable of generating more that twice as much extension moment than semitendinosus (cf.
length of black bars), because it has a larger PCSA [43, 141]. Also, the moment developed by
semimembranosus is much more sensitive to changes in tendon length because it has shorter
fibers. Therefore, the hip extension moment (i.e., hip extension strength) is decreased signifi-
cantly by lengthening semimembranosus, but is changed very little by lengthening
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Figure 5.8. Maximum isometric hip
rectus femorls moments before and after simulated

m(";::; tendon lengthening. Moments were
calculated with 20° knee flexion and
iliospoas 10° hip flexion (Figure 5.1).
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semitendinosus.

Figure 5.8 also shows that the maximum isometric moment developed by rectus femoris is
more sensitive to changes in tendon length than the moment developed by iliopsoas. Also, rectus
femoris can generate slightly more hip flexion moment than ilioposas. Although iliopsoas has a
larger PCSA [43, 141], it has less potential to generate flexion moment than rectus femoris
because it has a smaller moment arm. Thus, rectus femoris is a slightly stronger hip flexor than
iliopsoas, and is more sensitive to changes in tendon length.

5.5 Discussion

Each muscle has a unique set of muscle-tendon parameters (peak force, optimal fiber length, pen-
nation angle, and tendon length) that determine its isometric force-generating characteristics.
Furthermore, each muscle has a unique three-dimensional geometric relationship with respect to
the joint(s) it spans. The combined effects of the muscle-tendon parameters and the musculoskel-
etal geometry determine each muscle’s capacity to generate moment about the joints. We have
applied a model that specifies the isometric force- and moment-generating capacity for all the
major muscles in the lower extremity to simulate the biomechanical consequences of tendon
lengthenings. Our simulations indicate that the forces developed by some muscles (particularly
the ankle plantarflexors) are very sensitive to changes in tendon length. Thus, small changes in
tendon length result in large changes in muscle force. In contrast, other muscles (e.g., iliopsoas,
semitendinosus) are much less sensitive to changes in tendon length and must therefore be length-
ened more aggressively to achieve a significant decrease in force. We have quantified this varia-
tion in the sensitivities of the muscle forces to changes in tendon length for the lower-extremity

tendons that are most commonly lengthened.

5.5.1 Confidence in Muscle-tendon Parameters
The confidence in our simulation results are limited by the accuracy of the muscle-tendon param-
eicis. Estimates of muscle-fiber length are particularly important. Three independent investiga-
tions of lower-extremity muscle architecture have reported remarkably consistent fiber lengths
(43, 138, 141]. Thus, we are confident that reported fiber lengths are reasonably accurate.
However, the difference between fiber length and fascicular length, and complex muscle
architectures must be considered. Wickicwicz et al. dissected bundles of 10-20 muscle fibers
(called muscle fascicles) and measured fascicular length [141]. Friederich and Brand measured
both fascicular and muscle-fiber lengths [43]. For many muscles, fascicular lengths and fiber
lengths are very similar [43]. Based on these data, we assume that fascicular lengths and fiber
lengths are equal. However, other data point out that fascicular length and muscle-fiber length
are not equal in some parallel-fibered muscles [77]. For instance, Loeb et al. found that the fibers
of the sartorius and semitendinosus in the cat hindlimb do not run from internal tendon to internal
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tendon, as the fascicles do, and thus are shorter than the muscle fascicles [77]. If human parallel-
fibered muscles (e.g. semitendinosus) have fibers shorter than the fascicular lengths used in this
study, then the changes in force for a given change in tendon length for those muscles would be
greater than the changes reported here.

Semitendinosus has another architectural specialization related to fiber length. There is a
tendinous septum near the middle of the muscle belly that separates it into two distinct compart-
ments. Since these compartments are in series, semitendinosus was treated as a single muscle
with a fiber length equal to the sum of the fiber lengths of the two compartments [141],

Measured values for physiologic cross-sectional area (PCSA), which scale peak force,
[122] are less consistent than measured fiber lengths. PCSA is defined as the muscle volume
divided by average fiber length. Friederich and Brand found that "normalized" PCSA (i.e., PCSA
of a muscle / average PCSA of all muscles) measured in six cadavers by three different research
groups were reasonably consistent (average standard deviation for all the muscles is 29%) [43).
Normalized PCSA measured by Brand et al. in fifteen cadaver arms had an average standard
deviation of 26% (calculated from mass fraction in Table 1 of [12]). This inter-subject variability
of each muscle’s PCSA could be due to actual inter-subject variability or to measurement error.
For example, some of the variability may be caused by inconsistent muscle shririkage that occurs
during muscle preparation [43]. The effects of shrinkage on muscle volume can be minimized by
measuring volumes with CT (e.g., Clark ez al. [25]). However, even if perfect measurements of
PCSA were possible, we would expect some variability in normalized PCSA of muscles because
of differences in body types, activity histories, efc. Since PCSA does not effect the percentage
change in force for a given change in tendon length, the variability in this parameter does not
affect the relative sensitivities (i.e., Figure 5.2 is not affected). However, it does affect the magni-
tude of the changes in force and moment. Thus, Figures 5.6, 5.7, and 5.8 are affected by PCSA.

Measurements of pennation angle are very consistent [43, 141]. We are therefore confi-
dent in the values used in this study, especially since small changes in pennation angle have very
little effect on the sensitivity of muscle force to changes in tendon length.

Since no experimental measurements of tendon slack length have been reported, we have
performed a sensitivity study to assess the accuracy of our estimates of tendon length (see Section
4.6). Briefly, we are confident in our estimates of tendon length for muscles with large ratios of
tendon length to fiber length (e.g., soleus, tibialis posterior, gastrocnemius). We are less confi-
dent in our estimates of tendon length for muscles with small ratios of tendon length to fiber
length (e.g., iliopsoas, semitendinosus). However, since force is less sensitive to changes in
tendon length for these muscles, accurate estimates are less critical since an error in tendon length

has a smaller effect on the muscle force curve.
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5.5.2 Assumptions and Limitations

It is important to discuss the assumptions and limitations of using our model to study the
mechanics of tendon lengthenings. First, our sensitivity results do not account for the effects of
muscle-tendon adaptation. Patients are usually immobilized after tendon surgery. Immobiliza-
tion can cause muscle atrophy, and thus a decrease peak muscle force [142]. Several investiga-
tors have shown that the number of sarcomeres in a muscle fiber changes as a result of
immobilization, and that this change depends on the angle at which the joint is immobilized [125,
142]. Immobilization can also change the elasticity of tendon [144]. In our model, each muscle’s
peak force, fiber length, and tendon elasticity can be altered to simulate the mechanical effects of
muscle-tendon adaptation. However, these parameters were kept constant in Figures 5.2, 5.6, 5.7,
and 5.8. In these figures, our objective is to quantify the variation in the sensitivities of the
muscle forces and joint moments that result from the normal differences in the muscle-tendon
parameters.

The differences in the muscle-tendon parameters among muscles is much larger than the
changes in these parameters that could result from adaptation. For example, optimal muscle-fiber
lengths have been shown to increase 20% when held in an elongated position [125], whereas the
differences in the fiber lengths between muscles in the lower extremity can be as large as 1000%
[43, 141]. Thus, we do not expect that muscle-tendon adaptation would affect the relative sensi-
tivities presented in Figure 5.2.

This is not to say that adaptation is unimportant in determining the biomechanical conse-
quences of tendon lengthenings. It is in fact very important, especially for muscles that are sensitive
10 a parameter change. If a muscle’s force curve is sensitive to a change in fiber length, then small
changes in fiber length, caused by adaptation, could significantly affect the force-generating charac-
teristics. For instance, muscle fibers may shorten as a result of being immobilized in a shortened
position [142]. This not only decreases the range of joint angles over which the muscle develops
force, but also changes the force developed at each angle. Muscles that are not sensitive to a param-
eter change must adapt much more to have a significant effect on the force-generating characteristics.

The effects of skeletal growth also confound biomechanical analysis of tendon lengthening.
Truscilli et al. postulated that the lack of muscle growth during bone growth is often the cause of
equinus in children with cerebral palsy [131]. We have not attempted to account for the effects of
skeletal growth, or any temporal effects, on the muscle force curves. Thus, Figures 5.2, 5.6, 5.7,
and 5.8 should be interpreted as the acute changes in the muscle forces and joint moments that
result from increasing tendon lengths, not as the changes that would result after growth and
adaptation,

A second limitation is that we have used a model of a nominal lower extremity. This
model is assumed to have normal muscle-tendon properties and parameters. However, tendon
lengthenings are frequently performed on stroke and cerebral palsy patients, whose condition may

65



5 Analysis of Tendon Lengthenings

be complicated by muscle-tendon contracture. How then can we use this nominal model to gain
insight into the biomechanical aspects of surgeries performed on patients whose muscle-tendon
parameters may not be normal?

If experimental data were available to indicate how the muscle-tendon parameters are
affected by CNS lesions such as stroke or cerebral palsy, we could modify the parameters of the
model to represent these pathologic changes. Unfortunately, no such experimental data exist.
However, we can use the nominal model to study how pathologic changes would affect the sensi-
tivity of the muscle forces. For example, if the muscle fibers in cerebral palsy patients are shorter
than the average values used in this study, then the sensitivities of the muscle forces to changes in
tendon length would be greater than the sensitivities presented here. Further, through analysis of
the nomiral model, we have found that very small changes in muscle-fiber lengths or tendon
lengths of the ankle plantarflexors have significant effects on the muscle forces and ankle
moments. The same changes in fiber length or tendon length have smaller effects at the hip and
knee. This may explain why ankle equinus is the most common deformity requiring surgical
attention in both stroke [107] and cerebral palsy [45], although this also may occur since spas-
ticity generally increases distally in these patients.

Although a significant amount of experimental data is needed to understand how muscle-
tendon parameters are affected by various pathologic conditions, our sensitivity studies can guide
these experimenial investigations to determine the most relevant parameters to be measured. We
have found that muscle-fiber length is the most important parameter in determining the sensitivity
of muscle force to changes in tendon length. Initial investigations should therefore focus on
determining how fiber length is affected in pathologic states.

Finally, it is important to note that the resuits of tendon lengthenings are unpredictable, in
part, because of the abnormal muscle activation paitems that occur in patients with CNS lesions.
We have not attempted to account for abnormal muscle activity since it is highly variable [106]
and difficult to quantify. Rather, we assumed that muscle activation is constant and quantified
the effects of the muscle-tendon parameters and musculoskeletal geometry on the moment-
generating capacity of the muscles. Since tendon surgery directly affects the moment-generating
potential of the muscles, it is essential to understand these effects in order to design effective

tendon surgeries.

5.5.3 Clinical Implications

The sensitivity results have practical implications with regard to tendon lengthenings. We found
that the forces and moments developed by soleus and gastrocnemius change significantly with
small changes in tendon length. This suggests that the Achilles tendon should be lengthened con-
servatively to avoid plantarflexion weakness. Clinical studies also suggest conservative length-
ening of the Achilles tendon [9]. The observation that tendoachilles lengthening may weaken
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soleus more than gastrocnemius supports those who recommend isolated gastrocnemius length-
ening as a means to control plantarflexion weakness in cerebral palsy patients [98). In contrast to
soleus and gastrocnemius, the force and moment developed by iliopsoas is relatively insensitive
to changes in tendon length. This suggests that it can be lengthened more aggressively without
much decrease in force. The difference in the fiber lengths of the muscles of the hamstrings has
similar implications for surgeons who lengthen more than one of the hamstrings,

Our results can also be applied to understand the mechanics of tendon transfers. If the
force developed by a muscle is sensitive to changes in its tendon length, then it is also sensitive to
changes in its origin-to-insertion length. That is, if a muscle’s maximum isometric force
decreases a certain amount from lengthening its tendon 2 cm, then the force would decrease by
the same amount if a tendon transfer decreased the origin-to-insertion length 2 cm. Thus, the sen-
sitivity results presented above apply to both tendon lengthenings and tendon transfers.

There are practical implications of this connection between tendon transfers and tendon
lengthenings. If a muscle that is sensitive to length change (e.g., tibialis posterior) is to generate
active force after a transfer, the transfer must be performed such that the muscle fibers are near
optimal length. This may be difficult to accomplish for a muscle with high sensitivity to changes
in length. On the other hand, muscles that are less sensitive to length change (e.g., rectus fem-
oris) are more likely to generate active force after a transfer, even if the origin-to-insertion length

is changed significantly.
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6.1 Abstract

Although the Chiari osteotomy is usually effective in reducing pain, many patients are left with a
long-term limp. The postoperative limp can at times be caused by hip abductors that have
strength insufficient to counteract the moment from body weight during single-leg stance. To
study how the surgical technique affects the hip abductor muscles, we developed a biomechanical
model that computes the postsurgery pelvic geometry and the resulting hip abductor moment
given three surgical parameters: angulation of the osteotomy, distance of medial displacement,
and angle of internal rotation. The computer simulations of the Chiari ostectomy showed that
some sets of surgical parameters conserve abductor moment while others greatly reduce it. Simu-
lated surgeries with high angulation and large medial displacement reduce gluteus medius
abductor moment by up to 65%. This combination of surgical parameters may, therefore, account
for some instances of the postoperative limp. In the model, high angulation reduces the length of
gluteus medius and is the primary cause of reduced abductor strength. Simulated horizontal oste-
otomies (0° to 10°) were found to best conserve both muscle length and abductor moment.

6.2 Introduction

Treating subluxation of the hip, whether from congenital disorders, neuromuscular problems, or
acquired disease, remains a challenge. Subluxation of the hip with secondary acetabular dys-
plasia is particularly difficult to manage when it becomes irreducible. To solve this problem,
Chiari devised a medial displacement osteotomy of the pelvis [22]. Initially, he recommended this
procedure for all dysplastic hips; however, Chiari later stated that the medial displacement oste-
otomy is indicated only in children older than four years when Salter [117] and Pemberton [104]
procedures are contraindicated [23]. Since its introduction, the Chiari osteotomy has become
widely used to treat pain and instability of the hip in both children and adults [3, 8, 18, 24, 26, 31,
51,52, 61,79, 120].

In Chiari's procedure, the osteotomy starts from the lateral surface of the ilium at the level
of the superior margin of the acetabulum, and is directed medially and superiorly. Once the oste-
otomy is complete, the distal fragment is displaced medially to create a bony ceiling above the
femoral head. Increased femoral head coverage improves hip stability. Medial displacement of
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the hip also reduces the body-weight moment arm (the perpendicular distance between the body-
weight force vector and the hip joint center) thereby decreasing the abductor moment required to
counteract gravity [90].

Even though the Chiari osteotomy putatively reduces the gravitational moment that must be
counteracted by the hip abductors, many patients develop a Trendelenburg gait after surgery [3, 8,
18, 120]. The Trendelenburg gait occurs when the hip abductors are unable to support the
moment from body-weight; consequently, the pelvis drops to the contralateral side during single-
leg stance [64, 105]. Patients with weak abductors also frequently lurch over the involved hip to
compensate for the weak muscles [65, 105]. The limp from abductor weakness must be differen-
tiated from an antalgic gait which is similarly characterized by the patient leaning over the
involved hip, in this case, however, to reduce the compressive joint load [66]. Although some
have reported very few cases with the postoperative limp from abductor weakness [24, 79}, others
have reported many [3, 8, 18, 120]. For example, Schutze and Kramer [120] reported that the
Chiari osteotomy gave unsatisfactory results in 39 of their 82 patients, primarily because of
decreased abductor muscle strength. In a long-term follow-up study, Calvert et al. [18] reported a
positive Trendelenburg sign in 76% and a severe limp in 56% of their 49 cases after surgery.
Bailey and Hall [3] reported that 14 of 18 patients exhibited a Trendelenburg gait after a Chiari
osteotomy was performed for acetabular dysplasia. It is puzzling that a procedure that presum-
ably reduces the abductor moment required for pelvic stability, often leads to a Trendelenburg
gait.

We hypothesize that surgical modification of the musculoskeletal geometry may substan-
tially reduce hip abductor strength and thus cause the limp. Because the distal fragment, with the
hip joint and muscle insertions, moves relative to the proximal fragment, muscle lengths and
moment arms are changed by the surgery. These mechanical changes may hinder the capacity of
the muscles to generate sufficient force and moment to support the pelvis during walking.

We developed a biomechanical model of the Chiari osteotomy to study how the surgical
parameters affect hip abduction moment. Our objective was to determine if certain combinations
of the surgical parameters significantly reduce abductor moment, and to find a surgical technique
that conserves abductor moment. This chapter first describes mathematical models of both the
surgical procedure and hip musculature. The results of two simulated surgeries are then shown to
illustrate how the surgical parameters combine to affect abductor moment. Families of curves are
also presented to show the change in hip abductor moment for each surgical parameter. Finally,
we discuss the clinical significance of these findings.

6.3 Methods
To study how the Chiari osteotomy affects hip abductor moment, we developed a computer
model to simulate the mechanical effects of the surgical procedure. The model is composed of
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two parts: (1) a surgical model that computes the locations of the muscle insertions and the hip
joint center given values for the surgical parameters, and (2) a musculoskeletal model that calcu-
lates the maximum isometric hip abductor moment given coordinates for the muscle attachments
and the joint center, and values for the muscle-tendon parameters.

6.3.1 Surgical Model

We performed a preliminary anatomical study to ascertain how the changes in muscle attachment
locations, resulting from a Chiari osteotomy, could be characterized. On each of three fresh
cadavers, the most anterior and posterior points of the gluteus medius origin were first marked
with metal pins. The line connecting these two points was bisected, and marked with a pin, to
locate a third point representing the medial origin. The distance from origin to insertion (muscle-
tendon length) was then measured as the distance from each of the three metal pins to the inser-
tion on the greater trochanter. We performed a Chiari osteotomy on each cadaver with various
angulation and displacement. The muscle-tendon lengths were again measured on each cadaver.
Measured changes in muscle-tendon length showed that it was nearly impossible to perform the
osteotomy with no relative rotation of the two bone fragments. We therefore included an internal
rotation angle (representing the relative rotation) in the surgical model in addition to the angula-
tion and the displacement.

As a result of the anatomical study and my colleagues’ (Eugene Bleck and Gerard Bollini)
clinical experience, we characterized the Chiari osteotomy with three geometric parameters:
angulation of the osteotomy (ang), distance of medial displacement (dis), and angle of internal
rotation (rot) (Figure 6.1). Angulation and displacement were defined by their projection in the
frontal plane. Relative rotation of the two bone fragments was computed about a vertical axis

Figure 6.1. Surgical parameters. The
Chiari osteotomy was characterized by
the angulation of the osteotomy (ang),
distance of medial displacement (dis),
and the internal rotation angle (rot).
From Delp et al. [29].
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passing through the sacroiliac joint. Even though the proximal fragment of the innominate bone
may rotate about the sacroiliac joint, it was assumed to remain fixed while the distal fragment
translates and rotates as a rigid body. The abductor muscle origins are therefore unchanged in the
surgical model, but the joint center and muscle insertions do change, and were computed with
three-dimensional geometric transformations. The surgical model thus calculates the postsurgery
hip joint center and muscle insertions given values for the surgical parameters.

6.3.2 Musculoskeletal Model ¥

The musculoskeletal model describes not only the geometric relationships of the muscles and
bones (the musculoskeletal geometry), but also the muscle-tendon parameters, so that the max-
imum isometric hip abductor moment can be computed at any hip abduction angle. The muscu-
loskeletal model thus consists of coordinates for muscle attachments and a model for each
muscle-tendon compartment.

Presurgery coordinates for the three primary hip abductors were taken from data reported
by Brand et al. [13]. Two of the hip abductors, gluteus minimus and tensor fasciae latae, were
modeled as single lines from origin to insertion. The third, gluteus medius, was decomposed into
anterior, medial, and posterior muscle-tendon compartments (Figure 6.2). From purely musculos-
keletal geometric data, muscle moment arms and muscle-tendon lengths (origin to insertion
lengths) can be computed. However, to find abductor moment (the product of force and moment

arm), muscle force must also be calculated.

Figure 6.2. Musculoskeleial coordi-
nates for the gluteus medius. Oy , Opy ,
and Op, represent anterior, medial, and
posterior muscle origins, respectively.
I represents the muscle insertion. H is
the hip joint center.  Muscle-tendon
length (solid line) and muscle moment
arm (dashed line) can be computed
from these coordinates. From Delp et
al. [29].

1 The musculoskeletal model of the human hip that was used to analyze ihie Chiari osteotomy was developed
before the graphics-based model of the entire lower extremity. Thus, some of the muscle attachment coordi-
nates and muscle-tendon parameters are slightly different than those presented in Appendices A and B. These
slight differences do not affect the basic conclusions of this analysis.
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To compute maximum isometric muscle force as a function of muscle-tendon length we
formulated a model for each of the five muscle-tendon compartments (one for gluteus minimus,
one for tensor fasciae latae, and three for gluteus medius). Each muscle-tendon model, which
accounts for the static properties of both muscle [48] and tendon [144] of that compartment, was
formed from a generic model [150). When the generic model is scaled by a muscle's physiolog-
ical cross-sectional area, optimal muscle-fiber length, and tendon slack length, the force-length
relation of a specific muscle-tendon compartment can be computed [150]. Nominal values for
physiological cross-sectional area were taken from Brand et al. [14]. Muscle-fiber lengths were
taken from Friederich and Brand [43]. When muscle attachments are specified, as above, tendon
slack length (tendon’s length at which force begins to develop on elongation of a muscle-tendon
complex) determines the joint angles where a muscle-tendon compartment develops moment
[150]. Tendon slack length was specified so that the abductor moment computed with the muscu-
loskeletal model matched moment measured during maximum voluntary contraction of the hip
abductors under isometric conditions [99] (Figure 6.3, below). Passive muscle force was not
included in this analysis; hence, the muscle-tandon model computes maximum, active muscle
force at any muscle-tendon length.

Once muscle attachment sites and muscle-tendon parameters were specified, maximum iso-
metric hip abductor moment was computed as follows. First, at each joint angle, the length of each
muscle-tendon compartment was calculated as the magnitude of the vector from its origin to its
insertion. The muscle-tendon model was then used to find the muscle force at the computed
length. Abductor moment for each muscle compartment was computed as the moment of muscle
force about the hip joint center. Individual muscle moments from gluteus medius (three compo-
nents), gluteus minimus, and tensor fasciae latac were summed to find the total abduction moment.

6.3.3 Simulations of Surgery

The surgical and musculoskeletal models were combined to simulate the effect of a Chiari oste-
otomy on abductor moment. To initiate a surgery simulation, a value for each surgical parameter
was specified. The surgical model then computed the postsurgery muscle insertions and the joint
center. These intermediate results were subsequently used in the musculoskeletal model to com-
pute postsurgery gluteus medius abductor moment for joint angles ranging from 15° to 45° of
abduction. Both presurgery and postsurgery moments were then plotted versus hip abduction

angle.

6.4 Results

Figure 6.3 compares the computed presurgery hip abductor moment to the moment measured
during maximum voluntary isometric contraction of the hip abductor muscles [99]. Notice the
close correspondence between computed and measured hip abductor moment (compare the thick-
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Figure 63. Comparison of computed
and  experimental hip  abductor
moments. Computed moments of tensor
fasciae latae (dotted line), gluteus min-
imus (dashed line), and the three com-
partments of gluteus medius (thin-solid
line) were summed to produce the total
computed moment (thick-solid line)
which compares well with abductor
strength measurments [99]  (large
dots). The average gluteus medius
moment arm is the gray line. The
shaded area represents the range of hip
abduction used in walking (-5° to +7°).
From Delp et al. [29].
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solid line and the large dots). The peak moment and the shape of the curve (decreasing moment
with abduction) generated by the model also correspond with other measurements of hip abductor
strength [89, 95].

Moment decreases as the hip abducts because the muscles develop less force as their fibers
shorien with abduction. The model shows that the gluteus medius moment arm does not decrease
with abduction (gray line, Figure 6.3). Moment arms of similar magnitude have also been meas-
ured radiographically [99]. Since abductor moment is the product of muscle force and moment
arm, and since moment arm does not decrease, the decrease in abductor moment with increasing
abduction must result from decreased muscle force. it is also clear that abducting the hip brings
the muscle origins and insertions closer together—shortening the muscle. As the muscle gets
shorter with abduction, there is a decrease in muscle force. It can be concluded, therefore, that
the hip abductors normally operate on the ascending region of their force-length curve.

Figure 6.3 also shows that the gluteus medius (thin-solid line) contributes about 70% and
the gluteus minimus (dashed line) contributes about 20% to the total hip abductor moment (thick-
solid line) near anatomical position (shaded region). Since these two muscles provide such a
large proportion of the total moment, it is necessary that each muscle operates on the ascending
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region of its force-length curve (i.e., force decreases as the muscle shortens) in order to match
experimental data [89, 95, 99].

The gluteus medius and minimus have similar paths from the lateral surface of the ilium to
the greater trochanter and were therefore affected similarly in the simulations of surgery.
Because gluteus medius has more than twice the cross-sectional area of gluteus minimus [14, 25],
and since the hip operates between -5° and 7° of abduction during gait [68], the results focus on
moment produced by the gluteus medius in that region.

Simulation of the surgery showed that some sets of surgical parameters conserve gluteus
medius abductor moment while others reduce it significantly. For example, with -5° of angula-
tion, 10° of external rotation, and 15 mm of medial displacement (technique 1), postsurgery
abductor moment is reduced by only 10% at anatomical position (Figure 6.4A). In contrast, 30°
of angulation, 10° of internal rotation, and 30 mm of medial displacement (technique 2) reduces
postsurgery abductor moment by 65% at anatomical position (Figure 6. 4B).

A Technique 1 B Technique 2
60 pr— ang (-5° r— ang | 30°
rot |-10° rot | 10°

dis | 15mm dis | 30mm

40~

Hip Abductor Moment (N-m)

-10 [ 10 20 0 40 -10 [+] 10 20 30 40

Hip Abduction Angle (deg)

Figure 6.4. Results of two surgery simulations. Presurgery gluteus medius abductor moment (upper curve)
is compared with postsurgery gluteus medius moment (lower curve). The darkly shaded area highlights the
difference between presurgery and postsurgery curves in the range of hip abduction used in walking (entire
shaded area). (A) Technique 1, a nearly horizontal osteotomy, conserves abductor moment. (B) Technique
2, with high angulation, reduces abductor moment significantly. From Delp et al. [29].

Tabie 6.1 shows moment arm, muscle force, muscle-tendon length, change in muscle-
tendon length, and abductor moment computed in the two simulated surgeries. With technique 1,
the average muscle moment arm is the same as before surgery; the muscle-tendon length is
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decreased by only 1 cm, and consequently the muscle force, which depends on muscle length, is
reduced by only 15%. Since both moment arm and muscle force are altered very slightly, tech-
nique 1 preserves abductor moment. Even though technique 2 increases the muscle moment arm,
there is a decrease in abductor moment because of reduced muscle force. The muscle is able to
develop much less force because the high angulation, combined with the large medial displace-
ment, brings the gluteus medius insertion closer to the origin, reducing the muscle-tendon length
by 2.6 cm. Because the muscle fibers of the gluteus medius are short (5-8 cm), the 2.6 cm change
represents a large decrease in length (52-32%). This large decrease in muscle-fiber length causes
a 68% reduction in muscle force in technique 2.

Table 6.1. Gluteus Medius Parameters at Anatomical Position

Muscle- Change in
Tendon Muscle-  Abduction
Moment Arm  Muscle Length Tendon Moment
(cm)*  Force (N) (cm)*  Length(cm)  (Nm)f

Presurgery 45 1300 12.5 n/a 59
Technique 1 45 1100 11.5 -1.0 53
(Fig. 6.4A)
Technique 2 5.0 410 9.9 -2.6 21
(Fig. 6.4B)

* Average of the three gluteus medius components weighted by physiologic cross-sectional area.

T Abduction moment was computed as the sum of the individual moments from the three com-
ponents of the gluteus medius, which does is not necessiarly equal the average muscle
moment arm times muscle force.

Figure 6.5 shows how each surgical parameter affects the postsurgery abductor moment.
Postsurgery abductor moment decreases, as the angulation of the osteotomy increases (Figure
6.5A), suggesting that angulation should be kept near the horizontal to preserve gluteus medius
strength. The intemnal rotation angle has little effect on the postsurgery abductor moment (Figure
6.5B). The effect of medial displacement depends on the angulation. Figure 6.5C shows that
increasing displacement significantly reduces abductor moment, when angulation is above the
horizontal. With a flat osteotomy (Figure 6.5D), increasing the length of medial displacement has
a small effect on abductor moment. A nearly horizontal osteotomy therefore allows large dis-
placement without a significant decrease in abductor moment.

Hip abductor moment may decrease from a reduction in either muscle force or muscle
moment arm. Because muscle force is a function of its length, it is essential to consider the effect
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Figure 6.5. The effect of each surgical parameter on gluteus medius abductor moment. The shaded area
represenis the range of hip abduction used in walking. (A) Effect of angulation. Moment decreases as
angulation increases, suggesting that the angulation should be kept as small as possible to preserve
abductor moment. (B) Effect of internal rotation angle. Postsurgery gluteus medius abductor moment is
higher with 20° of internal rotation (dots) than with 20° of external rotation (dashes) because the maximum
moment arm occurs at 15° of internal rotation. The presurgery curve is the solid line. (C) Effect of medial
displacement with large angulation. Abductor moment decreases as displacement increases when angula-
tion is above the horizontal. (D) Effect of medial displacement with a flat osteotomy. Abductor moment is
preserved, even with large displacement, when the osteotomy is horizontal. From Delp et al. [29].
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of surgery on muscle-tendon length. As the angle of the osteotomy is increased cephalad, the glu-
teus medius length is decreased. Also, when the angulation is above the horizontal plane,
increasing the length of medial displacement further reduces muscle-tendon length. Surgical sim-
ulations with both large angulation and displacement greatly reduce muscle length, leaving the
muscle almost fully shortened at anatomical position. A reduction in muscle length reduces
muscle force, causing a large decrease in abductor moment. Internal rotation lengthens the poste-
rior aspect of the gluteus medius and shortens the anterior aspect. External rotation has the oppo-
site effect. In the model, the maximum frontal plane moment arm occurs at about fifteen degrees
of internal rotation. The reduction in abductor moment due to change in muscle moment arm was
found to be much less significant than the reduction caused by decreased muscle length.

6.5 Discussion

Our computer simulations of Chiari osteotomy mechanics show that certain sets of surgical
parameters (i.e., surgical techniques) cause a dramatic reduction (e.g., 65%) in gluteus medius
abduction moment. Is this enough to cause a limp? It has been estimated the abductors must gen-
erate a force of approximately 1.5 times body weight for normal walking [90]. Under this
assumption, a person weighing 78kg must generate about 1200N of abductor force to support the
pelvis during gait. In a study of abductor muscle strength, thirty male subjects, with an average
weight of 78kg, were able to produce an average abductor force of 2100N at anatomical position
[99]. In this case, a 45% decrease in abductor strength would leave about 1200N—the amount
required for normal walking. Therefore, a decrease in force (moment) greater than 45% would
presumably cause a limp. These experimental results agree with the clinical finding that about
half of the maximim moment of the hip abductors, unlike other muscle groups, is required for
normal walking [105].

Because the changes in abductor moment due to moment arm effects are small compared to
those caused by reduced muscle length, the limp from abductor weakness, after the Chiari oste-
otomy, is more likely caused by shortening the muscle than by reducing its moment arm. Bailey
and Hall [3] have suggested that shortening the gluteus medius caused the Trendelenburg gait.
However, they explained the limp in terms of reduced muscle moment arm instead of reduced
muscle force, stating that the Chiari osteotomy “ . . . brings the insertion of the gluteus medius
closer to its origin and destroys the fulcrum around which it functions, thus the often persistent
Trendelenburg gait [3].” The computer model, which isolated the effects of muscle iength and
muscle moment arm, clearly showed that changing muscle length is more important than muscle
moment arm.

Gougeon et al. [51] have suggested that the Chiari osteotomy be performed as vertically as
possible (i.e., with high angulation) to ease medial displacement and improve femoral head cov-
erage. However, our simulations indicate that high angulation shortens the gluteus medius, causing
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a reduction in abductor moment, thus increasing the risk of a persistent limp. These results suggest
that the angulation be kept less than 10° above the horizontal to prevent excessive shortening of the
gluteus medius and to preserve abductor strength. If a horizontal osteotomy is not possible, muscu-
loskeletal geometry should still be adjusted to preserve the length of the gluteus medius.

Maintaining the length of the hip abductors is also important in other operative procedures.
For example, trochanteric osteotomy has been proposed as a method for increasing the length of
the hip abductor muscles to preserve abductor moment in patients undergoing total hip arthro-
plasty [21]. While some have seen good results with this technique [21, 34, 73], others have
reported little or no evidence of improved abductor strength with increasing length [50, 92]. A
recent study of 53 patients, however, showed that the best moment values were achieved by
keeping the gluteus medius within 1 cm of its original length [10]. This clinical finding is in
agreement with the model presented here, in which the gluteus medius operates near optimal
length (producing maximum force) at anatomical position. In this case, both dramatic length-
ening or shortening would result in decreased active muscle force at anatomical position. In
Chiari's procedure, it is usually possible to maintain gluteus medius length without a trochanteric
osteotomy.

It is important to discuss the assumptions and limitations of this study. First, with regard to
the musculoskeletal model, we assumed that the muscle-tendon parameters (physiological cross-
sectional area, optimal muscle-fiber length, and tendon slack length) were not affected by the sur-
gery. Only the effect of musculoskeletal geometry on abductor moment was considered, even
though muscle atrophy or nerve damage could certainly cause abductor weakness. In fact, a wide
variety of biological and psychological factors that could lead to the Trendelenburg limp were
neglected because they are very difficult to model. For example, a postoperative patient appre-
hensive of pain may instinctively lean over the involved hip to decrease the compressive joint
load by reducing the tension in the hip abductors. If this pattern of walking should become
habitual, it could lead to disuse atrophy of the hip abductors and a chronic Trendelenburg limp.
The causes of a limp following surgery are multifarious, and it was not our intention to account
for all of them. Rather, our objective was to determine if there could be a biomechanical basis for
the decrease in abductor strength following the Chiari osteotomy. For this purpose, analysis of a
computer model, which isolates the effects of each surgical parameter on abductor moment and
leaves muscle physiological properties constant, as performed here, seems to be a reasonable
approach.

Second, the contribution of gluteus maximus to abductor moment was not included.
Although the anterior fibers of the gluteus maximus can contribute to abductor moment, modeling
showed that they only become significant at high angles of abduction. Near the anatomical posi-
tion (i.e., near 0° of abduction), gluteus maximus was found to contribute very little 10 abductor
moment. Because the hip operates near 0° of abduction during walking [68], this study focused
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on gluteus medius since it provides such a large proportion of the total abduction moment in that
region. Considering gluteus medius alone is further justified by its similarity to gluteus minimus
since they were affected similarly in the surgery simulations and, together, contribute over 80%
of the total abductor moment near anatomical position.

Finally, the Chiari osteotomy was modeled with only three geometric parameters.
Although the geometry of an actual osteotomy is certainly more complex, (e.g., there may be
rotation about an anterior-posterior axis) many clinically reasonable configurations of pelvic
geometry may be approximated with these three parameters. The geometric changes calculated
with the surgical model make intuitive sense (e.g., high angulation combined with displacement
shortens the gluteus medius) and are in accord with both our anatomical study and geometric
models of proximal femoral osteotomies [15].

6.6 Conclusion

The conclusion that a nearly horizontal osteotomy preserves abductor moment is not sensitive to
the details of the model, but is based only on the following general observations: (1) high angula-
tion reduces the distance between origin and insertion of the gluteus medius. A more horizontal
osteotomy preserves gluteus medius length; (2) decreasing the length of the gluteus medius
reduces the force it can develop whereas maintaining its length preserves abductor muscle force

and moment.
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7 Conclusion

The goal of this dissertation was to explore the utility of simulating the effects of various surgical
procedures on the moment-generating capacity of the lower-extremity muscles. To achieve this
goal, we developed a computer graphics system to analyze and design musculoskeletal recon-
structions of the lower limb. The summary result is that our existing surgery simulator can be
used to gain insight into how the parameters of various surgical procedures affect muscle
strength. A significant amount of future work is needed to simulate surgeries on individual
patients.

Work on this surgery simulation project will continue beyond the scope of this dissertation.
However, with the completion of the first graphics-based model of the human lower extremity,
and its application to a variety of clinical problems, several punctuation marks are in order. This
chapter summarizes the contributions of this dissertation, outlines some of the limitations of the
existing system, and lays out plans to expand the limits and applications of surgery simulation.

7.1 Contributions
As described in Chapter 2, other surgery simulation and musculoskeletal modeling projects are
underway. Within the context of these efforts, the main contributions of this dissertation are:

* creation of a software system that enables users to develop, alter, and analyze models
of many different musculoskeletal structures on a computer graphics workstation,

* development of a graphics-based model that describes the isometric moment-
generating characteristics of all the major muscles in the lower limb,

« analysis of the biomechanical consequences of tendon transfers, tendon lengthenings,
and pelvic osteotomies.

The next three sections summarize each of these contributions and outline extensions of this work.

72 Applications and Extensions of the Musculoskeletal Modeling Software

As part of the surgery simulation project, we have developed a software system that allows one to
create, modify, and analyze models of a wide variety of musculoskeletal structures. To date, we
have used this software to develop a model of the human lower limb only. However, there are
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several other applications of this software. For example, the software can be used to develop
models of other musculoskeletal structures, such as the upper limb and hand. To develop these
models, one must describe the surface geometry of the bones, define the paths and parameters of
the muscles, and specify the kinematics of the joints. The software tools, such as the joint editor
and the muscle editor, make the process of developing a model very efficient.

A model of the upper limb or hand could be used to simulate tendon transfers as we have
done with the lower-limb model. Tendon transfers in the hand are commonly performed in
stroke, trauma, cerebral palsy, and spinal cord injury patients [9, 11]. Since the objective of these
procedures is to supplement the function of lost or dysfunctional muscles, correct selection of
muscles for transfer and optimal routing of the tendon paths is essential so that the transferred
muscles can generate the moments needed to regain the lost function. The graphical manipula-
tion of muscle-tendon paths and joint kinematics that is possible with our software provides an
excellent environment in which to explore various surgical options. This is similar to the
approach used by Buford and Thompson [16] to simulate tendon transfers in the hand. However,
since they do not calculate muscle-tendon forces, their analysis of simulated tendon transfers is
limited to the effects on moment arms and muscle-tendon excursions. If their detailed models of
the thumb and finger tendons [128] were implemented within our system, evaluation of simulated
surgeries would include muscle forces and joint moments.

The applications of this software are not limited to simulating surgery. Musculoskeletal
models are also needed to actuate dynamic models of human movement. For instance, in our lab
alone, distinct musculoskeletal models have been developed to study walking [147], standing
[70], jumping [103], and postural control [49]. Other research groups have developed musculo-
skeletal models to study the forces and moments generated in the frog [80] and the cat [76, 149].
Indeed, a large number of musculoskeletal models have been developed independently, each
requiring a great deal of effort to create. Since our software assists in developing models of many
different musculoskeletal structures, it can enhance the productivity of investigators working on
diverse problems in biomechanics.

One of the limitations of using our existing software to develop models for studying the
dynamics of movement is our model of muscle and tendon. The current muscle-tendon model
computes maximum isometric force by assuming that the muscles are maximally activated and
held isometric. These conditions are approximated when measuring isometric moments during
maximum voluntary contractions, but rarely occur during movement. Thus, our muscle-tendon
model must be modified to include muscle-tendon dynamics and variable activation to be used for
dynamic analysis [150]. Since the muscle-tendon model is a distinct module within our software,

including muscle-tendon dynamics and variable activation is straight-forward.
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7.3 Applications and Extensions of the Lower-Extremity Model

Our model specifies the musculoskeletal geometry and musculotendon parameters of forty-three
muscles in the lower limb. With this model the maximum isometric force and joint momenits that
each muscle develops can be computed at any body position. The model can be manipulated on
the computer graphics system to study how each model parameter affects muscle strength.

We are enhancing the graphical interface to the model so that it can be used to analyze move-
ment. Currently, the user interface allows only one joint angle to be varied at a time. We are now
adding the capability to simultaneously vary multiple joint angles by reading an animation sequence
that specifies the joint angles for an activity, such as walking or cycling. An animation sequence can
be created from motion-analysis data or dynamic simulations of movement. Animating the lower
limb model will provide a new tool for analyzing normal and pathologic movement. Imagine the
following scenario. A child with cerebral palsy is examined in a gait-analysis laboratory. Rather
than analyzing plots of the joint angles vs. percent of gait cycle, as is routinely done, we will be able
to display the child’s movement as an animated figure. The animated motion can be analyzed from
any viewing perspective, at any speed, on the computer screen [28). Further, the lengths and veloci-
ties of each muscle-tendon complex, as determined from the joint angles and velocities, will be
plotted along with the animated figure. Thus, presurgery and postsurgery gait can be compared in
terms of muscle-tendon lengths and velocities. Since lengths and velocities will be calculated using
the nominal model, they must be normalized (e.g., muscle-tendon length can be nomalized by
length at anatomical position). This approach, which has been used to analyze the lengths of the
hamstrings in cerebral palsy walking [111], will be extended to include all the muscles in the lower
limb with our model.

We are also creating the capability to analyze the accelerations induced by the muscles
[151] during any activity. To do this, additional input files that specify the body’s inertial param-
eters and equations of motion are needed. For a given activity (e.g., walking), the software will
calculate the muscle-induced accelerations at each point in the motion sequence. The motivation
for this analysis is as follows. With surgery simulation, we now have a tool to study how surgery
affects the capacity of muscles to generate force. But, we really have no idea of how the changes
in the muscle forces affect the angular accelerations of the joints. To help design gait-correcting
surgeries, both forces and induced accelerations should be analyzed.

7.4 Clinical Applications
This section summarizes the clinical findings from completed surgery simulations and sug-

gests applications to other clinical problems.

Summary of clinical findings. We have applied our model of the lower limb to analyze tendon
lengthenings and pelvic osteotomies. Our analysis of tendon lengthenings (Chapter 5) indicates
that the forces generated by the ankle plantarflexors are extremely sensitive to surgical length-
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ening of tendon. Other muscles are much less sensitive. Quantifying the sensitivity of the muscle
forces and joint moments to changes in tendon length provides important new data needed to
design effective tendon surgeries. Our simulations of the Chiari pelvic osteotomy (Chapter 6)
revealed that the limp from abductor weakness, which often occurs after this procedure, may be
caused by shortening of the abductors. Shortening the abductors can be avoided by keeping the
angulation of the osteotomy less than 10° above the horizontal.

Application to muscle-tendon surgery. Surgery simulation can provide information relevant to
three situations that arise in muscle-tendon surgery. In some situations, the forces and moments
generated by a spastic or contracted (shortened) muscle are extremely disruptive to movement, so
the surgeon chooses to eliminate the muscle completely (e.g., with tenotomy). Our model can
estimate how total joint moment changes when a muscle is eliminated. A second situation arises
when a surgeon wants to weaken a muscle via tendon lengthening, but not eliminate it com-
pletely, because this may cause too much weakness or an imbalance of joint moments. In this sit-
uation, we can estimate how force changes for a given increase in tendon length and how this
change affects the total joint moments (strength). The third situation is transferring a tendon to
change its function. We can answer three guestions relevant to tendon transfers. They are: (i) Is
it possible to achieve the desired postsurgery forces and moments given the parameters (i.e., peak
force, fiber length, tendon length) of a candidate muscle? (i) How can the geometry of the
transfer be optimized to achieve maximum force and moment over the desired range of motion?
(iii) How much strength is lost from the donor site?

Several common surgical procedures could be analyzed to answer the questions posed
above. Results of these analyses should be presented to a clinical audience. Specifically, I sug-
gest that a detailed analysis of Achilles tendon lengthening be performed to study the changes in
the plantarflexion moment vs. ankle angle curve that are caused by this commeon surgical proce-
dure. This analysis should consider the effects of muscle-tendon contracture. 1 also suggest an
analysis of hamstring lengthenings to demonstrate the effects of these surgical procedures on the
knee and hip moment curves. To support the analysis of hamstring lengthenings, it would be
helpful to model lengthening of the internal tendon, since the aponeurosis of semimembranosus is
commonly lengthened. Finally, I suggest a detailed analysis of an anterior transfer of the tibialis
posterior to evaluate the tradeoffs among the various surgical techniques. This is an interesting
procedure in that a muscle with short fibers (tibialis posterior) is used to supplement the function
of a muscle with long fibers (tibialis anterior). Some controversy exists as to whether the tendon
should be routed under the retinacula to reduce excursion or over the retinacula to increase
moment arm. There is a wealth of clinical literature related to this probiem, but very little biome-

chanical analysis.
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Application to osteotomies. The primary conclusion of our analysis of the Chiari osteotomy is
that the surgical procedure should be performed such that the length of the hip abductor muscles
is maintained (Chapter 6). Our results suggest that osteotomies performed with high angulation
shorten the length of the hip abductors and therefore may lead to a limp from abductor weakness.

A logical extension of these surgery simulations is to perform a prospective or retrospective study
to determine if patients who undergo a Chiari osteotomy with high angulation indeed have a
higher incidence of the postoperative limp. Unfortunately, we (at Stanford) do not have a large
series of patients on which we can perform such a clinical study. Our hope is that our recent
journal article [29] will motivate a clinical investigation.

Simulating surgeries has both advantages and disadvantages with respect to clinical studies.

The advantage of simulation is that the effect of a single change, such as the angle of an oste-
otomy, can be modeled without the confounding effecis of poorly understood, unpredictable
changes. This kind of advantage cannot be realized in a clinical study [15]. The disadvantage of
simulations is that the actual surgery may, in fact, produce several changes (e.g. pain) that are not
accounted for in the model. It may therefore be valuable to study a variety of patients before and
after surgery, and to simulate their particular surgery. This approach may help gain confidence in
the model, but it is not without problems. In comparing actual surgeries with simulations, effects
that cannot be modeled (e.g., psychological factors) may, in some cases, determine the surgical
outcome. Thus, it may not be clear whether the results of the actual and simulated surgeries agree
(or disagree) because of these confounding effects, or because the surgery was modeled accu-
rately. Clearly, both simulations and clinical studies are needed to design improved surgical pro-
cedures. To date, many more clinical studies have been performed. Thus, one important role of
simulations is to analyze unexplained clinical results that are reported in the literature.

Application to joint replacements. In total hip replacement, surgeons often change the geom-
etry of the hip joint and the surrounding musculature. For example, the center of the hip may be
moved medially, or the greater trochanter may be transplanted to a new location [21]. These geo-
metric changes affect the moment-generating capacity of the muscles that cross the hip. I have
begun to study the effects of hip prosthesis design and surgical technique on hip muscular
strength. This investigation will determine the positions of the hip center that maximize and min-
imize the isometric moments that can be generated by each muscle group (e.g., the hip abduc-
tors), and point out the trade-offs associated with various surgical altematives.

A significant advance in the simulation of joint replacements could be made by interfacing
our surgery simulation system with the bone remodeling algorithms developed by Carter et al.
[19]. Prosthesis loosening and adverse bone remodeling are the main problems associated with
total joint replacement. Since bone remodeling algorithms account for the effects of changing
prosthesis geometry on bone structure, they provide ideal tools to investigate these problems. To
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date, a major shortcoming of all studies of skeletal adaptation has been the oversimplification of
the loads that are imposed on skeletal structures by the muscles. For example, in analyses of
femoral loading, orthopaedic researchers typically include only a single abductor load. Recently,
however, Orr has included the lines of action from our lower-limb model into bone remodeling
simulations {100). Integrating bone remodeling theories with our surgery simulation software
would provide a powerful tool for analyzing the effects of prosthesis design and surgical tech-
nique on both muscular strength and skeletal adaptation.

Application to complex reconstructions. Some clinical problems, such as malignant tumors
and severe traumatic injuries, require complex reconstructions of bone, muscle, and tendon. His-
torically, these problems were too complex or severe to allow reconstruction, and therefore
required amputation. Surgeons are now able to salvage these limbs with microsurgical transfers
and allografts. However, the ultimate function of the reconstructed limbs remains limited. There
are many choices to be made when planning complex reconstructions; thus, analysis of these pro-
cedures is an ideal application of our surgery simulator. For example, surgeons must decide
whether to use a “distant” muscle from some other part of the body or a “local” muscle that
resides in the damaged limb to cover a defect [33, 82]. Our computer model may help improve
the functional outcome of a reconstruction by guiding surgeons to the best approach to a specific,
complex problem. These problems are particularly well suited for analysis with our simulator
since trauma patients, unlike patients with chronic disease, have relatively normal muscle-tendon
parameters. Joseph Rosen has initiated an investigation of soleus and gastrocnemius flaps that
are used to cover type III tibial defects. Together, we will determine how the various surgical
options affect plantarflexion strength. We plan to include a retrospective study of patients who
have undergone these surgeries in this investigation.

7.5 Future Work
Some of the other possible future directions of this work include:

Improving joint models. Currently, our joint models are kinematic. That is, the motion of the
joints does not depend on force. The main purpose of these kinematic models is to produce rea-
sonable moment arms and excursions of the muscles that cross each joint. Developing kinetic
joint models that move according to ligament, bone, and muscle forces may improve the accuracy
of musculoskeletal models. These improved joint models would also provide additional informa-
tion, such as bone-on-bone forces, that would be useful for simulating total joint replacements.
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Obtaining patient-specific data. Data describing the bone surfaces for a specific patient can
be derived from computed tomography (CT) or magnetic resonance (MR). However, no
method has been implemented to automatically determine muscle geometry or muscle-tendon
parameters from medical image data. Developing an automated means to determine both
muscle and bone geometry of an individual patient would be a major step toward simulating
patient-specific surgeries.

Representing muscles as volumes. We currently represent muscles as a series of line seg-
ments. Representing muscles as volumes has several advantages. The constraint that muscle
fibers are of equal length within a given muscle could be relaxed by constructing 3D muscles
from individual fibers that run between tendon plates. The force in the muscle would be calcu-
lated as the sum of the forces in the fibers, which could be at different lengths. The geometric
relationships among the muscles and the bones could also represented more realistically with 3D
muscles, so more accurate moment arms could be computed. Thus, muscles that are geometri-
cally and architecturally complex, such as the vastus muscles, could be represented more accu-
rately. Volumetric muscles would also enhance visualization. The major problem associated
with representing muscles as volumes is determining how they deform as the joints are moved

and forces are developed.

Simulating postsurgery gait. We currently evaluate the results of simulated surgeries in terms
of the maximum isometric joint moments that can be developed by the muscles. Simulating
postsurgery gait would provide a more useful evaluation for analysis of gait-correcting sur-
geries. A major problem associated with dynamic simulation of gait is that the motions of the
body segments are very sensitive to the muscle activation patterns [147]. Thus, it is difficult to
determine the muscle activations such that a complex dynamic model walks normally. Simula-
tion of pathologic gait is even more difficult. Dynamic optimization of walking may provide a
means to simulate postsurgery gait. Dynamic optimization has been performed for jumping
[103], !cicking [57], the swing phase of gait [27], and recently for 96% of the gait cycle {147].

Improving the user interface. Ou: interface design has focused on engineering users. Thus,
one interacts with our model much like one would interact with a computer-aided design (CAD)
system. Virtual environments may provide a more natural interface for surgeons and other clin-
ical users. In a 3-month project, Steve Pieper, of the MIT Media Lab, implemented our lower-
limb model in NASA’s virtual environment [41]. The ability to efficiently interact with the
model was limited by the system performance. However, this pilot project showed that, with
improved performance, the virtual environment holds promise as an improved user interface for

simulating surgery.

86



7 Conclusion

Performing additional experiments. Additional experimental data are needed to gain confi-
dence in the model. A consistent set of experimental data that indicate how maxiimuin isometric
joint moments vary with joint angles does not exist. Thus, we had to compare our simulated joint
moments with experimental joint moments measured by a number of different investigators on a
number of different populations. A complete set of strength curves that were obtained from a
homogeneous population would bolster confidence in the model.

Other experimental and theoretical work could be directed at answering the following questions.
Some of the remaining questions are:

* How do the muscle-tendon parameters scale among subjects of different sizes, body
types, and activity histories?

* How are the muscle-tendon parameters altered in stroke and cerebral palsy? How are
these changes manifested in the active and passive moment curves?

* How do muscle and tendon adapt to an electromechanical milieu of imposed forces,
lengths, velocities, and activation pattemns? Can the adaptive response of muscle and
tendon be formulated mathematically? How is adaptation altered in pathologic
states?

* What are the actual muscle activations during maximum voluntary contraction (MVC)
experiments?

« How do changes in the forces that can be developed by the muscles affect the
dynamics of the resulting movement?

« Isit possible to model the neuromusculoskeletal system accurately enough so that sim-
ulated surgeries can be evaluated in terms of postsurgery gait rather than isometric
joint moments?

 What user interface tools will make simulations accessible to a larger group of prac-
ticing surgeons? Will surgery simulators have a significant impact on surgical
training as flight simulators have had on the training of pilots?
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This dissertation has shown that computer graphics models are valuable tools for analyzing
the biomechanical consequences of musculoskeletal reconstructions. Our lower-limb model has
been used to determine which parameters of various surgical procedures have the greatest effect
on muscle strength. However, a significant amount of future work is needed to make possible the
simulation of surgeries specific to individual patients.

It is my hope that insight gained from surgery simulations will improve the quality of life
for those suffering from musculoskeletal and neuromuscular diseases, There are two keys to
maximizing the impact of surgery simulation on patient well-being. First, surgery simulations
should focus on answering specific, clinically relevant questions. Second, we must understand
the limitations of existing surgery simulations and direct future experimental and theoretical work
toward eliminating those limitations.
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Appendix A
Muscle File for Lower-Extremity Model

The muscle file shown on the following pages specifies the lines of action and parameters needed
to compute isometric forces for 43 muscle-tendon complexes in the lower imb. The file is
scanned by the musculoskeletal modeling software (Chapter 3) which creates a data structure that
represents the muscles (Figure A1). The file is passed through the preprocessor “cpp” so that C-
style comments (demarcated with * */) and “#define” statements can be used in the muscle file.

bone files
Appendix C

Model
joint file Musculoskeletal
. uscu e
Appendix B Modeling
y, Software

muscle file
Appendix A

Figure Al. The muscle, bone, and joint files are scanned by the musculoskeletal modeling software to create a
data structure that represents the lower limb. Appendix A gives a detailed description of the muscle input file.
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A Muscle Input File
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Appendix B
Joint File for Lower-Extremity Model

The joint file defines the kinematics of a seven segment, seven degree-of-freedom model of the
human lower limb. The file is scanned by the the musculoskeletal modeling software (Chapter 3)
lo create a data structure that defines the system kinematics (Figure B1). The file is passed
through the preprocessor “cpp” so that C-style comments (demarcated with /* */) and “#define”
statements can be used in the joint file. The actual joint file is shown on the following pages.

bone files
Appendix C

L Model
joii t file Musculoskeletal
Appendix B Modeling
Software

muscle file
Appendix A

Figure B1. The muscle, bone, and joint files are scanned by the musculoskeletal modeling software to create a
data structure that represents the lower limb. Appendix B gives a detailed description of the joint input file.
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B Joint Input File
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Appendix

C

Format of Bone Files

In the musculoskeletal modeling software, a body segment consists of one or more bones. The
bones that make up each body segment are specified as shown in the following example.

beginsegment FEMUR

name right_ femur

files: 1
filenames:
endsegment

r_femur.dat

The files listed in the definitions of the body segments (e.g. r_femur.dat) define the poly-
gon meshes that describe the bone surfaces. These files list the 3D coordinates of the polygon
vertices (in a vertex list) and define how the vertices are connected to form polygons (in a poly-
gon list). The reference frame that is associated with each body segment serves as the coordinate
system for the polygon vertices. The first number on each line of the polygon list specifies the
number of vertices in the polygon; the rest of the numbers on the line are the vertices in that poly-
gon. For example, the first polygon in the polygon list has three vertices, which are the first three
vertices in the vertex list. The format of the bone files is shown below.

260 290
(X Y
0.0101 0.0443
0.0120 0.0339
0.0110 0.0238
0.0085 0.0164
0.0069 0.0087
3 123

3 234

4 347 8

4 451312
4 561413

(number of vertices, number of polygons)

Z)
-0.0139 (vertex list)
~0.0165
~0.0151
-0.0117
-0.0095

(polygon list)

The bone files are not passed through the C-preprocessor, so comments must not be used in
these files. Also, the bone files are not needed to define a musculoskeletal model. If the defini-
tions of the body segements specify files: o, the model will be displayed without bones.
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