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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.
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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
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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.






