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ABSTRACT

Knee OA is a deteriorating joint disease affecting 27 million people in the US and current
exercise prescriptions may be improved with new knowledge of their effects on muscle forces
and joint contact loads. Cycling rather than other exercise modalities is generally considered an
alternative for people with knee OA. If these research objectives were achieved, clinicians would
have additional tools related to joint contact loads for treating people with OA with an cycling
exercise while controlling progression of OA. The long-term goal of this research is to provide a
scientific basis for planning, evaluation and improvement of subject-specific rehabilitation for
subjects with knee osteoarthritis (OA).

The principles governing relationships between muscle forces, joint contact loads and
movements in people with knee OA, have not been discovered. Determining how to adjust
movements to optimize joint contact loads is difficult because experiments do not account for
these loads. In combination with experimental approaches, muscle-actuated inverse dynamic
simulations provide a scientific framework to estimate important variables and identify cause-
and-effect relationships. These activities challenge existing paradigms for exercise prescriptions
by including movements specifically designed for decreasing knee joint contact loads.

The research objective is to investigate muscle forces and joint contact loads that are
experienced by the knee during cycling. The overall hypothesis is a combination of
biomechanical cycling modifications that contribute to altered muscle forces and a reduction in
knee joint contact loads in subjects with and without knee OA during cycling; this may be
mitigated with a novel pedal design. The overall purpose of this research was to discover
relationships between muscle forces, joint contact loads, cycling and OA-friendly cycling

modifications for improving exercise prescriptions. The following objectives were addressed: 1)



determine the effects of lateral pedal wedges and toe-in on joint biomechanics during cycling and
2) examine the potential of optimization to design subject-specific cycling modifications for

decreasing knee joint contact loads.
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PREFACE

This dissertation presents three studies conducted using inverse dynamic simulations of
muscle forces, joint contact loads and optimization analyses to modify and develop effective
cycling prescriptions for knee osteoarthritis. Each chapter is written as a separate technical paper
and an overview of the goals and methods employed in each study has been provided.
Additionally, each chapter provides an in-depth discussion of the study’s findings as well, as
how these findings can be used to answer the scientific questions posed. Chapter 5 provides a
summary of the results of the three studies in this dissertation and outlines on how they can be

applied to develop better treatment options for individuals at risk for osteoarthritis progression.
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Adduction
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DEFINITION OF TERMS

Movement of a limb away from the midline (or center) of the body.
Movement of the limb toward the midline (or center) of the body.
Motion of the limb being analyzed within the frontal plane as seen
by an observer positioned along the anterior-posterior axis of the
body.

This muscle acts to adducts and flex the thigh, as well as helping to
laterally rotate the thigh.

Aids in the adduction and flexion of the thigh, while helping to
laterally rotate the hip joint.

Is a thigh adductor; which aids in the flexion of the thigh

Is the highest amount of oxygen consumed during maximal exercise
in activities that use the large muscle groups in the legs or arms and
legs combined.

Refers to the front facing aspect of the bodly.

Also known as the sagittal axis, which passes horizontally through
the body from the posterior to the anterior.

Is the connective tissue within the joint, which is to provide a
smooth, lubricated surface for articulation and to facilitate the
transmission of the joint loads.

One of the lateral hamstring muscles, which functions to flex the
knee and extend the hip.

One of the lateral hamstring muscles, which functions to flex the
knee and extend the hip.

When the bicycle pedal is in the lowest position of the crank cycle
possible.

Separate section of a specific joint structure.

The round prominence or projection on a bone.

One revolution of the bicycle crank arm beginning and ending at

top dead center one cycle is 360°.
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Distal

Dorsiflexion

Extension

Extensor Digitorum

Extensor Hallicus

External Knee
Adduction Moment

External Rotation

Flexion
Flexion-Extension
Moment

Flexor Digitorum

Flexor Hallicus

Force

Force Plate

Forward Dynamics

Frontal Plane

The object or body that is further away or seemingly more distant
of two objects with respect to the point of reference also known as
inferior.

The motion that occurs when the toes move up toward the tibia.
Movement that moves two limbs farther apart, increasing the angle
between them, which occurs in the sagittal plane.

A muscle which extend the metatarsals (or toes) 2 - 5 and aids in
dorsiflexing the ankle.

Is the extensor muscle of the big toe while aiding in the dorsiflexion
of the ankle.

Is often defined as the negative of the internal three-dimensional
knee moment projected along the anterior axis (X-axis) of the
shank.

Motion that rotates away from the midline of the body.

Movement that moves two limbs closer together, reducing the angle
between them, which occurs in the sagittal plane.

Motion of the long axis of the body within the sagittal plane as seen
by an observer positioned along the medial-lateral axis of the thigh.
Flexes toes 2 - 5; also helps in plantar flexion of ankle.

Flexes the big toe, in order to aid in supinating and plantar flexor of
the ankle.

An action or effect applied to the body that tends to produce
acceleration.

A transducer that is set in the floor (or pedal) to measure about
some specified point, the force and torque applied by the foot to the
ground (or pedal). This device provides a measurement of the three
components of the resultant ground (or pedal) reaction force vector,
three components of the resulting torque vector and the coordinates
of the center of pressure.

Utilizes know known forces and torques to calculate motion.

This is one of three planes used to divide and describe the body.
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Gemellus

Generalized
Coordinates

Genu

Gluteus Maximus
Gluteus Medius
Gluteus Minimus

Gracilis

lliacus
In vivo

Inferior
Injury

Internal Rotation

Internal-External
Rotation Moment

Inverse Kinematics

Joint Contact Loads

Joint Space Narrowing

Kinematics

This plane separates the anterior and posterior sections of the body.
Rotates the thigh laterally; also helps abduct the flexed thigh.

A set of coordinates (or parameters) that uniquely describes the
geometric position and orientation of a body or system of bodies.
Any set of coordinates that are used to describe the motion of a
physical system.

A part of certain structures resembling a knee, in particular a bend
in the knee.

Extension of hip; lateral rotation and abduction of thigh.

Medial Rotation & abduction of thigh.

Abducts and medially rotates the hip joint.

Flexes the knee, adducts the thigh as well as aids in medially
rotating the tibia.

Acts as a flexor of the torso and thigh with respect one another.
Taking place inside an organism.

Refers to a segment of the body that is closer of the two objects to
the floor according to the point of reference, also known as distal.
Describes damage to the tissue caused by physical trauma.

Motion that rotates toward the midline of the body.

Motion of the medial-lateral (or adduction-abduction) movement of
the body with respect to the vertical axis of the body within the
transverse plane as viewed by an observer positioned along the
longitudinal axis of the shank.

A process that derives joint angles from experimental marker data.
Is the resulting forces and moments that result from the motion,
pedal reaction forces and muscle forces from static optimization.
Cartilage separates the bones in joints such as the knee; the area
between the bones is the joint space. In conditions like
osteoarthritis, the joint space gets narrow because the cartilage
wears away and the loading begins to shift.

Describes movement without regard to the forces involved.
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Kinetics

Knee Adduction Angle

Knee External
Rotation Angle

Knee Flexion Angle

Knee Internal
Rotation Moment

Lateral

Lateral Gastrocnemius

Lateral wedge
Medial

Medial Gastrocnemius

Moment

Pectineus

Pedal Cadence

Pedal Reaction Force

Peroneus Brevis
Peroneus Longus

Peroneus Tertius

Is the branch of mechanics that deals with the actions of forces in
producing or changing the motion of masses. (For example moment
arms)

Frontal plane peak angular deviation of the tibia towards the
midline of the body relative to the femur around 90° of the power
phase of the crank cycle.

Transverse plane peak angular deviation of the tibia away from the
midline of the body with respect to the femur.

Sagittal plane peak angular deviation of the tibia with respect to the
femur.

Transverse plane moment produced by the knee internal rotator
muscles and ligaments around 90° of the power phase of the crank
cycle.

Located away from the midline or center of the body.

One of the muscles that makes up the calf muscle complex. It lies
on the lateral side of the posterior portion of the tibia. It functions to
plantar flex the foot and flex the knee.

It medially plantar flexes the foot from a neutral or resting position
Refers to the midline or center of the body.

One of the muscles that makes up the calf muscle complex. It lies
on the medial side of the posterior portion of the tibia. It functions
to plantar flex the foot and flex the knee.

The effect of a force that tends to rotate or bend a body or segment.
Adducts the thigh and flexes the hip joint.

Is the number of revolutions or complete cycle in one minute.
Forces collected during data collection from an instrumented pedal
with a force plate .

Everts foot and plantar flexes ankle.

Plantar flexes the ankle and everts the foot.

Works in conjunction with the extensor digitorum longus to

dorsiflex the foot as well as evert and abduct.
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Piriformis

Posterior

Proximal

Psoas Major

Quadratus Femoris

Rectus Femoris

Sagittal Plane

Sartorius

Semimembranosus

Semitendinosus

Soleus

Superior

Tensor Fascia Lata
Tibia

Tibialis Anterior
Tibialis Posterior
Toe-In

Top Dead Center

Transverse Plane

Aids in lateral rotation of the hip joint; and helps abducting the hip
when in a flexed position.

Refers to the back of the sagittal plane body.

The closer of two or more objects with respect to the origin or point
of reference.

Flex the torso and thigh with respect to each other.

Rotates the hip laterally; also helps adduct the hip.

It is one of the quadriceps muscles that reside in the middle of the
thigh functions to extend the knee.

One of three planes used to divide and describe the body. This
plane divides the right and left halves of the body. Knee flexion-
extension occurs in this plane.

Flexes and laterally rotates the hip joint and flexes the knee.

A medial muscle located in the hamstring. It is further medial than
the semitendinosus muscle. It functions to flex the knee and
extending the hip.

A medial muscle located next to the semimembranosus in the
hamstring. It functions to flex the knee and extend the hip.

This muscle functions as a plantar flexor the foot.

Refers to the upper portion of the body of a structure or body
(towards the head).

Extends knee, aids in abduction & medial rotation of thigh.

One of two bones located between the knee and ankle joint.

This muscle acts to invert the foot and dorsiflexes the ankle.

It functions to invert the foot and plantar flexes the foot about the
ankle.

Turning the foot in to a certain degree toward the midline of the
body.

When the bicycle pedal is in the highest position possible and the
attached leg is at a 90° from the torso.

One of three planes used to divide and describe the body. This
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plane divides the body into superior and inferior (or proximal and
distal) halves of the body. Knee internal-external rotation occurring
in this plane.

Valgus It is an abnormal deformity in which the anatomical body part is
turned outward away from the midline of the body to an abnormal
position.

Varus It is a deformity in which an anatomical part is turned inward
toward the midline of the body to an abnormal degree or position.

Vastus Intermedius It is one of the quadriceps muscles. It stretches from the front to
lateral portion of the femur. It functions to extend the knee.

Vastus Lateralis It is the largest of the quadriceps (i.e. thigh) muscles. It is the most
lateral of the quadriceps muscles and functions to extend the knee.

Vastus Medialis It is the medial quadriceps muscle and it functions to extend the
knee.
Work Rate The amount of work carried out by the cyclist over a specified

period of time.
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CHAPTER |
INTRODUCTION

1.1 Defining Osteoarthritis (OA)

Over 47.5 million adults in the United States have a physical disability, with roughly 8.6
million cases of arthritis being the leading primary cause of physical disability [1, 2]. These
patients are commonly left with disabling pain leading to a loss of mobility and an overall
reduced quality of life [3, 4]. Osteoarthritis (OA) is the most common form of arthritis; it affects
millions of people worldwide. OA is a common joint disease that most often affects the aging
population. Although it is more common in older adults and is often viewed as a wear-and-tear
disease, though it is not accurate to state that the joints are merely eroding. OA is a disease of the
entire joint, characterized by the breakdown of the cartilage, bony deviations in the effected
joint, weakening of tendons, ligaments, and inflammation of the joint cavity.

Although OA can affect any joint in the body, the joints most commonly affected are the
weight-bearing joints of the lower extremities, mainly the knees and hips [4]. With OA, the
cartilage and bones within a joint begin to break down. These changes usually develop slowly
and gradually worsen. OA can cause severe joint pain, swelling and stiffness. In some cases, it
also causes reduced function and disability; some people are no longer able to carry out activities
of daily living and, in some cases, are not able to work. Severe cases may require joint

replacement surgery, particularly for the knee or hip joint.

1.1.1 Knee Osteoarthritis

Knee osteoarthritis, is a harmful, deteriorating joint disease that significantly alters the
quality of life [5] for an estimated 27 million people in the United States [6-8]. Knee OA mostly

affects the aging population. Of those affected, 37.4% are 60 years of age or older [6, 9]. Of



those with doctor-diagnosed OA, roughly one quarter report problems with carrying out tasks of
everyday living [8, 10]. OA is characterized by decreased neuromuscular control, weakened
lower extremities and knee joint instability, with symptoms developing slowly over time [11]. To
manage OA, industry costs exceeds $128 billion [10] creating an alarming clinical burden of 36
million ambulatory care visits and 750,000 hospitalizations per year [7] resulting in high
socioeconomic costs [3]. OA is a clinical problem with very few treatment options beyond pain

management until the disease progresses enough to require invasive and expensive surgery [12].

1.1.2 Causes of Osteoarthritis

Though the causes of OA are not completely understood, there are some commonly
known risk factors including age [13-15], female gender [16-18], muscle weakness [19-21],
genetics [14], injury [22], overuse [23, 24] and obesity [13]. OA is the leading cause of disability
in the aging population. The goal of osteoarthritis treatment is to reduce pain and improve joint
mobility. Currently there is no absolute cure for OA, though there are a few treatments that
attempt to slow the progression of OA before it reaches a more advanced state. Some risk factors

are modifiable and can help in alleviating OA joint pain and improving joint function (mobility).

1.2 Treatment of Osteoarthritis

Doctors usually treat OA with a combination of therapies that may include, but are not
limited to, the following: physical activity, medications, physical therapy (for example muscle
strengthening), weight loss, supportive devices and when pain management is no longer an
option, surgery. In addition to medical treatment, people with OA can gain confidence in
managing their condition with strategies that over the last few decades have proven to reduce

pain and disability, so they can pursue the activities important to them. Patients with OA can



alleviate their pain and improve joint function by learning and adapting to simple and effective
arthritis management strategies aimed towards weight management and increasing physical

activity.

1.2.1 Modifiable Risk Factors: Weight Management and Physical Activity

Based on existing evidence, it is crucial for people that are overweight to try to lose
weight. Excess weight is detrimental to personal health and speeds progression of OA. Obesity is
one of the single most modifiable risk factors in the development and progression of OA. Weight
loss has been proven to reduce the debilitating symptoms that OA patients commonly encounter
[25-27]. A study that was conducted by Messier et al. [26] demonstrated that for every pound of
body mass a person loses, the compressive load across the knee joints is reduced by four pounds.
Other researchers have noted that weight loss by means of diet and exercise resulted in
improvements of joint function, mobility and reduced (or decreasing) pain [25, 27].

In recent years, the Osteoarthritis Research Society International (OARSI) has created a
list of 25 recommendations for the treatment of patients with OA of the hip or knee [28, 29].
These recommendations come from evidence-based research and have been proven to alleviate
some of the symptoms of OA. Two of the highly recommended non-pharmacological treatments
are regular aerobic muscle-strengthening exercises and weight loss for overweight individuals

[28, 29].

1.2.2 Exercise Prescription for OA

Different forms of exercise such as walking and cycling are commonly prescribed by
healthcare professionals to reduce potentially harmful knee joint contact loads and are effective

exercise prescriptions for treatment in populations with knee OA [28, 29]. Walking



modifications have proven to be successful in diminishing knee pain by the use of a toe-in gait or

lateral shoe wedges [30-32].

1.2.3 Exercise Prescription: Cycling

Bicycling allows people to increase their aerobic capacity during exercise without
harmful joint loads in the lower extremities, as most of the body weight is supported by the seat
of the bicycle, relieving the load-bearing joints. One study found that in subjects with knee OA,
low-intensity cycling and high intensity cycling are essentially equivalent in increasing aerobic
capacity, improving joint function and decreasing pain [33]. For subjects with OA, cycling’s
health benefits include potentially reduced OA-related loads on the diseased joint tissues.
However, there is little scientific evidence of the magnitude and location of these reduced joint
contact loads on the knee. Despite the fact that cycling remains an integral component of
exercise for subjects with OA, the potentially beneficial changes in muscle forces and associated
joint contact loads is not well understood. Therefore, current exercise prescriptions may be
improved with new knowledge of muscle forces and their effects on joint contact loads. This
loading plays a crucial role in the progression of joint degeneration and severity of pain during
exercise and activities of daily living [5, 34]. Thus, providing a better understanding of how
different cycling movements affect the muscle forces and joint contact loads may be necessary
for improving rehabilitation strategies.

Many authors have reported on lower-extremity joint kinematics during cycling [35-40].
While cycling motions are relatively similar due to the cyclical nature of cycling, there are
differences that exist depending on the pedal cadence, workload and pedal width, seating
arrangement and cycling modifications. These modifications alter the body’s orientation and

joint positions, which in turn affect the entire body [41] and change the kinematic and Kkinetics



configuration such as the joint angles and joint moment arms by making small adjustments to the
cycling orientation. All of these modifications affect human biomechanics, changing the muscle
lengths and moment arms and affecting the kinematics (and kinetics) in the muscles, which in

turn affect the joint contact loads.

1.3 Gait Characteristics of Knee Osteoarthritis

It is easy to understand knee OA gait characteristics because the changes, which the OA
patient experiences with an adapted gait have been, studied more than cycling. It is important to
start studying the effects of cycling modification to understand what is happening at the knee
joint for subjects with and without knee OA. Any alteration from the normal body orientations
affects the biomechanics and orientation of the joint angles and moment arms that in turn affect
the muscle length and joint contact loads. At the time of this writing, few or no studies have
reported biomechanical variables of subjects with knee OA during cycling. There are also no
studies that have tested both subjects (non-elite athletes) with and without knee OA in the same
study. Subjects with knee OA have adapted different knee kinematics when compared to subjects
without knee OA, having decreased or slower walking speeds, less total range-of-motion (ROM)
in the affected limb and an increased peak net external knee adduction moment (KAM)

compared to healthy subjects [5, 31, 32].

1.3.1 Compressive Forces

Peak compressive force acting on the knee joint during walking may reach up to
approximately four times the body weight [26]. This shows that the mechanical loading has the
potential to be adversely affect the joint by causing greater knee joint forces during walking. In a

population with a more varus alignment at the knee, the joint contact loads during walking were



shown to be about 3 times body weight [42]. In the OA population, the knee joint contact loads
during walking were shown to be about 3.7 times body weight [26]. Messier et al. [26], studied
the knee joint loading of older adults with knee OA. The results of the study showed that in
comparison to the matched controls, the knee OA group experienced about a 25% reduction in
compressive force across the knee; however, those patients had a decreased walking speed
compared to their healthy cohort. Another study reported that subjects with medial compartment
knee OA encountered 4% higher knee joint reaction forces during walking compared to their
matched healthy counterparts [5]. While the differences reported appear to be small, the results
suggest a relationship may exist between medial compartment OA and compressive knee joint
contact loads. However, there is no pivotal evidence that has yet appeared in the literature about
the relationship between knee OA, muscle forces and joint contact loads during cycling.

It is easy to assume that an increase in compressive joint loads has a harmful effect on the
knee joint. Additionally, others studies have found that people with knee OA have been
successful at lowering the loads on the affected limb in an attempt to reduce the pain during gait
[5, 43]. Finally, a study by Chakravarty et al. [44] showed that middle and older aged long-
distance runners did not have any change or alteration in OA progression compared to healthy
non-runners studied over an 18 year period. These findings suggest that the response to joint
loading may depend on the health of the knee joint cartilage. It can be argued that chronic
compressive loads on the knee joint are not necessarily responsible for the onset of knee OA, but

rather they have a large influence on the progression of OA once the disease has been acquired.

1.3.2 Knee Adduction Moment

Most patients with OA suffer from the most common form, which is medial compartment

degeneration and pain, which occurs about 10 times more often than lateral compartment disease



[45]. This is likely due to greater medial loading during activities of daily living [31]. Due to this
fact, changes in knee kinematics and kinetics associated with knee OA have led to gait
adaptations in order to maintain stability, causing a significant increase in the net external knee
adduction moment (KAM) [11]. Presence, severity and progression of medial knee OA has been
correlated with the first peak of the net external KAM, which is commonly used as a measure of
medial knee loading [3, 42]. The weight bearing or compressive load that is centered on the
medial compartment of the knee is produced by the KAM, which is opposed by an internal
KAM. This net external KAM (Figure 1), acts to adduct the knee during stance into a deformity
of the knee which alters the joint from normal (neutral) to a more inward angle (varus or
adduction; Figure 2) position [46]. A condition that opens the joint space on the lateral aspect of
the knee while compressing the medial joint space of the knee. During gait, this mechanical
abnormality shifts the mechanical loading from the previously even load on the knee to a medial
compartment load, which will in turn cause greater joint space narrowing. In gait (walking),
there are typically two peaks present in the KAM. The first peak, which is associated with weight
acceptance during the stance phase of walking, appears to have the largest influence on the knee
OA population [43].

Other studies have found a relationship between the magnitude of KAM and the
progression of knee OA [5, 44]. For example, Mundermann et al. [5], performed a gait analysis
on 42 patients with bilateral medial compartment knee OA and 42 matched controls. The
participants walked in their own shoes at a self-selected pace. The results of the study showed
that the patients with more severe knee OA demonstrated about 11% larger first peak KAM
compared to their matched counterparts and about 28% greater subjects with less severe OA. The

authors also reported that even though the walking speeds were self-selected, the speeds were not



different between groups, meaning that the differences seen in the KAM cannot be attributed to
different walking speeds. Shull et al. [31, 32], conducted a study that attempted to reduce the
KAM by having knee OA subjects walk with a toe-in foot progression angle. The authors found
that this method of walking reduced the first peak KAM by about 13%, but the second peak
KAM and the knee flexion moment remained unaffected. This study provided promising results
for a simple technique to reduce the KAM during walking and it may be a potential solution for
OA subjects and gait modifications for improvement of the lower limbs. Literature suggests that
a relationship of the net external KAM factors has also been shown to be related to the severity

and progression of knee OA [5, 46].

1.4 Statement of the Problem

How applying modifications to repetitive motions such as cycling exercise to achieve
beneficial changes in muscle forces and joint contact loads connection to OA severity and
progression is an open question. Exercise prescription based on joint contact loads is problematic
because there is currently no scientific basis for determining how individuals’ exercise
prescriptions contribute to joint contact loads leading to knee OA progression. The muscle tests
performed during a physical exam, kinematic, kinetic and electromyography (EMG) data
obtained from clinical motion analysis are not sufficient to identify the biomechanical source of
an individual's knee OA progression risk or to predict the consequences of exercise prescription.
This limitation exists because transformations from EMG patterns to motion are extremely
complex (Figure 3) and effects of exercise prescription on musculoskeletal geometry and multi-

joint dynamics are not easily measured in an experiment.

Determining how to adjust exercise movements to optimize joint contact loads is difficult

because experiments do not account for the aforementioned loads. For decades, experimental



approaches have advanced the understanding of neuromuscular control, muscle strength, human
motion within joints and the human bodies’ functional capacity. Progress is essentially limited
and affected by two factors: 1) important variables (e.g., muscle forces and joint contact loads)
are not generally measureable in experiments and 2) cause-and-effect relationships (e.g., motion
contributions to joint contact loads) are difficult to establish from experiments. A scientific
framework is needed, in combination with experiments, to uncover relationships between muscle
forces, joint contact loads and purposeful movements in subjects with OA during rehabilitation.
Muscle-actuated inverse dynamic simulations provide scientific framework that complements
experimental approaches by estimating important variables and identifying cause-and-effect
relationships. This research challenges existing paradigms for exercise prescriptions by including
movements that are specifically designed for decreased knee joint contact loads. In turn, these
activities help bridge the gap between the experimental approaches that are often used by
physicians, physical therapists and scientists focused on improving rehabilitation. In addition to
the engineers, mathematicians and computational scientists that utilize computer simulations to
improve research studies of movement modification and lead to new rehabilitation solutions.
This dissertation is transformative because (i) these models and simulations are subject-
specific rather than one-size-fits-all and (ii) they combine clinical and engineering approaches
with rehabilitation exercise in a comprehensive way that has yet to be done. Efforts to
incorporate results of dynamics-based analyses of human movement into clinical practice have
important limitations. Most simulations have trusted upon basic or more general models, based
on experimental data collection from an inadequate number of adult-sized cadavers. No study
before now has used a subject-specific musculoskeletal model, in combination with an inverse

dynamic simulation, to assess patients with medial compartment knee OA. While investigating



and mitigating the magnitude of the muscle forces and joint contact loads experienced in the
lower extremities during stationary cycling. This application of subject-specific models and

computer simulations can be used to custom-tailor cycling rehabilitation programs.

1.4.1 Muscle Forces

Although cycling remains an essential rehabilitation component with exercise therapy for
subjects with knee OA, the associated changes in muscle forces are not well understood. Cycling
modification exercises might possibly improve and strengthen associated muscle forces to
maintain or improve mobility while improving joint biomechanics of the unhealthy knee joint
[42]. Nevertheless, there is little to no scientific evidence that portrays the muscle forces in
subjects with knee OA during exercise [47, 48]. Thus, existing exercise treatments may be
considerably improved and further developed with new knowledge of how modified cycling

affects the associated muscle forces.

1.4.2 Joint Contact Loads

To better treat and understand patients with knee OA in the future, it is necessary to
quantify the joint contact loads and how these loads change with cycling modifications. Studying
knee loading through computational models is often used with gait analysis to determine
musculoskeletal loading in vivo because there is no way to obtain a non-invasive measurement
[49]. Knee loading has been previously thought to be a major contributor in the degeneration of
articular cartilage associated with the progression of OA and it has been found that patients
exhibit increased knee joint contact loads during gait [50].

There are several studies investigating various gait modifications, but few focus on

cycling modifications and far fewer are able to effectively estimate the muscle forces and joint
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contact loads. Internally rotating and laterally abducting the ankle (altering the foot kinematics)
using a cycling pedal modification can potentially reduce the net external KAM in subjects with
and without knee OA, though the effect on muscle force and joint contact loads are unknown
[31, 32]. Many others have studied the effects of different cycling modifications to reduce the
KAM, including lateral pedal wedges [51], toe-in cycling [51, 52], pedal cadence [35, 36, 38, 53,
54], work rate [53, 54] and different cycling positioning [41]. However, at the time of this
writing there are no studies on the effects of cycling modification and the potential for reduced
joint contact loads for subjects with and without knee OA.

Inverse dynamics has traditionally been used to estimate the net joint loads such as the
KAM during motion, but this approach is limited because it does not account for muscle forces,
which may differ even more following cycling modifications. Determining the joint contact
loads that account for these muscle forces provides for a better understanding of the joint
mechanics and overall musculoskeletal function [49]. By investigating joint contact loads under
cycling conditions, these modifications may be better understood for use in early intervention

treatment strategies for patients with knee OA.

1.5 Preliminary Work

Experimental studies have been previously performed [51, 52] with this data, where
surrogate measures of OA were examined. Specifically, the peak knee adduction angle and net
internal peak knee abduction moment were calculated in Visual 3D. The internal knee abduction
moment, is used as a measure for the medial compartment loading of the knee. This study found
promising results in which a decrease in the knee adduction moment occurred using the lateral
wedge. Another study [52], examined the effects of toe-in pedal modifications and found that the

peak knee adduction angles decreased, but the internal knee abduction moment did not decrease,
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for subjects with and without knee OA. This preliminary work indicates a decrease in the internal
knee abduction moment for lateral pedal wedges rather than toe-in. The muscles forces
contributing to knee OA and joint contact loads are unknown.

This previous study led to the working hypothesis that lateral pedal wedges and toe-in
will reduce knee joint contact loads by changing the distribution of muscle forces in all subjects
during cycling. The purpose of this research is to determine the changes in magnitude of the
muscle forces and joint contact loads experienced at the knee for subjects with medial
compartment knee OA. Additionally, it will allow us to discover relationships between muscle
forces, joint contact loads and cycling to develop OA-friendly cycling modifications and subject-

specific exercise prescriptions.

1.5.1 Selection of human subjects and Data collections

Previous experimental data has been collected [51, 52] at the Biomechanics and Sport
Medicine Laboratory on University of Tennessee-Knoxville’s campus from patients (6 male and
7 female) with medial compartment knee OA as well as healthy control subjects (6 male and 5
female). Subjects participated in five different cycling conditions on a stationary bicycle. The
conditions varied by adjustments made to a customized instrumented foot pedal that recorded the
pedal reaction forces. The five conditions with pedal adjustments included: 1) neutral position, 2)
5° toe-in pedal, 3) 10° toe-in pedal, 4) 5° pedal wedges and 5) 10° pedal wedges. See Chapters 2,
3 and Gardner et al., [51, 52] for additional details on the selection of human subjects and the

data collection process.
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1.6 Computational Modeling: Subject-Specific Musculoskeletal Modeling

Computational modeling of human movement is used to relate various aspects of the
human anatomy and physiology to movement. In the last few years and decades, biomechanical
models have led to tremendous advances in computer technology that have subsequently
prompted greater development of more complex biomechanical models with greater accuracy
and computationally more efficient analyses [55, 56]. Through computational modeling,
researchers are able to develop subject-specific simulations that relate joint kinematics and
kinetics to muscle force production and function. Unlike EMG analysis where muscle activation
is linearly related to muscle force, simulations are able to account for the musculotendon
properties such as muscle activation and contraction dynamics, force-length and force-velocity
relationships and moment arms analysis to appropriately model non-linear relationships between
muscle activation and force production. Such simulations are utilized in investigating the cause-

and-effect relationship between joint motion and muscle function [57-61].

1.6.1 OpenSim and Musculoskeletal Modeling Software

Musculoskeletal modeling software programs allow users to select from a bank of models
and create subject-specific simulations to explore a variety of research questions. OpenSim is a
software program that provides users with a mathematical and computational modeling
framework to analyze everything from designing prosthetic devices and studying how they will
function in the body, to assessing the outcomes of surgical procedures like tendon lengthening in
cerebral palsy patients. It is unique in that it is user friendly but also allows the user to increase

model complexity to answer difficult problems related to human movement.
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1.6.2 Biomechanical Models

The biomechanical models and computational tools developed yield broad applications.
Numerous studies have been performed to record neuromuscular excitation patterns, understand
muscles contraction dynamics, characterize musculoskeletal geometry and quantify multi-joint
movements and kinematics. However, linking the detailed knowledge of these elements of the
neuro-musculoskeletal system to create an integrated understanding of normal and pathological
movement remains a major challenge in the application of biomechanics to a wide range of
clinical problems and basic science research.

This study used dynamic modeling and simulation to identify the cycling pedal
modification parameters that contribute to knee (and other) muscle forces and joint contact loads
related to the pain and disability of individuals with knee OA and to explain the functional
consequences of pedal modifications in decreasing these forces. Subject-specific, muscle-
actuated, inverse dynamic simulations were created that reproduced experimentally measured
and collected data from both knee OA and healthy subjects while cycling. The simulations were
analyzed to determine how pedal modifications, lateral pedal wedges and toe-in angles alter foot
position and influence knee joint contact loads for subjects with and without knee OA. This
analysis will clarify the decrease (or increase) in muscle forces, joint contact loads during
modified cycling, and they will enable us to answer the clinically important questions posed in
studies 1-3 (Section 1.7). Ultimately, this work will test the utility of simulation-based medicine
to identify optimal cycling modifications and facilitate the design of safe, subject-specific
exercise prescriptions aiming to increase mobility while decreasing injury and the progression of

knee OA.
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1.6.3 Previous Research’s Biomechanical Modeling of the Knee and a Solution

The knee joint in the human body is made up of many components including ligaments,
articular cartilage, menisci and muscles, which are capable of bearing and transferring the weight
bearing load during activities of everyday life. Unfortunately, the knee joint is vulnerable to
disease and injury, because of the large mechanical loading (weight bearing) that it is subjected
to. With this fact in mind, it becomes crucial for identifying and quantifying the joint contact
loads placed on the anatomical tissues that surrounds the human knee, which is critical for
understanding and studying joint diseases like OA. Studies are inherently limited by how
difficult it is to measure clinically important quantities such as muscle forces and joint contact
loads. Therefore, muscle-actuated inverse dynamic musculoskeletal models are becoming a more
practical approach for determining how musculoskeletal features interact with each other in order
to generate movement. Overall, these simulations combine a subject-specific inverse dynamic
skeletal model with muscles, but they rarely contain articular contact models due to their
increased complexity and high computational expense. OpenSim is readily available open source
software, developed inside a multibody dynamics framework; this enables the user to construct
and simulate a musculoskeletal model, with the visualization of experimentally measured and
simulated motion and allows for the extraction of useful information (i.e. muscle forces and joint
contact loads) from the simulations [57]. Musculoskeletal models are used to examine the joint
kinematics in order to predict muscle forces and joint contact loads during various movements
and modifications.

However, one potentially problematic area is that the knee is usually simplified as a one
degree of freedom joint and neglecting the ligaments that provide a constraint to the frontal plane

of the knee. Previous musculoskeletal models allow researchers to investigate medial-lateral
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knee joint contact force during activities like walking [62, 63]. Some musculoskeletal modeling
procedures require intricate, multi-step analyses, or the use of both full-body simulations and
finite element models [64-68]. Finite element models rely on a proper representation of the joint
surfaces and require expensive and highly invasive imaging techniques that may be unavailable.
Predictions of medial-lateral knee joint contact loads in subjects while using
musculoskeletal modeling with generic geometry it is potentially inaccurate when the model
does not accurately represent the specific subject. Certain specifications and adjustments made to
subject-specific modeling parameters may improve accuracy and results [69]. Two such
parameters are the frontal-plane knee alignment and medial-lateral contact these two locations
are most likely influenced by the model, which is predicting the medial-lateral contact forces. By
altering the line of action in which the muscle forces are articulating relative to each joint
compartment that they are acting on. The frontal-plane knee alignment has the potential to effect
the knee joint loading [68, 70-72] and can vary up to 3.75° in individuals without obvious varus-
valgus [73]. Current modeling techniques have limitations that prevent the realistic
representation of the frontal-plane alignment in subjects. For example, the generic models
usually restrain the motion of the knee in the frontal plane [66, 69, 74, 75] and on the other hand,
the models that are based on geometry obtained from diagnostic imaging are of non-weight
bearing subjects [64, 69]. In addition, when medial-lateral contact is estimated through single
points, the mechanical loading of the knee is directly influences by the location of the points. A
common assumption is usually made that the medial-lateral contact locations are centered at the
midline of the affected knee sitting between the femoral condyles in normal or natural knees
[74], though inconsistency in the alignment and joint deterioration may change these locations

and ultimately affect the magnitude experienced in the knee. To address an essential need for a
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better and improved knee joint contact loads that provides an accurate representation of the
human body and the anatomy of the knee. The model could be altered by adding an additional
constraint in order to have it resemble a realistic knee joint and will be constrained like normal

human knee joint motion [76].

1.6.4 Development and Analysis of Muscle-Actuated Inverse Dynamic Simulations

The development of muscle-actuated, inverse dynamic simulations that accurately
characterize the movement patterns of individuals with medial compartment knee OA offers
tremendous potential to advance the prescription of cycling for these individuals. This study is
designed so that many of the scientific objectives can be accomplished by making incremental
modifications to the existing dynamic models. Over the past several years, engineers have helped
to develop core methodologies and a powerful software framework to create subject-specific
inverse dynamic simulations that reproduce experimental data.

OpenSim is used [57] to create, alter and evaluate models of many different
musculoskeletal structures. The technique for creating and investigating an inverse dynamic
simulation of subject-specific movements consists of several steps (Figure 4). Step 1 modifies an
existing, generic model of the musculoskeletal system as needed to account for differences in the
subject's size and muscle moment-generating capacity. The musculoskeletal geometry of the
generic model is scaled based on subject’s data collected from experimental motion capture.

Step two, processes the subject's measured kinematics and pedal reaction forces data for
"inverse dynamic tracking." An optimal inverse kinematics problem is solved to minimize the
distance between markers on the subject and markers on the model.

Step three, uses inverse dynamics and step two’s calculated kinematics as well as the

experimental collected pedal reaction forces to determine the net joint moments.
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Step four, the static optimization tool steps through each time step of a generalized
motion and calculates the muscle activations that is generated from the experimental kinematics.
The equations of motion relate the simulations accelerations to the muscle moments of the
model. The musculoskeletal geometry relates the muscle moments to the muscles force
generating capacity of the moments. The muscles contraction dynamics relate the muscle forces

to the muscle activations. For more information on this step, please refer to section 4.2.3.

Step 5 compares the muscle excitation patterns, joint moments and pedal reaction forces
determined from the simulation to the experimental data to verify that the solution obtained from
the tracking algorithm provides a reasonable representation of the subject's movement. A
simulation is suitable for analysis if the joint angles and other variables that are not explicitly
tracked, such as the joint moments, pedal reaction forces and muscle excitations, are within +2
standard deviations of the subject’s measured between-trial variability. If the simulation does not
meet these criteria, appropriate adjustments to the tracking parameters are made and step 4 is
repeated.

The simulation is then ready to be used for knee OA rehabilitation purposes during a final
step by performing an analysis of the particular patient’s joint contact loads during cycling. A
calculation is made of the resulting forces and moments transferred between consecutive bodies
because of all loads (including muscle forces) acting at joints of interest (e.g., knee). These
resulting forces and moments, often referred to as joint reactions or joint contact loads, are
necessary to quantify bone-on-bone forces at the joints. These joint reactions are a first order
approximation of the joint loading conditions and are used to assess the subject’s joint contact

loads as others have done for joint implant loads [77] with differing OA severities [78].
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This dissertation utilizes high quality experimental motion capture data of individuals
(OA and healthy subjects) performing with five different pedal modifications to conduct
simulation-based research on muscle forces and joint contact loads while cycling. This research

is divided into three different studies introduced in the following section.

1.7 Overview and Specific Studies

Arthritis is the leading cause of physical disability in the U.S. and OA is the most prevalent
form of arthritis causing disabling pain and loss of mobility for almost 27 million adults (14% of
all aged 25 and older) worldwide. OA costs in the US, Canada, UK, France and Australia
account for 1-2.5% of each country’s gross domestic product. Disability and healthcare costs of
OA can be drastically reduced by novel subject-specific intervention programs (i.e. exercise) that
benefit subjects with OA by slowing disease progression and delaying disability. However, there
is a significant need for evidence-based prescription targets that directly address joint contact
loads during exercise. Cycling rather than other exercise modalities is generally considered an
alternative for subjects with knee OA, but there is a lack of scientific knowledge characterizing
and maximizing the rehabilitation benefits (i.e. altered muscle forces and reduced joint contact
loads) of cycling for subjects with knee OA.

The long-term goal of this research is to provide a scientific framework for planning,
evaluation and improvement of subject-specific rehabilitation for individuals with knee OA.
Previous research has shown significant relationships between gait retraining modifications and
lower-extremity joint contact loads. Research has utilized subject-specific modeling and
simulation along with predictive tools using feedback control to design new movements that aim
to minimize joint contact loads for walking and multi-directional sporting movements.

Ultimately, no studies have combined cycling biomechanics with computer simulation to
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investigate optimal exercise prescriptions for individuals with knee OA. The research objective
is to investigate how cycling exercise modifications lead to different joint contact loads in
subjects with knee OA. This study proposes to use a combination of clinical motion analysis,
subject-specific musculoskeletal models, muscle-actuated inverse dynamic simulations and
optimization to determine what features and their variations lead to improved joint contact loads
for better exercise prescriptions. The overall hypothesis is that a combination of biomechanical
movement features, achieved in part by a novel pedal design, contributes to reduced joint contact
loads in individuals with and without knee OA during cycling. This dissertation will address the

following three studies:

1.7.1 Study 1: Pedal Modifications Change Muscle Forces Differently in Osteoarthritis (OA) and
Healthy Subjects during Stationary Cycling: Implications for Osteoarthritis Exercise

Prescription

Goal: Answer the question of how muscle forces change for subjects with and without

OA using novel pedal designs to modify foot position during cycling.

Hypothesis 1. Pedal modifications will cause a change (increase or decrease) in the
mean and peak muscle forces compared to the neutral pedal condition for
each cohort.

Hypothesis 2. Mean and peak muscle forces for subjects with knee OA will be different
(higher or lower) compared to healthy subjects without knee OA during
cycling in each pedal condition.

Methods: Create subject-specific, muscle-actuated, inverse dynamic simulations that

reproduce experimentally measured data from both populations during cycling with

different pedal modification conditions and quantify the muscle force estimates.
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Significance: This work will demonstrate how pedal modifications change subjects with

and without knee OA muscle forces adversely

1.7.2 Study 2: Lower-Limb Joint Contact Loads Adapt Differently in Individuals with and

without Knee Osteoarthritis during Cycling with Pedal Modifications

Goal: Answer the question of how muscle forces found in Study 1 will affect the joint

contact loads while cycling in different pedal modifications.

Hypothesis 1. Pedal modifications will cause a change (increase or decrease) in the peak
joint contact load compared to the neutral pedal condition for each cohort.

Hypothesis 2. Peak joint contact load for subjects with knee OA will be higher
compared to healthy subjects without knee OA during cycling in each
pedal condition.

Methods: Examine the previously created subject-specific, muscle-actuated, inverse

dynamic simulations that reproduce experimentally measured data from both populations

during cycling with different pedal modification conditions and compare the joint contact

loads.

Significance: This work will discover how pedal modifications alter the subjects with

and without knee OA joint contact loads adversely.

1.7.3 Study 3: Investigate Changes in Knee joint Contact Loads Due to Variations in Muscle

Activity during Cycling

Goal: Determine the effect of varied muscle coordination on knee joint contact loads and
the potential for a subject to decrease tibiofemoral forces while cycling by adopting a

muscle coordination strategy that minimizes the important tibiofemoral contact loads.
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Methods: A series of tasks to create a modified static optimizations framework that will
be formulated to reduce knee joint contact loads by altering weights and muscle
activations. Significance: This work will define what muscle activations that would
achieve optimal (i.e., minimized) knee joint contact loads.

Together these studies will test the utility of simulation-based medicine to identify
optimal pedal condition modifications and facilitate the design of safe, subject-specific exercise
prescriptions aiming to increase mobility while decreasing harmful knee joint contact loads
causing pain and disability for subjects with knee OA. They will also aid in determining the roles
that muscle forces play in cycling kinematics in the healthy versus the OA cohorts in order to
better develop future research for designing more effective subject-specific rehabilitation

prescription.
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CHAPTER Il
PEDAL MODIFICATIONS CHANGE MUSCLE FORCES DIFFERENTLY
IN INDIVIDUALS WITH AND WITHOUT KNEE OSTEOARTHRITIS
(OA) DURING STATIONARY CYCLING: IMPLICATIONS FOR
OSTEOARTHRITIS EXERCISE REHABILITATION
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ABSTRACT

Osteoarthritis (OA) is a severe clinical problem affecting an estimated 27 million adults
in the United States with the only clear treatment options being pain management. Cycling is an
integral component of exercise for individuals with knee OA, while the muscle forces during
cycling remain unknown. Thirteen subjects with knee OA and eleven healthy subjects performed
a cycling protocol five pedal conditions (neutral, 5° lateral wedge, 10° lateral wedge, 5° toe-in
and 10° toe-in). Six hundred muscle-actuated inverse dynamic simulations (2 cohorts, 5
conditions, 5 trials in each condition) were performed to estimate muscle force differences
between conditions. There were many changes in the mean and peak muscle forces for the
subjects with and without knee OA across pedal modifications compared to neutral pedal
condition. For the mean muscle force, subjects with knee OA had 44 (lateral wedge) and 56 (toe-
in) significant changes. Healthy subjects had 40 (lateral wedge) and 35 (toe-in) significant
changes. For the peak mean force, changes between subjects for the neutral condition there was
26 significant differences while the lateral wedge had 58 and toe-in condition had 68 significant
differences between cohorts. In conclusion, this study showed while cycling in different pedal
modifications, the subjects with knee OA experienced a greater effect of mean and peak muscle
forces compared to subjects without knee OA. Toe-in pedal modifications showed to have had a
greater impact on the knee OA cohort. Muscles either increased or decreased forces depending

on the joints they spanned.
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2.1 Introduction

Osteoarthritis (OA) is a degenerative joint disease significantly affecting the quality of
life [5] for an estimated 27 million adults in the United States [6]. OA involves the breakdown
and wear on the joint cartilage causing pain and disability [79]. Knee OA mostly affects the
aging population of which 37.4% are 60 years of age or older [6, 9]. Roughly one quarter of
those with doctor-diagnosed OA, reported problems with carrying out activities of daily living
[8, 10]. Management of OA is a $128 billion industry [7, 10], that creates an alarming clinical
burden with 36 million and 750,000 ambulatory care visits and hospitalizations per year [7];
resulting in high socioeconomic costs [3]. OA is a clinical problem with very few options beyond
pain management until the disease progression to a more extreme state ultimately require a more
expensive and invasive surgery [12].

There are several different therapies for knee OA: surgical treatments, non-
pharmacological treatment and pain management. Surgical treatments include total knee
arthroplasty (TKA) or high tibial osteotomy, which are used when non-invasive options no
longer able to alleviate pain [80-83]. Surgeries are highly invasive and expensive [84] with TKA
costs alone exceeding $11 billion in 2005 [84, 85]. A less invasive and cheaper non-
pharmacological therapy is exercise prescription (i.e., cycling and walking) [86] to reduce pain
and improve joint function [87]. In subjects with OA, low-intensity cycling is just as effective in
decreasing pain, increasing joint function and improving aerobic capacity, as high-intensity
cycling [33, 88]. For walking, movement modifications have been extensively studied and found
to successfully reduce pain and joint moments (i.e. internal knee abduction moment) associated
with knee OA [5, 30, 89, 90]. However, for cycling, movement modifications have not been

studied to the same extent. One of our studies found peak internal knee abduction moments

25



decreased when using lateral wedges during stationary cycling [51]. The internal knee abduction
moment is used as a surrogate measure for the medial compartment knee loading. Another one of
our studies found peak knee adduction angles decreased, but peak internal knee abduction
moments did not decrease, for subjects with and without knee OA when cycling with increased
toe-in angle [52]. These results suggest that movement modifications during cycling alter
kinematics and internal knee abduction moments in knee OA patient and healthy controls alike,
but the critical roles muscle forces play during modified cycling exercise therapy remain largely
unknown.

Cycling remains an integral component of exercise therapy for individuals with knee OA,
despite the fact, that potentially beneficial changes in muscle forces are not well understood for
cycling. Since the lower limb muscles, play a more important role in cycling, as cycling requires
these muscles to work together and harder than normal gait to carry out and complete the cycling
movement. Therefore, it is even more important to examine the roles that associated muscles
play in all cycling pedal modifications. Modified cycling exercise may potentially strengthen
muscles to improve mobility while optimizing the biomechanics of the diseased knee joint.
However, there is little scientific evidence characterizing muscle forces in individuals with knee
OA during cycling [47, 48]. One study [12] examined walking modifications (i.e. Toe-in) rather
than cycling in OA subjects, found significant muscle force differences were evident within
individual subjects, however, there was no consistent muscle force change within the cohort as a
whole. This may be due to a self-selected muscle pattern change that were not uniform for gait
modification predominantly, since, subjects adopt different gait kinematics in order to decrease
an individual’s overall associated knee pain. Therefore, current exercise prescriptions may be

improved with new knowledge of how modified cycling affects muscle forces.
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This study used dynamic musculoskeletal simulation, in combination with biomechanical
movement analysis, to evaluate the muscle force changes for participants with knee OA and
healthy counterparts during stationary cycling using four different pedal modifications and a
neutral control condition. First, we hypothesized that pedal modifications would cause a change
(increase or decrease) in the mean and peak muscle forces compared to the neutral pedal
condition for each cohort. Secondly, we hypothesized that mean and peak muscle forces for
subjects with knee OA would be different (higher or lower) compared to healthy subjects without
knee OA during cycling in each pedal condition. Identifying muscle force differences between
OA and the healthy cohorts will contribute to our understanding and help bridge the gap to

improving cycling modifications that allow for subject-specific rehabilitation.
2.2 Methods

2.2.1 Subject Demographics
Thirteen subjects with knee OA (7 female, 6 males | 56.845.2 yrs. | 83.2+22.3 kg | 1.75

+0.14 m | BMI:25.6J_r3.6%) and 11 healthy subjects without knee OA (5 female, 6 males |

50.0+9.7 yrs. | 80.2423.1 kg | 1.75 £0.12 m | BMI:25.9¢5.4k—g2), voluntarily participated in this
m

study [52]. Knee OA cohort had medial compartment tibiofemoral OA in at least one of their
knees. To be included in this study, subjects had to be between the ages of 50 to 65 years and
have a BMI of 35 kg/m? or less. The knee OA cohort had to be radiographically diagnosed with
medial compartment knee OA, with or without patella-femoral knee OA, by a rheumatologist
with a grade 1 to 4 on the Kellgren-Lawrence scale. Exclusion criteria consisted of any lower-
extremity joint replacement, arthroscopic surgery or intra-articular injections 3 months prior to

testing and/or systemic inflammatory arthritis. All subjects were asked to stop pain medication at
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least 2 days before testing. For more criteria on inclusion and exclusion, please refer to Gardner,

etal., 2015 [52]. and Gardner, et al., 2016 [51].

2.2.2 Experimental Motion Capture Data Collection

Prior to the test, participants were fitted to the cycle ergometer in a seating arrangement
that standardized seat height, seat depth and trunk angle. Participants performed a warm-up on
the cycle ergometer for 3 minutes to asses proper positioning and observation of pain levels. For
the test, five trials of cycling in each of the five pedal conditions (Neutral (0°), 5° Lateral wedge,
10° Lateral Wedge, 5° Toe-in and 10° Toe-in) were performed for 2 minutes each at a pedal
cadence of 60 RPM and an 80W work rate. A two-minute rest period was provided between
trials.

Biomechanical motion capture analysis was used to record kinematics during the cycling
trials. Vicon motion capture analysis system (240 Hz) was used to obtain three-dimensional (3D)
kinematics during stationary cycling. Participants wore tight fitting spandex shorts and a T-shirt
during data collection. To identify joint centers, anatomical markers were placed bilaterally on
the 1st and 5th metatarsals, medial and lateral malleoli, medial and lateral epicondyles, left and
right greater trochanters, left and right iliac crests and left and right acromion processes. Semi-
rigid thermoplastic shells, each with four non-collinear tracking markers, were attached to the
trunk, pelvis, thighs and shanks using hook and loop wraps. Three individual tracking markers
were placed on the posterior and lateral sides of the heel of standard lab shoes (Noveto, Adidas)
worn by all subjects.

An instrumented cycle ergometer (Excalibur Sport, Lode and Groningen, Netherlands)
was used during testing. The ergometer used a customized bike pedal, which allowed recordings

of 3D pedal reaction forces and moments using two 3D force sensors (Type 9027C, Kistler,
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Switzerland) connected with two charge amplifiers (Type 5073A and 5072A, Kistler,
Switzerland). Sensors could be placed in either the left or the right pedal, depending on the
desired limb to be analyzed. A non-instrumented pedal with the same size and mass was used on

the opposite side for symmetry and dynamic balancing.

2.2.3 Development and Analysis of Muscle-Actuated Inverse Dynamic Simulations

Subject-specific models were created using the generic, full-body musculoskeletal model
[91] in OpenSim, which contains 10 segments, 23 degrees of freedom and 92 muscle—tendon
actuators [58, 92-94] (Figure 5). The pelvis position and orientations were defined as 6 degrees
of freedom relative to the ground. The head, arms and torso were represented as one segment and
connected to the pelvis by a ball-and-socket joint [95]. The hip was modeled as a ball-and-socket
joint [96]. The knee was modeled as a planar joint with tibiofemoral and patellofemoral
translational constraints as a function of knee flexion [96]. The ankle and subtalar joints were
modeled as separate revolute joints [97]. Each muscle-tendon actuator was modeled as a Hill-
type muscle in series with a tendon based on published muscle-tendon parameters [58, 92-94,
96]. The model was altered further by adding constraints to the patella in order to model the knee
so it articulated in contact with the femur and to allow the muscles to wrap around the patella
[76]. The patella functioned to allow the quadriceps forces to act along the patellar ligament line
of action. This alteration improved the relationship between knee kinetics, kinematics and
muscle forces beyond the original knee model [96] and allowed for a better estimation of the
muscle forces.

The procedure for creating and analyzing muscle-actuated inverse dynamic simulation of
each individual's movement consisted of a four-step procedure. First, we took a generic

musculoskeletal model placed markers on the model in the same corresponding location as the
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data collection process then we scaled the generic model in order to account for differences in
the subject's height, mass and muscle moment-generating capacity due to muscle moment arms
[57]. The model was scaled by using the musculoskeletal geometry of the generic model and the
marker data collected from experimental motion capture analysis (Figure 5). Step two, used
inverse kinematics too to solve for the associated model’s joint angles while trying to minimize
errors concerning experimental and model markers. Step three, used inverse dynamics along with
the inverse kinematics results from the previous step and experimental pedal reaction forces to
determine the net joint moments. Step four, used static optimization [56] to determine the muscle
activations and corresponding muscle forces that generate the net joint moments. We chose to
use the inverse dynamics approach for our large number of simulations (24 subjects, 5 conditions
with 5 trials per condition = 600 trials) needed because this approach is a well-established and

computationally efficient method for estimating muscle forces during movement.

2.2.4 Evaluation of Muscle Forces and Test of Hypotheses

We evaluated our first hypothesis regarding the changes in mean and peak muscle forces
within each cohort by conducting a repeated measures one-way analysis of variance (ANOVA;
p<0.05) to detect significant changes between muscle force estimates for each of the 4 pedal
modification conditions compared to the neutral pedal condition for each subject. In matlab, the
ANOVA can tell you when something is significant though it does not tell you where it is
significant. We applied a Tukey-honest significant differences (Tukey-hsd) correction for post-
hoc pairwise comparisons in order to locate the significant differences. The mean muscle forces
were taken as the total average force for one complete revolution. While the peak was taken as
the highest muscle force, obtained over one entire cycle. We evaluated our second hypothesis

regarding the differences in mean and peak muscle forces between cohorts by conducting an
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ANOVA with unequal sample size (p<0.05), to detect significant differences between muscle
force estimates for the 13 subjects with knee OA and 11 healthy subjects during each pedal
condition. The Tukey-hsd correction was again used for post-hoc comparisons. Identity grids
were created to show significant mean and peak muscle force differences between pedal

conditions compared to neutral as well as between subjects with and without knee OA.

2.2.5 Validation of Models and Simulation Results

Experimental data, was used during all phases in the development of the inverse dynamic
simulations in order to validate the models and results. During scaling of the models, the errors
between experimental and model markers were examined and model marker positions were
adjusted to minimize marker errors. Each marker was placed in the correct location to match the
experimental data. Following inverse kinematics, the maximum and root mean square (RMS)
marker errors were examined and marker-tracking weights were adjusted to reduce, these errors.
In addition, the resulting hip, knee and ankle joint angles and net joint moments were examined
and compared to those from the Visual 3D motion capture analysis software and joint angle data
from the literature [98]. These steps were performed to make sure the model was capable of
adequately estimating muscle forces with static optimization [99]. Since muscle forces, during
cycling in OA subjects and pedal modifications remain unknown. Following static optimization,
muscle activations for healthy subjects in neutral cycling were compared to EMG data from the
literature (also healthy subjects in neutral cycling) [98]. It is important to note, the data in our
study was collected using the same pedal cadence (60 RPM) but a reduced work rate (80 W)
compared with the data from Neptune, et al., 1997 [98] used during our muscle force validation

processes.
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2.3 Results

2.3.1 Mean and peak Muscle Force Changes Across Conditions

There were many changes in the mean muscle forces for all subjects across pedal
modifications compared to the neutral pedal condition. This confirmed our hypothesis that
modifications would lead to a change in mean muscle forces (Table 1). Subjects with knee OA
had 44 significant (p<0.05) changes (13 for 5°, 31 for 10°), on average, for the lateral wedge
conditions. The Gluteus Maximus showed the largest increase of 7% of body weight (BW). The
Soleus showed the largest decrease of 4.5%BW (Figure 6a, Table 1). Subjects with knee OA had
56 significant (p<0.05) changes (29 for 5°, 27 for 10°), on average, for the toe-in conditions. The
Gluteus Maximus showed the largest increase of 3.5%BW. The Soleus, showed the largest
decrease of 12%BW. Healthy subjects had 40 significant (p<0.05) changes (18 for 5°, 22 for
10°), on average, for the lateral wedge conditions. The Vastus Lateralis showed the largest
increase of 4.3%BW. The Peroneus Longus showed the largest decrease of 2%BW. Healthy
subjects had 35 significant (p<0.05) changes (13 for 5°, 21 for 10°), on average, for the toe-in
conditions. The Gluteus Maximus, showed the largest increase of 3%BW (Figure 6a, Table 1).
The Biceps Femoris Short Head, showed the largest decrease of 1%BW. There were not as many
changes in the peak muscle forces (relative to mean muscle force changes) for all subjects across
pedal modifications compared to the neutral pedal condition. Nonetheless, our hypothesis was

still confirmed that pedal modifications lead to a change in peak muscle forces (Table 2).

2.3.2 Mean and Peak Muscle Force Differences between Cohorts

There were many differences in the mean muscle forces between subjects with

and without knee OA in each pedal condition and confirmed our hypothesis that cohort
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differences would lead to differences in mean muscle forces (Table 3). The neutral pedal
condition revealed 26 significant (p<0.05) differences. The Tibialis Posterior, showed the largest
positive (OA>healthy) difference of 12%BW. The Gluteus Maximus, showed the largest
negative (OA<healthy) difference of 6%BW. The lateral wedge conditions revealed 58
significant (p<0.05) differences (26 for 5°, 32 for 10°). The Tibialis Posterior, showed the largest
positive (OA>healthy) difference of 16%BW. The Gluteus Maximus, showed the largest
negative (OA<healthy) difference of 10%BW. The toe-in conditions revealed 68 significant
(p<0.05) differences (33 for 5°, 35 for 10°). The Tibialis Posterior, showed the largest positive
(OA>healthy) difference of 14%BW. The Gluteus Maximus, showed the largest negative
(OA<healthy) difference of 9%BW. There were more differences (Table 3) in the peak muscle
forces for the subjects with knee OA in each pedal condition compared to healthy subjects. This
confirmed our hypothesis that cohort differences would lead to differences in peak muscle

forces.

2.3.3 Validation of Models and Simulation Results

The models and simulations were validated with experimentally measured data. During
scaling of the models, model marker positions were adjusted to reduce the error between
experimental and model markers in order to be below the acceptable threshold (< 2 cm).
Following inverse kinematics, marker-tracking weights were adjusted in order to reduce these
errors below an acceptable threshold (maximum error < 3 cm and RMS error < 2 cm). In
addition, the lower-limb kinematics compared well to those from Visual 3D [51, 52] for this
study and published kinematic data [98]. Following inverse dynamics, the lower-limb kinetics

compared well to those from Visual 3D and published kinematic data [98]. The muscle
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activations compared well to published EMG data [98] considering the similarities in pedal

cadence and differences in work rate (Figure 7).

2.4 Discussion

This study examined the muscle force changes for subjects with and without knee OA
during stationary cycling using five different pedal conditions. The findings support our
hypotheses that pedal modifications change the mean and peak muscle forces within cohorts and
those differences exist between the OA and healthy cohorts. Our findings suggest that subjects
with knee OA have a greater potential when compared to healthy subjects (without knee OA) to
significantly change their muscle forces overall with pedal modifications. Additionally, toe-in
pedal modifications caused the largest changes for subjects with knee OA. Significant muscle
force differences existed between subjects with and without knee OA. Interestingly, the muscle
forces crossing the hip and knee generally showed mostly negative (OA<healthy) differences,
but those that span both the knee and ankle (biarticular) and the ankle alone (uniarticular),
showed mostly positive (OA>healthy) muscle force differences.

The current study is limited in a few aspects. First, static optimization was used to
estimate muscle forces in our simulations rather than dynamic optimization. We chose static
optimization due to the large number of simulations needed and the low computational expense
associated with this approach. However Anderson and Pandy (2001), found the results of static
and dynamic optimization to be essentially equivalent for estimating in vivo quantities like
muscle forces [56]. The absolute magnitude of muscle forces may change if we made different
modeling assumptions, but our conclusions regarding the relative muscle force changes would
likely not be different because the same assumptions were used across all cycling simulations.

Second, the experimental data collection did not include EMG for our subjects. Even though we
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did not have EMG data, our results matched experimentally collected data from neutral cycling
in elite male athletes [98]. Lastly, the data was collected with only one instrumented pedal (force
plate); this caused us to only analyze one side of the participants. However, this limitation will
not alter the results of the analyzed leg.

Despite these research challenges, our results are consistent with findings of others.
Muscles activations for our healthy subjects were similar to EMG data from Neptune, et al. [98],
with the same pedal cadence of 60 RPM but a higher work rate of 120 W compared to our study
at 80 W. In addition, the hip, knee and ankle angles [39] and moments [37, 39, 100-102]
compared well to previous research for the healthy subjects at various pedal cadences and work
rates. The pedal reaction forces also compared well noting differences in pedal cadence and work
rate [100, 103]. Because of these consistencies, we are confident in our simulation results,
without EMG data and with the use of static optimization results for our muscle force estimation.

What has not been answered, in previous literature until now is the question of whether
individuals with and without knee OA have different muscle forces during cycling in addition to
different pedal modifications. Previous literature focused on elite or competitive athletes [35, 37,
38, 98, 103, 104], while cycling at different pedal cadences and work rates. For example,
Neptune, et al. [98], examined elite male athletes and the effects of pedaling rate on muscle
activation. Our study investigated and compared both subjects with and without knee; OA and
none of the subjects were competitive cyclists. Previous literature, has not examined the muscle
force changes of knee OA and healthy cohorts in the same study with different pedal
modifications (lateral wedge and toe-in). These pedal modifications alter the joint kinematics and

kinetics, which may have in turn changed joint moment arms generated by muscle forces.
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Furthermore, these cycling pedal modifications, the muscle lengths, velocities and moment arms,
affect muscle force contributions to joint contact loads.

Subjects with OA showed to have been affected more by the pedal modifications and had
a greater overall ability to increase their muscle forces in their mean and peak muscle forces
compared to neutral condition. Subjects with knee OA had more statistically significant
differences, in the mean and peak muscle forces in the toe-in conditions. Subjects without knee
OA were not as able to increase their muscle forces in all pedal modifications, compared to
neutral; conversely, they were more affected by the lateral wedge condition compared to neutral.
This is opposite what was seen in the OA cohort. This may be impart due to the altered
kinematic adaptations from a normal more neutral joint positioning allowing them to maintain
stability in their kinematics to decrease the associated overall knee pain. Overall, the mean and
peak muscle forces were very similar some were not seen as to be statistically significant in the
peak muscle forces but were in the overall mean muscle forces. This may be due to the mean
muscle forces minimum force increased or decreased while maintaining the same overall peak
muscular force. This newly found information on muscle forces will aid in improving
rehabilitation strategies targeting muscle strength and improving joint function. Since knee, OA
has been linked to a reduction in muscular strength, endurance and speed, which in return may
alter joint kinematics and may worsen the joint space narrowing in the medial compartment. One
study [105], has shown that muscle rehabilitation enhanced activities of daily living and muscle
function, which in return reduced difficulty carrying out activities and overall pain in knee OA
subjects. Where the subjects with OA, were able to increase their muscular force in order to

improve the knee joint kinematics. If a subject can maintain their physical activity while
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increasing, their muscular strength that will help improves their knee joint function and mobility;
while, decreasing associated pain and possible slowing the progression of OA.

In conclusion, this study showed exercise rehabilitation involving cycling with different
pedal modifications has a greater effect on the mean and peak muscle forces of subjects with
knee OA compared to healthy subjects without knee OA. More specifically, toe-in pedal
modifications had a greater effect than lateral wedge modifications on subjects with knee OA.
The effects on muscle forces causing either an increase or decrease depended on which joint(s)
each muscle spanned. Regardless of pedal condition, the subjects with knee OA showed
significant muscle force differences compared to healthy subjects, which also depended on the
joint(s) each muscle spanned. We have shown how cycling modifications change muscle forces
for improving muscle strength during exercise rehabilitation in subjects with knee OA, but
further research is needed to determine the effects of muscle forces on the joint contact loads
using cycling modifications. Joint loading plays a crucial role in the progression of joint
degeneration and severity of pain during exercise and activities of daily living; therefore, a better
understanding of muscle forces and their effects on the joint contact loads is necessary for

designing safe and effective exercise rehabilitation therapies.
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CHAPTER Il
LOWER-LIMB JOINT CONTACT LOADS ADAPT DIFFERENTLY IN
INDIVIDUALS WITH AND WITHOUT KNEE OSTEOARTHRITIS
DURING CYCLING WITH PEDAL MODIFICATIONS
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ABSTRACT

Osteoarthritis (OA) is a clinical problem affecting an estimated 27 million adults in the
United States with the only clear treatment options being pain management. Cycling is an
integral component of exercise for individuals with knee OA, while the joint contact loads during
cycling remain unknown. Thirteen subjects with medial compartment knee OA and eleven
healthy subjects performed a cycling protocol with a neutral pedal and four pedal modifications.
Six hundred muscle-actuated inverse dynamic simulations (24 subjects, 5 trials in each of 5
conditions) were performed to estimate joint contact load differences between conditions.
Subjects with knee OA had 11 (lateral wedge) and 12 (toe-in) significant changes. Healthy
subjects had 22 (lateral wedge) and 14 (toe-in) significant changes. When comparing the cohorts
the neutral pedal condition revealed 7 significant differences, the lateral wedge conditions
revealed 14 significant differences and the toe-in conditions revealed 16 significant differences.
This study showed, while cycling in different pedal modifications the knee OA subjects had
more beneficial changes in their knee adduction-abduction moment compared to subjects without
knee OA. Lateral wedge modification had a greater impact on the subjects with knee OA.
Subjects with and without OA had greater contact forces at the hip and ankle across pedal
modifications compared to neutral. Subjects with OA mostly decreased their knee contact forces
but healthy subjects without OA mostly increased these forces across all joints and with all pedal

modifications.
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3.1 Introduction

Osteoarthritis (OA) is a joint disease altering the quality of life [5] for an estimated 27
million people in the United States [6]. OA causes a breakdown and wear on joint cartilage
triggering disabling pain and disability [79]. Knee OA usually affects the aging population, 60
years of age and older, 37.4% are affected by OA [6, 9]. Of those with OA, one-fourth reported
problems with activities of daily living (ADL) [8, 10]. Treatment of OA is a $128 billion
industry [7, 10] creating a disturbing clinical burden with 36 million ambulatory care visits and
750,000 hospitalizations per year [7] creating high socioeconomic expense [3]. OA is a clinical
problem with few solutions beyond pain management until the disease progresses far enough
needing invasive, expensive surgery [12].

One common treatment used in current rehabilitation for knee OA is the prescription of
exercise (i.e., walking and cycling) [86, 106], though effects of exercise modifications on joint
contact loads are not well understood. Subjects with knee OA, low-intensity cycling is as
effective as high-intensity cycling for improving joint function, decreasing pain and increasing
aerobic capacity [33]. Cycling’s health benefits include potentially reduced OA-related joint
contact loads; however, there is little scientific evidence of magnitude and location of these
contact loads during cycling. Loading plays a crucial role in progression of joint degeneration
and severity of pain during exercise and ADL [5, 34]; thus, a better understanding of how
different cycling modifications affect joint contact loads is necessary for improving knee OA
related treatments. The external knee adduction moment and the internal knee abduction moment
is used as an indirect measurement for the medial loading in the knee and has been linked to the
progression and severity of OA [42]. However, these moments, estimated from inverse

dynamics, does not account for muscle force contributions to the joint contact loads and is not
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always a proper representation of the medial load at the knee [107]. Cycling modifications have
not been studied as often as walking [30-32]. One study [51] found a 22% decrease in peak
internal knee abduction moment ( 10° lateral wedge) and another study [52] found a decrease in
the peak knee adduction angle for subjects with (61% for 5°, 73% for 10°) and without knee OA
(77% for 5°, 109% for 10°). No studies have shed light on OA-related joint contact loads during
cycling with pedal modifications.

This study used muscle-actuated inverse dynamic simulations, in combination with
experimental data, to identify differences pedal modifications have on knee joint contact loads
for subjects with and without knee OA during cycling. First, we hypothesized pedal
modifications will cause a change (increase or decrease) in peak joint contact loads compared to
neutral pedal condition for each cohort. Secondly, we hypothesized that peak joint contact loads
for subjects with knee OA will be different (higher or lower) compared to healthy subjects
during cycling in each pedal condition. Identifying effects of modified cycling exercise on joint
contact loads and differences between the cohorts will contribute to a better understanding for
improving the treatment of knee OA with cycling exercise, ultimately allowing for patient-

specific rehabilitation.
3.2 Methods

3.2.1 Subject Demographics

Twenty-four subjects participated voluntarily for this study: 13 subjects with medial

compartment tibiofemoral (knee) OA (7 female, 6 males | 56.845.2 yrs. | 83.2+22.3 kg | 1.75

+0.14 m | BMI:25.6J_r3.6%) and 11 subjects without knee OA (5 female, 6 males | 50.0+£9.7 yrs. |

80.2+23.1 kg | 1.75 £0.12 m | BMI:25.9J_r5.4%) [52]. To be included in this study, all subjects
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were between 50 and 66 years of age and had a BMI of no more than 35 kg/m?. A rheumatologist
had diagnosed subjects with medial compartment knee OA. They were excluded, if they had a
previous lower extremity joint replacement, had OA in hip or ankle, had a previous arthroscopic
surgery or intra-articular injections prior to testing and/or had a type of systemic arthritis. Two
days prior to testing all subjects were asked to stop pain medication. For more criteria on the

inclusion and exclusion, please refer to Gardner, et al. [51, 52].

3.2.2 Experimental Motion Capture Data Collection

Participants performed an experimental protocol including warm-up, cycle fitting,
cycling trials and rest periods. Participants performed 3 minutes of treadmill walking at a self-
selected pace, which served as an initial warm-up. Participants were asked to sit on a cycle
ergometer and researchers fit it to each subject accordingly by adjusting: seat height, seat depth
and trunk angle. The participants were asked to warm-up on the cycle ergometer for 3 minutes to
asses proper positioning and observation of pain levels. Each trial of cycling was performed for 2
minutes at a pedal cadence of 60 RPM and an 80W work rate. Creating 600 trials, where 24
subjects each performed five trials in five pedal conditions. For more information on the data

collection process, please refer to Gardner, et al.[51, 52].

3.2.3 Development and Analysis of Muscle-Actuated Inverse Dynamic Simulations

We created subject-specific models using the generic, full-body musculoskeletal model
[91] in OpenSim that contains 10 body segments, 23 degrees of freedom and 92 muscle—tendon
actuators (Figure 5). The pelvis is defined as 6 degrees of freedom relative to the ground.
Another segment was the head, arms and torso which were represented as one segment that

connected to the pelvis through representation as a ball-and-socket joint [95]. Another ball-and-
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socket joint was used to model the hip joint [96]. The knee was modeled as a planar joint with
tibiofemoral and patellofemoral translational constraints as a function of knee flexion [96]. The
ankle and subtalar joints were designed as separate revolute joints [97]. We enhanced our
musculoskeletal model further by adding a patellar ligament constraint to the model so that it
articulated with the femur and allowed the muscles to constrain and wrap around the patella [76].
This allowed the patella to function as a pulley that forces the quadriceps forces to act in the
corresponding direction of the patellar ligament. This refined the muscle force estimates for
generating the measured knee kinematics and it allowed for a more accurate estimation of the
joint contact loads.

The procedure for creating and analyzing muscle-actuated inverse dynamic simulation of
each individual's movement consisted of a four-step procedure. Step one, we modified an
existing, generic model of the musculoskeletal system and scaled it to account for differences in
the subject's height, mass properties and muscle moment-generating capacity due to the muscles
moment arms [57]. The model was scaled (Figure 5) by using the musculoskeletal geometry of
the generic model and the marker data collected from experimental motion analysis. Step two,
we used inverse kinematics to solve for the model’s joint angles to minimize errors between
experimental and model markers. Step three, we used inverse dynamics along with kinematics
from the previous step and experimental pedal reaction forces to determine the net joint
moments. Step four, we used static optimization [56] to determine the muscle activations and
corresponding muscle forces that generate the net joint moments. We chose to use the inverse
dynamics approach for our large number of simulations (600 total simulations= 24 subjects x 5
conditions x 5 trials per condition) created because this approach is a well-established and

computationally efficient [56].
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3.2.4 Estimation of Joint Contact Loads

To determine the effects of the pedal modifications on the joint contact loads, the contact
forces and moments (i.e., contact loads) were estimated using the joint reaction analysis in
OpenSim [108]. This analysis is used to estimate joint contact forces and moments that are
transferred between two adjacent bodies accounting for the models motion and all forces acting
on the model including muscle-tendon actuators [58, 92-94]. This tool takes into account the
muscle forces that were calculated in step four, the kinematic movement in step two and the
pedal reaction forces from the experimental data collection. The joint reaction analysis results in
six different outputs, including three contact forces in the anterior-posterior shear, compression
and medial-lateral shear as well as three contact moments in the adduction-abduction, internal-
external rotation and flexion-extension all of which are expressed in the child reference frame
(tibia). This analysis is used to extract information from the subject-specific model and cycling
simulations to better understand the experimentally measured motion capture data [108]. All
joint contact forces were normalized to body weight and joint contact moments to body weight

time’s height.

3.2.5 Tests of the Hypothesis

We evaluated our first hypothesis regarding the differences in peak joint contact loads
(forces and moments) within each cohort by conducting a repeated measure one-way analysis of
variance (ANOVA) in Matlab 2015 at a significance level set to 0.05. An ANOVA tells us if our
results are significant though it does not tell you where the actual significance may be. We then
decided to apply a post-hoc pairwise comparison using the Tukey-honest significant differences
(Tukey-hsd) in order to determine where the significances may be located. This was done for all

four pedal modification compared to neutral to detect significant differences between joint
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contact loads. Peak joint contact loads were chosen for the first peak in the joint contact loads
during the power phase of the cycle (0°-180°). We evaluated our second hypothesis regarding the
differences in peak joint contact loads between cohorts (knee OA and healthy) by conducting an
ANOVA of unequal sample size with a level of significance at 0.05. Then again, the Tukey-hsd
post-hoc correction was applied in order to find the associated significant differences. After these
tests were carried out we created identity grids in order to analyze and summarize the significant
change joint contact loads between pedal modifications compared to neutral pedal condition as
well as when comparing the two cohorts of subjects with and without knee OA in the same

corresponding pedal condition.

3.2.6 Validation of the Model and Simulation Results

Experimental data was used to validate the 24 inverse dynamics subject-specific models
and 600 simulations. Every subject’s model markers were placed in precise locations to match
experimentally collected data. For scaling the models marker location were inspected and the
positions were moved and adjusted in order to match experimental positions and reduce error
from static markers. They were then compared to see if they were underneath the acceptable
threshold (< 2 cm). Then after inverse kinematics was carried out, the root mean square (RMS)
and peak marker errors were examined, as well as the weighting for tracking of the markers was
adjusted to reduce these errors under a suitable threshold (RMS error <2 cm and maximum error
< 3 cm). After inverse kinematics was completed, it was then compared to the experimental
kinematics. Specifically the resulting joint angles (hip, knee and ankle) were examined visually
and compared to those from Visual 3D motion capture analysis software [51, 52]. After inverse
dynamics was carried out, the resulting net joint moments were compared the experimental data

[51, 52] for the hip, knee and ankle. After static optimization the muscle activations for the
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healthy subjects in neutral cycling were compared to published EMG data [98] with the
understanding that there are similarities in the pedal cadence (60 RPM) and a difference in the
work rate (80 W) (Figure 7). These steps were done according to literature and previous research

in order to make the model “good enough” [99].

3.3 Results

3.3.1 Lateral Wedge Peak Joint Contact Load Differences across Conditions

There were many changes in the peak joint contact loads for the subjects with and
without knee OA in the lateral wedge condition compared to the neutral pedal condition and this
confirmed our hypothesis that these modification would lead to changes in peak joint contact
loads (Table 4). All of the peak percent changes were compared to the neutral pedal condition.
Subjects with knee OA had 11 significant (p<0.05) changes (6 for 5°, 5 for 10°), on average, for
the lateral wedge conditions. For the 5° lateral wedge condition, the knee showed the largest
increase in the compressive force by 10%, however the largest decrease was in the adduction-
abduction moment by 45%. For the 10° lateral wedge condition, the knee showed no noticeable
increases, on the other hand, the largest decrease was in the adduction-abduction moment by
77%. Subjects with knee OA showed many overall significant differences for the lateral wedge
condition. Even though there were, overall decreases seen in the knee adduction-abduction
moment, which is used, as a measurement for the medial compartment loading with input from
the muscles it did cause some evident increases in the hip and ankle joint contact loads.

Healthy subjects had 22 significant (p<0.05) changes (12 for 5°, 10 for 10°), on average,
for the lateral wedge conditions. For the 5° lateral wedge condition, the knee showed the largest
increase was in the flexion-extension moment by 19%, while, there was no significant decrease.

For the 10° lateral wedge condition, the largest increase at the knee was the flexion-extension
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moment by 33%, conversely, there was no noticeable significant decrease. Subjects without knee
OA showed many overall significant increases for the lateral wedge condition compared to
neutral. These increases were also accompanied by mostly increases in the hip and ankle joint

contact loads.

3.3.2 Toe-in Peak Joint Contact Load Differences across Conditions

There were many changes in the peak joint contact loads for the subjects with and
without knee OA in the toe-in modification compared to the neutral pedal condition, which
confirmed our hypothesis that modifications would lead to changes in peak joint contact loads
(Table 4). Subjects with knee OA had 12 significant (p<0.05) changes (6 for 5°, 6 for 10°), on
average, for the toe-in conditions. For the 5° toe-in condition, the knee showed no noticeable
increase, conversely, the largest decrease was in the adduction-abduction moment by 54%. For
the 10° toe-in condition, the knee showed an increase in the medial-lateral force by 15%,
however, the largest decrease was in the adduction-abduction moment by 58%. Subjects with
knee OA showed many overall significant differences for the toe-in condition. Even though there
were many decreases seen in the knee adduction-abduction moment and mostly decreases at the
knee in general, it is important to note that this did cause some notable increases at the hip and
ankle joint contact loads.

Healthy subjects had 14 significant (p<0.05) changes (6 for 5°, 8 for 10°), on average, for
the toe-in conditions. For the 5° toe-in condition the knee showed the largest increase was in the
internal-external rotation moment by 15%, however, there was no obvious decrease at the knee.
For the 10° toe-in condition, the knee showed the largest increase was the internal-external
rotation moment by 26%, on the other hand, the largest decrease was in the adduction-abduction

moment by 18%. Subjects without knee OA showed many overall significant differences for the
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toe-in condition these differences at the knee were mostly increases. Even though there was a
decreases seen in the knee adduction-abduction moment for the 10° toe-in condition, while the

rest were also mostly noticeable increases in the hip and ankle joint contact loads.

3.3.3 Peak Joint Contact Loads Differences between Cohorts

There were many differences in the peak joint contact loads for the subjects with knee
OA in each pedal condition compared to healthy subjects and this confirmed our hypothesis that
cohort differences would lead to differences in peak joint contact loads (Table 5). The neutral
pedal condition revealed 7 significant (p<0.05) differences. For the neutral condition the knee’s
medial-lateral shear force showed the largest positive (OA>healthy) difference by 76%; while,
there was no obvious negative (OA<healthy) difference. The lateral wedge conditions revealed
14 significant differences (7 for 5°, 7for 10°). For the 5° lateral wedge condition, the knee
showed the largest positive (OA>healthy) difference in the medial-lateral force by 73%, while
the adduction-abduction moment showed the largest negative (OA<healthy) by 52%. For the 10°
lateral wedge condition, there was no significant positive (OA>healthy) difference at the knee
joint, while the adduction-abduction moment showed the largest negative (OA<healthy)
difference by 80%. The toe-in conditions, revealed 16 significant (p<0.05) differences (8 for 5°,
8 for 10°). For the 5° toe-in condition, the knee showed the largest positive (OA>healthy)
difference was in the medial-lateral force by 74%, while the knee adduction-abduction moment
showed the largest negative (OA<healthy) difference of 60%. For the 10° toe-in condition, the
knee showed the largest positive (OA>healthy) difference was in the medial-lateral force by
104%, while the adduction-abduction moment showed the largest negative (OA<healthy)

difference by 57%. Subjects without knee OA had overall greater knee adduction-abduction
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moments in all conditions except neutral while they also showed to have mostly greater contact

loads in almost all pedal conditions and joint contact loads.

3.4 Discussion

We examined the effects of five different pedal modifications on the joint contact loads
during cycling. We confirmed that pedal modifications cause changes in the peak joint contact
loads compared to the neutral pedal condition for each cohort. Moreover, we confirmed that the
peak joint contact loads for subjects with knee OA are different compared to subjects without
knee OA while cycling in each pedal condition. Our findings suggest that subjects with knee OA
have a greater potential than subjects without knee OA to significantly improve their important
joint contact loads (knee adduction-abduction moment) overall by using pedal modifications.
Conversely, the healthy subjects were affected overall more harshly (by increasing joint contact
loads) using the pedal modifications compared to the neutral condition, more than the OA cohort
did. Furthermore, these changes for the subjects with knee OA were mostly increases in the hip
and ankle contact loads, but mostly decreases at the knee when compared to the neutral pedal
condition. The changes for healthy subjects without knee OA were mostly increases in the hip,
knee and ankle contact loads compared to the neutral condition.

The current study has a few research challenges and results should be interpreted in the
context of these limitations. First, the use of static optimization to estimate muscle forces instead
of dynamic optimization. Static optimization was chosen due to the large amount of simulations
created (600) and the low computational expense associated with this approach. Additionally, it
has been previously determined by Anderson and Pandy (2001) that static and dynamic
optimization is essentially equivalent for estimating in vivo quantities such as muscle forces and

joint contact forces for gait [56]. Therefore, the results from static optimization should not affect
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our conclusions drawn from this study. Second, electromyography (EMG) data was not obtained
from the data collection process for our subjects. Even with not having EMG, our results of
healthy subjects matched well with experimentally collected data from elite male athletes in
neutral pedal condition [98]. Third, the load values reported in the current study represent the
whole knee joint contact loads, rather than narrowing in on the medial compartment where
subjects exhibit radiographic evidence of knee OA. The adduction-abduction moment relates to
the unbalanced forces compressing the medial and lateral compartments and contribution to the
bone-on-bone contact characteristics leading to knee OA, thus finding a reduction in this contact
load shows an improvement for subjects with medial knee OA. Fourth, the data was obtained
with only one instrumented force plate (in the pedal); this restriction only allowed us to only
analyze one side of the participants, though this will not alter the results of the analyzed leg.
Although the magnitude of joint contact loads may change if we made different modeling
assumptions, our conclusions regarding the relative changes in these loads during modified
cycling compared to neutral cycling would unlikely change significantly since the same
assumptions would be used across all 600 simulations.

Despite these research challenges, our results are consistent with findings of others. For
example, our hip, knee and ankle joint angles during cycling with a neutral pedal condition were
consistent with previous literature using similar conditions [51, 52]. The muscles activations
from the subjects without knee OA were similar to EMG data from another study carried out
Neptune, et al. [98], with the same pedal cadence (60 RPM) and a higher work rate of 120 W
versus our 80 W. We also visually compared the joint angles of the hip, knee and ankle [39] as
well as the moments [37, 39, 100-102] and both compared well to previous studies for the

subjects without knee OA at a different work rate. The pedal reaction forces compared well
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noting differences in pedal cadences and work rates [100, 103]. In addition, our results agreed
with the experimental study carried out by Gardner, et al. [51, 52], where they found a decrease
in the peak internal knee abduction moment (related to medial compartment load) for lateral
pedal wedge conditions rather than toe-in pedal conditions.

What has not been discovered in previous research until now is the question of whether
subjects with and without knee OA have different joint contact loads during cycling that may
change with different cycling modifications. Previous literature focused on calculating the
magnitude of the inverse dynamic moments, which does not take into account the muscle forces
contributing to joint contact loads while cycling at different pedal modifications, cadences and
work rates [36, 38, 102, 109]. For example, Mornieux, et al. [102], examined male cyclists while
testing the utility and robustness of the estimated joint moments during cycle. Our study
investigated and compared both subjects with and without knee OA and all subjects were not
competitive cyclists. Previous literature has not examined the effects of cycling modifications
(lateral wedge and toe-in) on the joint contact loads in subjects with and without knee OA. These
pedal modifications alter the kinematics, which in turn changes the joint moments generated by
the muscle forces [41]. This newly found information on the joint contact loads will aid in
improving rehabilitation prescription.

Though one previously published paper that examined the lateral pedal wedge condition
found that for the peak internal knee abduction moment which is used by scientists as a
measurement for the medial compartment loading of the knee. There was an effective decrease in
the lateral wedge condition by reducing the internal knee abduction moment by over half
compared to previous literature on walking. Our use of the joint contact loads which takes into

account the estimated muscle forces and there effects on the joints overall motion also found a
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decrease for the subjects with knee OA in the lateral wedge conditions, where the 5° wedge
decreased by just about half compared to the neutral condition. The 10° decreased by over three-
fourths compared to the neutral condition. Subjects without knee OA did not show any
statistically significant difference in the lateral wedge condition. Another previously published
toe-in study [52] which also examines the internal knee abduction moment found that this pedal
was not effective in reducing the internal knee abduction moment across all participants. In
contradiction to these findings, we found in subjects with knee OA they were able to reduce their
adduction-abduction moment compared to neutral in both the 5° and 10° toe-in condition. Where
the 5° toe-in was able to reduce the adduction-abduction moment by over half and 10° toe-in was
able to decrease the same moment by almost sixty percent compared to neutral. Conversely, for
the subjects without knee OA they were able to only show a significant reduction in the 10° toe-
in by about one-fifth compared to neutral. These different numbers may be because joint contact
loads take into account the estimated muscle forces as opposed to the knee abduction moments
calculation without input from the associated muscle forces that span or innervate the joint.
These numbers might also be significant within individual subjects but not across the cohort as a
whole which may be skewing the results. Since individual muscles’ contribution to dynamic
movements branches from the context in which a muscle accelerates and affect joints in which
they do not span and segments in which they do not innervate. Hence, in order to examine the
knee joint contact loads, the critical input from the muscles is necessary in order to examine the
influence cycling movement has on the joint contact loads.

In conclusion, this study showed different pedal modifications have a greater effect on
the knee adduction-abduction moments for subjects with knee OA compared to subjects without

knee OA. More specifically, lateral wedge pedal modifications had a greater effect than toe-in
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modifications on subjects with knee OA, which allowed them to decrease their knee adduction-
abduction moment when compared to the neutral condition. Regardless of pedal condition, the
healthy subjects had more significant differences (mostly increases) when compared to subject
with OA. This study has shown how cycling modifications change joint contact loads for
improving exercise in subjects with knee OA, but further research is needed to optimize cycling
in order to see what kinematics and coordination patterns minimize the knee’s adduction-
abduction moment and the compressive load related to OA progression. Joint loading plays a
crucial role in the progression of joint degeneration and severity of pain during exercise and
ADL,; therefore, a better understanding of optimizing (i.e., minimizing) joint contact loads is

necessary for designing and adapting exercise prescription for subjects with knee OA.
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CHAPTER IV
INVESTIGATING CHANGES IN TIBIOFEMORAL JOINT CONTACT
LOADS DUE TO VARIATIONS IN MUSCLE ACTIVITY DURING
STATIONARY CYCLING
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ABSTRACT

During activities of daily living, the tibiofemoral experiences a large mechanical loading.
Cycling remains a crucial exercise component for subjects with OA; it decreases the subject’s
joint contact loads, while increasing their aerobic capacity. Cycling’s health benefits include
potentially reduced joint loads on the diseased joint tissues, by increasing the aerobic capacity.
The purpose of this study was to determine the changes in the tibiofemoral joint contact loads
triggered by variation in muscle activation patterns to minimize the tibiofemoral joint contact
loads. Thirteen subjects with knee OA and eleven healthy subjects performed a cycling protocol
in neutral pedal condition. Then we modified a static optimization framework to carryout joint
load optimizations. We simulated 10,560 trials of neutral cycling with different muscle
coordination pattern s and examining the effects on the minimized joint contact loads. The
tibiofemoral forces were sensitive to altering the muscle activations of the lower limb muscles.
In order to determine the potential for subjects with and without OA to decrease tibiofemoral
joint contact loads during cycling by allowing the lower limb to adopt a muscle activation pattern
that would achieve the desirable (i.e. minimized) joint contact loads. We determined the
maximum muscle activation patterns while minimizing the joint contact loads for subjects with
and without OA. Subjects with OA were able to decrease adduction-abduction contact moment
more so than subjects without OA. Subjects without OA were not as affected by varied muscle
activation patterns. Our model achieved tibiofemoral forces that were lower in both cohorts than
the joint contact loads that were previously estimated in joint reaction analysis in both step two
and three by adopting an altered muscle activation patterns. This work provides a range of
feasible muscle activations that is different than previously calculated or observed in normal

cycling kinematics.
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4.1 Introduction

During activities of daily living, the tibiofemoral (knee) joint experiences a large
mechanical loading. During walking, forces have been shown to be as large as three times the
bodyweight about the tibiofemoral (knee) joint [62, 110]. These loads affect the development,
maintenance and health of the joint tissues [111]. The progression of OA can be associated with
large mechanical loading experienced at the tibiofemoral joint [112, 113] and increased
tibiofemoral loads have been linked to pain and progression in subjects with knee OA [114].
Since joint contact loads during walking are produced primarily by muscle forces [115, 116],
muscle activation plays a pivotal role in determining tibiofemoral joint contact loads. A previous
study [76] examined the use of an optimization framework with a range of muscle activation
patterns that varied, in order to calculate the joint forces resulting from muscle activations that
reproduced the subject’s walking dynamics. Cycling, rather than other exercise modalities, is
considered an alternative exercise for subjects with OA. The goal of cycling is to improve a
subject’s overall health (i.e. weight management) and increase their aerobic capacity. Low-
intensity cycling was shown to be as effective as high-intensity cycling for improving joint
function, decreasing pain and increasing aerobic capacity [33, 88].

Cycling remains a crucial exercise component for subjects with OA,; it decreases the
subject’s joint contact loads, while increasing their aerobic capacity. Cycling’s health benefits
include potentially reducing joint contact loads on the diseased joint tissues, by increasing the
aerobic capacity. Cycling has a wide range of muscle activation patterns, but the effect of varied
muscle activations on tibiofemoral contact forces remains unclear. This loading plays a crucial
role in the progression of joint degeneration and severity of pain during exercise and activities of

daily living [5, 34]; thus, a better understanding of how different muscle activation patterns
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affect the joint contact loads is necessary for the improvement of treatment with movement
modifications.

Studying the effects of altered muscle coordination on tibiofemoral loads is challenging
because a direct measurement of tibiofemoral loads during cycling requires an instrumented
prosthetic knee to be implanted. This technique provides important information, but it is highly
invasive, making measurement of tibiofemoral loads unreasonable in healthy subjects and
limiting the data set to the number of OA subjects willing to receive this type of replacement
taking away the OA aspect of the knee. An alternative to direct measurement is calculating the
tibiofemoral contact loads using musculoskeletal modeling. Model-based studies have calculated
tibiofemoral (knee) loads using a diverse assortment of muscle coordination strategies, like
minimizing muscle activations or activity [117, 118], muscle stress [119] and energy
consumption [120]. A previous study has determined a single set of muscle activation pattern
forces during walking and the resulting tibiofemoral loads [76].

The purpose of this study was to determine the changes in the tibiofemoral joint contact
loads triggered by variation in muscle activation patterns to minimize the tibiofemoral joint
contact loads. First we evaluated the effect (increase or decrease) specific muscles have on the
tibiofemoral joint contact loads during cycling by altering the muscle activation weightings to
alter the tibiofemoral joint contact loads. Secondly, we determined a set of muscle activation
patterns that sought to minimize the joint contact loads, by adapting to a varied muscle activation
pattern. Finally, we wanted to identify the muscles with the greatest potential to alter
tibiofemoral joint loading by determining the changes in tibiofemoral joint contact loads due to a
muscle activation framework that wanted to maximize muscle activation patterns of the lower

limb.
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4.2 Methods

4.2.1 Subject Demographics

Cycling data was used from 13 subjects with tibiofemoral OA (7 female, 6 males |
56.845.2 yrs. | 83.2+22.3 kg | 1.75 £0.14 m | BMI: 25.64;3.6%) and 11 healthy subjects without
tibiofemoral OA (5 female, 6 males | 50.0+9.7 yrs. | 80.2+23.1 kg | 1.75 £0.12 m | BMI:
25.915.4% BMI), all of whom voluntarily participated in this study. This data was previously

collected and published by Gardner, et al. [51, 52]. The subject’s data include three-dimensional
kinematics, marker positions, pedal reaction forces measured during cycling at a pedal cadence
of 60 RPM and a workload of 80W. For more information on the human subjects and the data

collection process, please refer to Gardner, et al. [51, 52].

4.2.2 Development and Analysis of Muscle-Actuated Inverse Dynamic Simulations

We created subject-specific models using the generic, full-body musculoskeletal model
[91] in OpenSim that contains 10 segments, 23 degrees of freedom and 92 muscle-tendon
actuators [58, 92-94] (Figure 1). The pelvis position and orientations were defined as 6 degrees
of freedom relative to the ground. The head, arms and torso were represented as one segment and
connected to the pelvis by a ball-and-socket joint [95]. The hip was modeled as a ball-and-socket
joint [96]. The tibiofemoral joint was modeled as a planar joint with tibiofemoral and
patellofemoral translational constraints as a function of tibiofemoral flexion [96]. The ankle and
subtalar joints were modeled as separate revolute joints [97]. We improved our model further by
adding a patellar constraint to model so that it articulated with the femur and in order to allow the
muscles to wrap around the patella [76]. The patella functioned as a pulley that allows

quadriceps forces to act in the line of action of the patellar ligament. This refined the muscle
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force estimates for generating the measured tibiofemoral kinematics and it allowed a more
accurate estimation of joint contact loads.

We used the full-body model to simulate 3D cycling dynamics of the subjects with
tibiofemoral OA. The procedure for creating and analyzing muscle-actuated inverse dynamic
simulation of each individual's movement took place in three-steps. Step one, we modified an
existing, generic model of the musculoskeletal system and scaled it to account for differences in
the subject's height, mass properties and muscle moment-generating capacity due to the muscles’
moment arms (Figure 5) [57]. The model was scaled by using the musculoskeletal geometry of
the generic model and the marker data collected from experimental motion analysis. Step two,
we used inverse kinematics to solve for the model’s joint angles to minimize errors between
experimental and model markers. Step three, we used inverse dynamics along with kinematics
from the previous step and experimental pedal reaction forces to determine the net joint
moments. After step three, we went on to modify the static optimization framework that was

developed [76].
4.2.3 Static Optimization and Joint Reaction Analysis
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Before we can modify and determine an optimization framework, we must first run
standard static optimization to determine the normal muscle forces and joint contact loads with
the recorded and given kinematics. This tool steps through each time frame of a motion and
computes the muscle activations in the model that generate the experimental kinematics. The
equations of motion relate the model’s accelerations to the muscle moments and the

musculoskeletal geometry relates those muscle moments to the muscle forces. The muscle
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contraction dynamics relate the muscle forces to the muscle activations. The kinetics (Equation
1) necessary to accelerate the model are determined using Newton’s Second Law by treating the
skeleton as a set of interconnected rigid-bodies with inertial properties. Where T; is the set of
joint torques, q, qand { are the generalized coordinates, their velocities and accelerations,
respectively. The M(q)q is the mass matrix which depends on the coordinates and inertial
properties of the model. The C(q, q) is the combination of Coriolis and centrifugal forces, which
depends on the coordinates and their velocities. The G(q) is the gravitational force, which
depends on the coordinates and Fgyierna1 1S pedal reaction forces and moments applied to the

model that were collected in the data collection process.
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The motion of the model is completely defined by the coordinates, velocities and
accelerations. Consequently, all of the terms on the right-hand side of the equation of motion are
known. The remaining set of joint torques (t;) on the left-hand side is unknown. The static
optimization tool uses the known motion of the model to solve the equations of motion for the
unknown joint torques and is subject to a constraint (Equation 2) while minimizing the objective
function (Equation 3). Where nm is the number of muscles in the model, a,, is the activation

level of muscle m at a discrete time step, FY, is its maximum isometric force, 1,, is its muscle

length and vy, is it is shortening velocity. The f(F3, 1, Vi), is a function of its force-length-
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velocity surface, ry,; is its moment arm about the it joint axis and T; is the generalized force

acting about the j™ joint axis.

After this procedure, we ran joint reaction analysis in order to determine the effects of the
pedal modifications on the joint contact loads. The contact forces and moments were estimated
in OpenSim using the joint reaction analysis tool [108]. This analysis is used to estimate joint
contact forces and moments that are transferred between two consecutive bodies because of all
motions and forces acting on and within the model including the muscle-tendon actuators [58,
92-94]. This tool takes into account the outputs from static optimizations (i.e., muscle forces),
the derived inverse kinematic motion and the pedal reaction forces from the experimental data
collection process. The joint reaction analysis results in six outputs, including three contact
forces in the anterior-posterior shear, compression and medial-lateral shear as well as three
moments in the adduction-abduction, internal-external rotation and flexion-extension all of

which are expressed in the child reference frame (or as experienced by the tibia).

4.2.4 Creating the Objective Function

From this point we went on to create a joint load optimization [76] framework that was
previously modified from the static optimization framework stated above. This was done in order
to calculate individual muscle forces and resulting net joint contact loads of interest for each trial
of cycling. This modified optimization strategy minimized the sum of the muscle activations and

joint contact loads by combining them in a single objective function:

nm
m=1

The objective function was subjected to the same extent and constraints as static

optimization such that the estimated muscle forces and measured pedal reaction forces balanced
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all inertial forces to carry out the measured cycling dynamic motion (Equation 1-3). In the
objective function shown in Equation 4, a ,,,, was the activation of the m™ muscle, which could
vary anywhere between an activation of 0 to an activation of 1. The w,, was a muscle weighting
constant set to penalize a specific muscles, in order to constrain the muscle in order to activate or
not to activate. The joint contact force-weighting constants wy,,wy,, and wy,, were set to penalize
the vector components of the j™ joint reaction force, F;. Similar to the joint forces, the joint
contact moment weighting constants, wy,,, wy,,, and wy,,, were set to penalize the vector
components of the j™ joint reaction moment, M;. The joint reaction moments and forces represent
the connecting joint contact loads experienced in the connecting joint structures and were

calculated using the joint reaction analysis in OpenSim.

4.2.5 Exploring the Muscle Activation and their Effects on the Joint Contact Loads

We then went on to simulate 10,320 trials (24 subjects x 5 Trials x 43 muscles x 2
different muscle weightings) of neutral cycling with a muscle coordination pattern that aimed to
minimize muscle activations without regard to the joint contact loads then we will examine the
effects on the associated joint contact loads. In this case, the generalized objective function

Equation 4 was reduced to:

nm
— i 2
J =min[} (Wmam) ] ®)

m=1
This was done in order to determine the sensitivity of the tibiofemoral joint contact loads
due to an adopted variation in muscle activation patterns of individual muscles in the lower limb
by carrying out optimizations that altered the muscle activation weighting constants, w,,,, for
each individual lower extremity muscle. In OpenSim, normal static optimization has a default

muscle weighting (w,,,) of 1 for all associated lower limb muscles. We decided to alter the
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weighting of the muscle activations that is shown in Equation 5 with a weighting of 0 or 100 for
one specific muscle at a time while keeping all other w,, = 1. Where a w,,,= 0 represents no
penalty and allowing the muscle to activate or be used as much as it wants or needs, conversely,
with a w,,, = 100 turns the muscle completely off and penalizes, prohibits activation or use of a
specific muscle.

This was done in order to investigate the variation in tibiofemoral joint contact loads due
to different muscle activation weighting by adopting or altering the activations of lower
extremity muscles, then examining a specific muscle’s influence on the joint contact loads. To do
this we performed two modified optimizations for each muscle and trial of neutral cycling. First,
before we altered the muscle activations of specific individual muscles, we ran normal static
optimization, which has a muscle weighting of 1 in order to observe normal muscle activation in
neutral cycling. Second, we altered the muscle weightings by taking a specific muscle and
altering the w,,, to exclude activation of a specific muscles, we executed a modified optimization
with changing previously established muscle weighting from w,,, = 1, to w,,, = 100 for a specific
muscle while w,, for all other muscles was kept at 1. Third, in order to encourage muscle
activation, we then performed a modified static optimization procedure again with w,,= 0 for a
specific muscle while all others kept it at 1. Performing these two optimizations for each muscle
of the lower limb determined the range of tibiofemoral joint contact loads caused by a variation
in muscle activations. We determined the change in peak tibiofemoral joint contact loads due to
activation of a muscle by computing the change between peak tibiofemoral joint contact loads
obtained from the static optimizations with w,, = 0 andw,, = 100 and the normal static

optimization carried out with all w,, = 1.
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4.2.6 A Muscle Coordination Pattern Minimizing Compressive Tibiofemoral Force

We simulated the 120 trials of neutral cycling with a muscle coordination pattern that
minimized the important contact loads of the tibiofemoral joint. In this case, the generalized

objective function (Equation 4) simplified to:
— o T T

The weighting of the muscle activations, w,,, was set to zero for all muscles in order to
not penalize any of the muscles and allow the muscles to adopt a muscle activation pattern that
would minimize the joint contact loads of the tibiofemoral joint. We only examined the joint
contact loads that have been linked to OA progression, which are the compressive contact load

and the adduction-abduction moment. The compressive tibiofemoral contact load was penalized

by setting its weighting constant, wy, = m and the adduction-abduction moment was
y

1

penalized by setting the weight constant, w,, = Peak (1T’ while all other joint contact forces

and moments were set to zero. This strategy determined a muscle coordination pattern that would
minimize the important tibiofemoral joint contact loads that would aid in slowing the progression

of medial compartment tibiofemoral OA.

4.2.5 Change in Tibiofemoral Forces Due to Maximized Muscle Activations

We went on to determine the change in tibiofemoral forces due to adopting a maximized
muscle activation pattern of the lower limb by performing optimizations with muscle activation
weighting constants, w,,, = —1, for each muscle. The objective function in equation 4 is

simplified to:
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nm

m=1

In Equation 7, wy,, = —1, this represents no penalty to optimize or maximize the muscle

during cycling while minimizing the important tibiofemoral contact loads. The compressive

tibiofemoral contact load was penalized by setting its weighting constant, wr, = m and the
y

1
T Peak(M,?)

adduction-abduction moment was penalized by setting the weight constant, wy,
while all other joint contact forces and moments were set to zero. This strategy identified a
muscle coordination pattern that would minimize the important tibiofemoral joint contact loads,
while promoting a maximized muscle coordination strategy. This would aid in rehabilitation for
the OA subjects by improving the overall muscular strength to have a better overall impact on

the joint kinematics to aid in slowing the progression of medial compartment tibiofemoral OA

while promoting exercise.
4.3 Results

4.3.1Minimize Muscle Activations

A muscle coordination strategy that minimized muscle activations produced a wide range
of tibiofemoral contact loads that were greater than or less than those previously estimated with a
normal w,, = 1, which is from the unmodified normal static optimization procedure with the
joint reaction analysis (Table 6). Subjects with knee OA showed an increase for the Medial
Gastrocnemius, knee adduction-abduction moment of 255% with w,, = 0. There was also a
decrease of 90% in the knee adduction-abduction moment for the Soleus. Meanwhile, with

aw,, = 100, Adductor Magnus showed an increase by 196% in the knee adduction-abduction
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moment. The Semitendinosus, showed a decrease of 93% in the adduction-abduction moment.
The Sartorius showed an increase of 119% for the knee compressive load with w,,, = 0. As well
as Semitendinosus showed a decrease of 70% for the knee compressive load. With aw,, =
100, the Pectineus showed an increase of 287% for the knee compressive load. The Tibialis
Anterior decreased by 20% for the knee compressive load. Consequently, subjects with knee OA
mostly increased their knee adduction-abduction moment and compressive load with aw,, = 1
and aw,,, = 100. While there was some success in decreasing the loads, they were mostly seen
in biarticular muscles.

Just like in the OA cohort, the tibiofemoral contact load depended on which muscle was
altered (Table 6). Subjects without knee OA showed an evident increase in the Vastus Medialis’s
knee adduction-abduction moment of 109% with w,,, = 0. There was also an evident decrease in
the Tensor Fascia Lata, knee adduction-abduction moment of 33%. While for aw,, = 100,
Semimembranosus showed an increase of 104% for the knee adduction-abduction moment. The
Medial Gastrocnemius, showed a decrease of 21% in the adduction-abduction moment. There
were no evident increases in the compressive load with w,, = 0. While the Vastus Medialis
showed a decrease of 18% for the knee compressive load. While the Semimembranosus with
aw,, = 100, showed an increase of 51% for the knee compressive load. While Adductor Brevis
showed a decrease of 3% for the knee compressive load. There were many other muscles that
showed to have a noticeable effect on the joint contact loads (Figure 8, Table 6). Consequently
subjects without knee OA mostly increased their knee adduction-abduction moment with a
w,, =1 and w,, = 100. Though their compressive load varied differently in both weightings

depending on the muscle and its specific function being altered.

66



4.3.2 Minimize Joint Contact Forces

A muscle coordination strategy that minimized tibiofemoral joint contact loads produced
lower contact loads than the forces that were previously estimated in normal joint reaction
analysis (Figure 9). Subjects with knee OA showed a significant decrease of 73% for the knee
adduction-abduction moment. There was a noticeable decrease in the compressive load of 96%.
For the subjects without knee OA there was a noticeable decrease in the for the knee adduction-
abduction moment of 72%. There was also an evident a decrease of 95% for the compressive
load. In general subject without knee OA with the given kinematics were affected more than
subjects without knee OA. All subjects were able to significantly lower their joint contact loads

as shown in Figure 9.

4.3.3 Maximizing the muscle force to minimize the joint loads

A muscle coordination strategy that maximized muscle activations while minimizing the
tibiofemoral forces, produced results that further decreased the peak and overall knee joint
contact loads while maximizing the muscle forces (Figure 9). Subjects with knee OA portrayed
an evident decrease in the knee adduction-abduction moment of 25%. While the compressive
load showed a decrease of 19%. For the subjects without knee OA there was also a noticeable
decrease in the knee adduction-abduction moment of 81%. However, for the compressive load
there was a decrease of 17% for the compressive load. Overall subject without knee OA with the
given kinematics were affected more than subjects without knee OA. Just like in the minimized
joint contact loads, all subjects reacted differently to the optimization protocol some lowered

their joint contact loads more while other did not as shown in Figure 9.
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4.4 Discussion

Our results demonstrate that varying muscle activation patterns during stationary cycling
can induce large variations in the joint contact loads at the tibiofemoral joint. Evaluating a varied
set of different in muscle activation weightings was used in order to evaluate whether a strategy
minimizing activations patterns by either turning the muscles on without penalty or turning the
muscles off. This was done in order to examine the effects a specific muscles has on the
tibiofemoral contact loads to see if they was consistent or different (increase or decrease) from
previously estimated joint contact loads. Subjects with knee OA seemed to have achieved more
intense results in the knee adduction-abduction moment and compressive load with both muscle
variation weightings as they mostly increased; although, this largely depended on the specific
muscle function during the cycling motion as well as the joint it spanned. Like the OA cohort
subjects, subjects without OA also experienced mostly increases in contact loads compared to
normal except with a muscle weighting of zero for the compressive load. These results suggest
that treatment interventions meant for retraining muscle coordination should target the specific
muscles in the OA cohort that showed a reduction in the adduction-abduction moment and the
compressive load in order to reduce tibiofemoral contact loads. Alternatively, avoid the use of
these specific muscles, which increase the tibiofemoral loading with an w,,, = 0 in order to lower
the mechanical loading at the knee.

We determined the potential for subjects with and without OA to decrease tibiofemoral
joint contact loads during cycling by allowing the lower limb to adopt a muscle activation pattern
that would achieve the desirable (i.e. minimized) joint contact loads. Our model achieved
tibiofemoral forces that were lower than previously estimated in joint reaction analysis with a

normal static optimization w,, = 1 by adopting different muscle coordination patterns that
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achieved the desired results. Subjects with knee OA were able to reduce their contact loads more
than the healthy subjects. We determined a maximized muscle activation pattern while
minimizing the joint contact loads for subjects with and without OA. Our model achieved
tibiofemoral forces that were lower in all cases than the normal joint reaction analysis and higher
than the results of the minimized contact loads, which was to be expected since we wanted to
increase the lower extremities muscular strength. This provides a range of feasible joint contact
loads that is different from previously calculated or observed in normal cycling kinematics,

which had a huge effect overall in both cohorts and on the important joint contact loads.

This current study has a few research challenges and our results should be interpreted in
the context of these limitations. First, a modified static optimization framework was used to
estimate muscle forces that were used in simulations over the use of a dynamic optimization
framework. Static optimization was selected due to the large amount of simulations created
(10,560) and the low computational expenditure associated with this approach. In addition, it has
been previously validated by Anderson and Pandy (2001) and found that static and dynamic
optimization is fundamentally equivalent for predicting in vivo quantities such as muscle forces
and joint contact loads for walking [56]. Consequently, the results from static optimization
should not alter the conclusions that we have drawn during this study. Secondly, the data
collection procedure did not include EMG for the 24 subjects. Even though we did not have
EMG data, our data was previously matched with normal static optimization during neutral
cycling to experimentally collected data from a study that was carried out by Neptune et al. [98]
investigating elite male athletes. Additionally, the joint contact load values reported in this study
characterize the whole tibiofemoral joint contact loads, rather than the specific narrowing in

exhibited in the radiographic evidence of the subjects with medial compartment tibiofemoral
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OA. However, adduction-abduction moment relates to the uneven contact loads that compress
the medial and lateral compartments and contribution to the bone-on-bone contact characteristics
leading to tibiofemoral OA, thus finding any alteration from the normal contact load shows an
improvement or a limitation for subjects with medial tibiofemoral OA. Lastly, the pedal reaction
force data was collected only from one instrument pedal; this constraint will not alter the results
of the analyzed leg would just be used as a comparison within subjects. Although the joint
contact loads may vary if we made different modeling assumptions; however, our conclusions
regarding the relative changes in references to the estimated joint contact loads in cycling would
not be likely to change drastically. This is due to the face that the same modeling assumptions
remained consistent throughout all the simulations and across all subjects.

What has not been answered in previous literature until now is the question of whether or
not subjects with and without knee OA have can further reduce their tibiofemoral contact loads
by adopting varied set of muscle activations patterns. Previous literature focused on walking with
an instrumented knee implant in a healthy subject rather than cycling [76]. For example DeMers
et al, [76] used this modified optimization framework in walking. Our study investigated both
subjects with and without knee OA and none of the subjects were competitive cyclists.
Additionally, previous literature has not examined the use of an optimization framework in knee
OA and healthy cohorts during neutral cycling. This newly found information on muscle
activations may help improve rehabilitation strategies targeting muscle strength and improving

joint function.

This study identified specific muscles that substantially affect tibiofemoral forces during
stationary cycling as well as adopted a muscle activation pattern that minimized the joint contact

loads. This research has provided a range of feasible muscle activations and now the question is
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to examine these muscle activations that were obtained in minimized knee joint loading and
maximized muscle activations, to figure out how these activations can be obtained as well as
what are different in these muscle activations than actual cycling kinematics. Future work needs
to discover how to target a specific muscle in order to activate or deactivate it in order to obtain
the associated decrease in the contact loads. It should also focus on if and in what pedal
modifications can obtain the desired and calculated minimized joint contact loads and the
maximized muscle activation while minimizing the important joint contact loads (i.e.,
compressive and adduction-abduction moment). Further testing is also needed with modeling and
simulation, in conjunction with biofeedback. To figure out how to activate and deactivate a
specific muscle group to achieve lower tibiofemoral contact loads as well as test the utility of
different pedal modifications in order to be able to achieve or target different muscle groups

that’s have the greatest affect in lowering the joint contact loads.
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CHAPTER V
CONCLUSION

5.1 Significance of Research

Effective OA rehabilitation training and a proper subject-specific treatment would have
enormous potential to significantly reduce the progression of OA degeneration in not only the
subjects with OA but would also help the subjects without OA as a preventative measure.
However, improving the effectiveness of rehabilitation and treatment of OA programs are
challenging because the cause-effect relationship between muscle function and joint
biomechanics with respect to OA progression is not well understood. Dynamic modeling and
simulations provide the capability to determine the meaningful role of muscles contributions,
which is essential to understanding their effect and relationship with the joint contact loads.
Developing dynamic simulations helps to define the biomechanical aspects that influence knee
motion in order to provide a better treatment protocol. We anticipated that the insights gained
from this work would aid in providing new guidelines for designing subject-specific OA
treatment programs resulting in a significant drop in OA progression and possible pain.

The biomechanical models and computational tools developed, will find broad
application. Numerous studies have been performed to record neuromuscular excitation patterns,
understand muscles contraction dynamics, characterize musculoskeletal geometry and quantified
multijoint movements and kinematics. However, linking the detailed knowledge of these
elements of the neuro-musculoskeletal system to create an integrated understanding of normal
and pathological movement remains a major challenge in the application of biomechanics to a
wide range of clinical problems and basic science research. The long-term goal of this research
was to provide a scientific framework for planning, evaluation and improvement of subject-

specific rehabilitation for individuals with knee OA.
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This work developed methodologies for interpreting the dynamic functions of muscles
during cycling movement, generated novel biomechanical optimization approaches to
undercover the muscles forces and joint contact loads during movement and a general
computational framework for pursuing further research. The simulations we developed were
implemented in freely available musculoskeletal modeling and simulation software [57] which
enables us to share the results with other research groups. Over the past few years, there have
been more than 165,103 downloads of models, simulations and software from the project’s
website (see simtk.org/home/OpenSim) with over 28,096 active users of these freely available
biomechanics tools. This project will continue this development. Thus, the aims of this proposed
research program were achieved; this work will have a broad impact on the basic studies of
neuromuscular biomechanics and for clinical treatment and prevention for the subjects with and

without knee OA.

5.2 Research Innovation

The main beliefs that direct the relationships between muscles contributions and dynamic
repetitive movement in individuals during stationary cycling have not been discovered until now.
For decades, experimental research and approaches have driven our understanding of
biomechanics of the human body. However, the lack of ability to experimentally measure muscle
forces and ascertain the cause-effect relationships between muscle forces contribution to joint
biomechanics has limited research progress over the years. The trouble in defining an individual
muscles’ contribution to dynamics movement stems from the circumstance that muscles
accelerate and affect joints that they do not span and body segments in which they do not
innervate. Thus in order to determine a muscles influence on the movement required a new

approach motivated by the use of an instrumental set of tools to accomplish this task.
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Muscle-actuated inverse dynamic simulations provide a scientific framework, in
combination with complementing experimental approaches for estimating important variables
and identifying cause-and-effect relationships. In this study, muscle-actuated inverse dynamic
simulations, optimization and motion capture analysis were used to bridge the gap in providing a
better understanding of dynamic human movement.

This work advanced rudimentary knowledge and understanding in this arena. It engaged
the experimental capabilities of physicians, physical therapist and rehabilitation scientists,
engineers’ use of computer simulations, mathematicians and computer scientist to address the
biomechanical importance of the research questions. An additional advantage of this research
was that the creation of subject-specific musculoskeletal models from a freely available open
source software (OpenSim). The results that this dissertation discovered will advance research
and accelerate the understanding of the underlying fundamental mechanisms behind

biomechanical injuries and treatment of OA.

5.3 Fundamental Contributions

The objective of this research was to determine individual muscle force contributions
during cycling in different pedal modifications, in order to assess how individual muscles, affect
the tibiofemoral joint contact loads. As well as adapting a varied muscle activation patterns
designed to minimize the important joint contact loads. The work presented here was able to
accomplish all of these objectives.

Static and biomechanical optimizations are techniques that have been previously used to
study muscle contribution to walking, running and other treatment modifications. However, the
vital importance was in the development of the subject-specific models and application of these

tools to investigate their effect on subjects with and without OA in order to examine and identify
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the fundamental differences between and within the cohorts. Subject-specific models, were
customized and tailored based on the subject parameters from data collection and our specific
research question that we posed. Since, OA treatment is often based upon the clinicians, clinical
experience to treatment plans. The models that are commonly used by physicians and
constructed using data from other patients, these clinical outcomes are unreliable. We developed
an approach using computational models based on the engineering mechanics and optimization
to predict subject-specific outcomes. We simulated how cycling modifications that were used as
a possible treatment option for knee OA, which may properly strengthen the lower extremity
muscles while decreasing the subjects important joint contact loads (compressive force and the

knee adduction-abduction contact moment) for specific subjects.

5.4 Future Work

This study identified specific muscles forces and joint contact loads in subjects with and
with tibiofemoral OA during stationary cycling. As well as found a range of feasible muscle
activations that are possible to reduce the joint contact loads. However, the question is to
examine the muscle activations that were obtained in study three, to figure out how these
activations can be obtained through different cycling modifications, see how to effectively
achieve the desired activations and muscle forces mentally and physically receiving biofeedback.
Future work should test other cycling modifications in order to discover how to obtain the
desired muscle activations, the minimized joint contact loads and the maximized muscle
activation. Since our model is lacking biofeedback and does not experience any pain these
activations that were achieved through optimization may not be feasible for all subjects.
Research also needs to obtain a possible way to receive and give biofeedback through simulated

human movement.
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