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ABSTRACT (361/350 words)

	The long-term goal of this research is to provide a scientific basis for planning, evaluation, and improvement of patient-specific rehabilitation for people with knee osteoarthritis (OA). 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 joint loads. Cycling rather than other exercise modalities is generally considered an alternative for people with knee OA. If our specific aims are achieved, clinicians would have additional tools related to joint loads for treating people with OA with an increased cycling exercise while controlling progression of OA. 
	The research objective is to investigate joint loads and muscle forces that are experienced by the knee during cycling. The overall hypothesis is a combination of biomechanical cycling modifications that contribute to a reduction in knee joint loads and altered muscle forces in subjects with and without knee OA during cycling, this may be mitigated with a novel pedal design. Our research group has utilized muscle-actuated patient-specific modeling along with predictive tools using feedback control to help design new rehabilitation strategies aiming to minimize joint limitations. 
The principles governing relationships between muscle forces, joint loads, and movements in people with OA have not been uncovered. Determining how to adjust movements to optimize joint loads is difficult because experiments do not account for these loads. Muscle-actuated inverse dynamic simulations provide a scientific framework, in combination with complementing experimental approaches, to estimate important variables and identify cause-and-effect relationships. These activities challenged existing paradigms for exercise prescriptions by including movements specifically designed for decreasing knee joint loads. This work will help bridge gaps that exist between experimental approaches used by physical therapists and the computer simulation approaches used by engineers.
	The overall purpose of this research was to discover relationships between muscle forces, joint loads, and cycling and to deliver on this discovery with a plan for OA-friendly cycling modifications and exercise prescriptions. The following objectives were addressed: 1) Determine the effects of lateral pedal wedges and toe-in on joint biomechanics of people during cycling and 2) Examine the potential of optimization to design patient-specific cycling modifications for decreasing knee joint loads. 


PREFACE
This dissertation presents three studies conducted using inverse-dynamic simulations of muscle forces, joint contact loads and optimization analyses to develop more effective cycling prescriptions for knee osteoarthritis. Each chapter is writing as a separate technical paper and an overview of the goals and methods employed in each study are provided. Additionally, each chapter provides an in-depth discussion of the study findings and how these findings were used to answer the questions posed. Chapter 6 provides a summary of the results of the four studies in the dissertation and delineates how they were applied to develop better protocols for identifying individuals at risk for osteoarthritis progression.
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[bookmark: _Toc289175819][bookmark: _Toc475608611]Chapter I INTRODUCTION 
[bookmark: _Toc385152877][bookmark: _Toc361132209][bookmark: _Toc475608612][bookmark: _Toc385152878]1.1 Defining Osteoarthritis (OA)
Over 47.5 million adults in the United States  have a physical disability [1], with roughly 8.6 million cases of arthritis being the leading primary cause of physical disability [2]. These patients are commonly left with disabling pain leading to loss of mobility and an overall reduced quality of life [2]. Osteoarthritis (OA) is the most common form of arthritis; it affects millions of people worldwide [2]. OA is a common joint disease that most often affects the aging population.  Although it is more common in older people and is viewed as a wear-and-tear disease, it is not accurate to state that the joints are merely eroding.  OA is a disease of the entire joint, characterized by breakdown of the cartilage, bony deviations in the effected joint, weakening of tendons and ligaments, and inflammation of the joint. 
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 [3]. With OA, the cartilage and bones within a joint begin to break down. These changes usually develop slowly and get worse over time. 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.
[bookmark: _Toc475608613]1.1.1 Knee Osteoarthritis
Knee osteoarthritis (OA), is a detrimental, degenerative joint disease that significantly destroys the quality of life [4] for an estimated 27 million people in the United States [5-7]. Knee OA mostly affects the aging population.  Of those affected, 37.4% are 60 years of age and older [6, 8]. Roughly one quarter of those with doctor-diagnosed OA reported problems with activities of daily living[5, 9]. OA is characterized by decreased neuromuscular control, weakened lower extremities, and knee joint instability, with symptoms developing slowly over time [10]. Management of OA is a $128 billion industry [5, 7]  creating an alarming clinical burden of  36 million patients and 750,000 ambulatory care visits and hospitalizations per year [7] resulting in high socioeconomic costs [11]. 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].
[bookmark: _Toc475608614]1.1.1 Causes of Osteoarthritis
 Though the causes of OA are not completely understood, there are some common 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 a top cause of disability in the aging population. The goal of osteoarthritis treatment is to reduce pain and improve joint function. There is no cure for the disease, but some treatments attempt to slow disease progression before it reaches a more advanced state. Some risk factors are modifiable and can help in alleviating OA joint pain and improve joint function (mobility).
[bookmark: number][bookmark: _Toc475608615]1.2 Treatment of Osteoarthritis
[bookmark: diagnosis][bookmark: treatment][bookmark: complications]Doctors usually treat OA with a combination of therapies which may include, but are not limited to, the following: physical activity, medications, physical therapy (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 self-management 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.
[bookmark: qol][bookmark: _Toc475608616]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 1 pound  of body mass a person loses, the compressive load across the knee joints is reduced by 4 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].
[bookmark: _Toc475608617]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 loads and are effective exercise prescriptions for treatment in populations with knee injuries. [30]. Walking modifications have proven to be successful in diminishing knee pain through the use of a toe-in gait or lateral shoe wedges [4, 31]. 
[bookmark: _Toc475608618]1.2.2 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 OA, low-intensity cycling is as effective as high-intensity cycling for improving joint function, decreasing pain, and increasing aerobic capacity [32, 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 loads on the knee. Despite the fact that cycling remains an integral component of exercise for subjects with OA, the potentially beneficial changes in knee loads and associated muscle forces are not well understood. Therefore, current exercise prescriptions may be improved with new knowledge of their effects on joint loads. This loading plays a crucial role in the progression of joint degeneration and severity of pain during exercise and activities of daily living [4, 34].Therefore, a better understanding of how different cycling movements affect joint loads is 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, pedal width, seating arrangement, and different manipulations in each paper. These modifications alter the body’s orientation and joint positions, which in  turn affect the entire body [41] and change the kinematic configuration such as the joint angles and joint moments 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 in the muscles, which in turn affect the joint contact loads. 
[bookmark: _Toc475608619]1.3 Gait Characteristics of Knee Osteoarthritis
[bookmark: _Toc361132213][bookmark: _Toc385152882]It is vital to understand knee OA gait characteristics because    the changes which the OA patient experiences with the adapted OA gait may potentially translate into cycling.  Any alteration from the normal body orientations affects the biomechanics and orientation of the joint angles and moments that in return affect the muscle length and joint contact loads. At the time of this writing there are little to no studies that have reported biomechanical variables of people with knee OA during cycling. There are also no studies that have tested both subjects with and without knee OA in the same study. Subjects with knee OA have adapted or 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 knee internal abduction moment (KAM) compared to healthy subjects. 
[bookmark: _Toc475608620]1.3.1 Compressive Forces and Internal Abduction Moment
Peak compressive force acting on the knee joint during walking may be up to approximately 4 times the body weight [26]. This shows that the mechanical loading has the potential to be harshly effect the joint by causing greater knee joint forces during walking.  In knee OA populations,  joint loads are  shown to be about 3 to 3.7 times body weight [26, 42]. Messier et al. [43], 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 or slower walking speed compared to their healthy cohort. Another study reported that medial compartment OA patients encountered 4% higher knee joint reaction forces during walking compared to their matched healthy counterparts [4]. While the differences reported appear to be small, the results suggest a relationship may exist between medial compartment OA and compressive knee joint loads. However, there is no pivotal evidence yet that has appeared in the literature about the relationship between knee OA, muscle forces, and joint contact loads (compressive forces). 
It is easy to assume that an increase in compressive joint load 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 [4, 44]. Finally, a study by Chakravarty et al. [45] showed that middle and older aged long-distance runners did not have  any change or alteration in OA progression compared to healthy non-runner controls studied over an 18 year period. These findings suggest that the response to joint loading may be reliant on the health of the knee cartilage. It can be argued that chronic compressive loads on the knee joint are not necessarily responsible for the progression of knee OA, but rather they have a large influence on the progression of OA once the disease has been acquired. Other research has shown that obesity is highly associated with incident OA of the hip and knee [46], suggesting that either the increased weight, or some other factor associated with obesity, has a degenerative influence on weight bearing joints. 
[bookmark: _Toc475608621]1.3.3 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.  This is likely due to greater medial loading during activities of daily living[47]. 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) [10]. 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 [11, 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 moment 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 (or Varus) position[48], 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[44]. 
Other studies have found a relationship between the magnitude of KAM and the progression of knee OA [4, 45]. For example, Mundermann et al. [4] 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 than the less severe patients. 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 accredited to different walking speed. Shull et al.[47, 49] conducted a study that attempted to reduce the KAM by having knee OA subjects walk in a toe-in foot progression angle. The authors found that this method of walking reduced the first peak KAM by about 11%, but the second peak KAM and the knee flexion moment remained unaffected. This study provided promising results for a simple technique to successfully 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 [4, 45, 48]. 
[bookmark: _Toc475608622]1.4 Statement of the Problem
How repetitive motions such as cycling exercise can be modified to achieve beneficial changes in joint loads linked to OA severity and progression is an open question. Exercise prescription based on joint loads is problematic because there is currently no scientific basis for determining how individuals’ exercise prescriptions contribute to joint loads leading to knee OA progression. The muscle tests performed during a physical exam and 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 1) 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 loads is difficult because experiments do not account for these loads. For decades, experimental approaches have advanced the understanding of neuromuscular control, joint motion, muscle strength, and functional capacity of the human body. Progress is essentially restricted 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 loads) are difficult to establish from experiments. A scientific framework is needed, in combination with experiments, to uncover relationships between muscle forces, joint loads, and purposeful movements in people with OA during rehabilitation. Muscle-actuated dynamic simulations provide such a framework and complement 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 loads. In turn, these activities help bridge the gap between the experimental approaches used by physicians, physical therapists, and rehabilitation scientists and the computer simulation approaches used by engineers, mathematicians, and computer scientists to improve research studies of movement modification and lead to new rehabilitation solutions. [bookmark: _Ref474917600][bookmark: _Toc475628751][image: ]Figure 1: Many factors contribute to knee joint loads associated with OA disease progression and disability during movements. The transformations between experimental EMG patterns and coordinated multi-joint movement (shaded region) are complicated. Furthermore, to make exercise prescription decisions, clinicians must predict joint load changes after equipment adjustments. Exercise prescription alters musculoskeletal geometry and multi-joint dynamics, and these changes are not easily measured. The long-term goal of our work is to provide a scientific basis for exercise prescription that reduces harmful knee joint loads.

This dissertation is transformative because (i) these models and simulations are patient-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 patient-specific musculoskeletal model, in combination with an inverse dynamic simulation, to assess patients with medial compartment knee OA and to investigate as well as mitigate the magnitude of the muscle forces and joint loads experienced in the lower extremities during stationary cycling. This application of patient-specific models and computer simulations can be used to custom-tailor cycling rehabilitation programs.
[bookmark: _Toc475608623]1.4.1 Muscle Forces
Although cycling remains an integral component of exercise therapy for individuals with knee OA, the potentially beneficial changes in muscle forces are not well understood. Modified cycling exercises may potentially strengthen muscles to improve mobility while improving biomechanics of the diseased knee joint. However, there is little scientific  data characterizing muscle forces in individuals with knee OA during exercise [50, 51]. Therefore, current exercise prescriptions may be substantially improved with new knowledge of how modified cycling affects muscle forces. 
[bookmark: _Toc475608624]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 [52]. 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 [53]. 
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 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 [47, 49]. Many others have studied the effects of different cycling modifications to reduce the KAM, including toe-in cycling [54], lateral shoe wedges[55], pedal cadence[35, 36, 38, 56, 57], workload[56, 57], 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 [52]. 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.
[bookmark: _Toc475608625]1.5 Preliminary Work
Preliminary  studies have been previously performed [54, 58] with this data, where surrogate measures of OA were examined. Specifically, the peak knee adduction angle and peak internal knee abduction moment (KAM) were calculated in Visual 3D. This study found promising results in which a decrease in the knee abduction moment occurred using the lateral wedge. Another study [54] examined the effects of toe-in pedal modifications and found that the peak knee adduction angles decreased, but the peak KAM did not decrease, for subjects with and without knee OA. This preliminary work indicates a decrease in KAM 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 for the proposal that 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 loads, and cycling to develop OA-friendly cycling modifications and subject-specific exercise prescriptions.
[bookmark: _Toc475608626]1.5.1 Selection of human subjects and Data collections
Previous experimental data has been collected [55] 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 custom instrumented pedals to record 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 as well as Gardner [58] and Gardner et al. [54] for additional details on the selection of human subjects and the data collection process.
[bookmark: _Toc475608627]1.6 Computational Modeling: Patient-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  more accurate and computationally efficient analyses [59, 60]. 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 [61-65].
[bookmark: _Toc385152883][bookmark: _Toc475608628]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 such 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.
[bookmark: _Toc475608629]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 neuromusculoskeletal 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 simulation to identify the cycling pedal modification parameters that contribute to knee (and other) muscle forces and joint 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. Patient-specific, muscle-actuated, inverse dynamic simulations were created that reproduced experimentally measured and collected data from both knee OA and healthy cohorts 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 loads for people with and without knee OA. This analysis will clarify the decrease (or increase) in muscle forces and joint 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, patient-specific exercise prescriptions aiming to increase mobility while decreasing injury for individuals with OA. 
[bookmark: _Toc475608630]1.6.3 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 [61] to create, alter, and evaluate models of many different musculoskeletal structures. The procedure for creating and analyzing an inverse dynamic simulation of an individual's movement consists of several steps (Figure 2). 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.
[bookmark: _Ref475627455][bookmark: _Toc475628752][bookmark: _Ref474918407][image: ]Figure 2: Four-step procedure to generate a patient-specific inverse dynamic simulation that reproduces experimental data.



Step 2 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 3 uses inverse dynamics along with kinematics from the previous step and experimental pedal reaction forces to determine the net joint moments. [image: ]
[bookmark: _Ref475022693][bookmark: _Ref475022688]Equations: The static optimizations equations of motion


Step 4, the static optimization 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 applied to the model. The musculoskeletal geometry relates the muscle moments to the muscle forces generating those moments. The muscles contraction dynamics relate the muscle forces due 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  is the set of joint torques,, and  are the coordinates, their velocities and accelerations, respectively, M() is the mass matrix which depends on the coordinates and inertial properties of the model, C(q,) is the combination of Coriolis and centrifugal forces which depends on the coordinates and their velocities, G(q) is the gravitational force which depends on the coordinates, and  is pedal reaction forces applied to the model. 
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 equations of motion are known. The remaining set of joint torques () 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.3) while minimizing the cost function (3). Where  is the number of muscles in the model,   is the activation level of muscle  at a discrete time step,  is its maximum isometric force,  is its muscle length, and  is its shortening velocity. The, is a function of its force-length-velocity surface is its moment arm about the  joint axis, and  is the generalized force acting about the joint axis
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 as has been done in previous published work 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 loads during cycling. A calculation is made of the resulting forces and moments transferred between consecutive bodies as a result 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 loads as others have done for joint implant loads [66]  with differing OA severities [67].
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.
[bookmark: _Toc385152884][bookmark: _Toc475608631]1.7 Overview and Specific Studies
[bookmark: _Toc385152885]Arthritis is the leading cause of physical disability in the U.S. and osteoarthritis (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 patient-specific intervention programs (e.g. exercise) that benefit people with OA by slowing disease progression and delaying disability. However, there is a significant need for evidence-based prescription targets that directly address joint loads during exercise. Cycling rather than other exercise modalities is generally considered an alternative for people with knee OA, but there is a lack of scientific knowledge characterizing and maximizing the rehabilitation benefits (i.e. reduced joint loads) of cycling for people with knee OA. 
The long-term goal of this research is to provide a scientific framework for planning, evaluation, and improvement of patient-specific rehabilitation for individuals with knee OA. Previous studies have shown significant relationships between gait retraining and lower-extremity joint loads.  This research group has utilized patient-specific modeling and simulation along with predictive tools using feedback control to design new movements that aim to minimize joint loads for walking and multi-directional sporting movements. Ultimately, no studies have combined cycling biomechanics with computer simulation to investigate optimal exercise prescriptions for individuals with knee OA.  The research objective is to investigate how cycling exercise modifications lead to different joint loads in people with knee OA. This study proposes to use a combination of clinical motion analysis, patient-specific musculoskeletal models, muscle-actuated inverse dynamic simulations, and optimization to determine what features and their variations lead to improved joint 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 loads in individuals with and without knee OA during cycling. This dissertation proposal will address the following three studies:
[bookmark: _Toc475608632]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 both populations using a novel pedal design to modify foot position during cycling. 
Hypothesis 1.  Pedal modifications will cause a change (increase or decrease) in the peak and mean muscle forces compared to the neutral pedal condition for each cohort. 
Hypothesis 2.  Peak and mean 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 patient-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. 
Significance: This work will demonstrate how pedal modifications alter the healthy and OA muscle forces adversely. 
[bookmark: _Toc475608633]1.7.2 Study 2:  Pedal Modifications will Decrease the Joint Contact Loads Differently in Osteoarthritis (OA) and Healthy Subjects during Stationary Cycling.
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. [bookmark: _Toc385152887]  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 patient-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 loads. 
Significance: This work will discover how pedal modifications alter the healthy and OA Muscle forces adversely. 
[bookmark: _Toc475608634]1.7.3 Study 3: Investigate changes in knee joint loads due to variations in muscle activity during cycling 
Goal:  Determine the effect of varied muscle coordination on knee joint loads the potential for a subject to decrease tibiofemoral forces while cycling by adopting a muscle coordination strategy that minimizes the tibiofemoral forces.
Methods: A series of tasks to create a static optimizations framework that will be formulated to reduce knee joint loads by altering weights and muscle activations. Significance: This work will define what muscle activations would achieve optimal (i.e., minimized) knee joint loads. 
Together these studies will test the utility of simulation-based medicine to identify optimal pedal condition modifications and facilitate the design of safe, patient-specific exercise prescriptions aiming to increase mobility while decreasing harmful knee joint loads causing pain and disability for individuals 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 patient-specific rehabilitation prescription.
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[bookmark: _Toc289175826][bookmark: _Toc475023418]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 with a neutral pedal and four pedal modifications (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. Subjects with knee OA had 30 (lateral wedge) and 40 (toe-in) significant changes. Healthy subjects had 13 (lateral wedge) and 9 (toe-in) significant changes. For the mean muscle force subjects with knee OA had 33 (lateral wedge) and 43 (toe-in) significant changes. Healthy subjects had 29 (lateral wedge), and had 16 (toe-in) significant changes. In conclusion, this study showed, while cycling in different pedal modifications the subjects with knee OA have a greater effect on their 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 there forces depending on what joints they spanned.


[bookmark: _Toc475023419]2.1 Introduction
Osteoarthritis (OA) is a detrimental, degenerative joint disease significantly destroying the quality of life [4] 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 [68]. Knee OA mostly affects the aging population of those affected 37.4% are 60 years of age and older [6, 8]. Roughly one quarter of those with doctor-diagnosed OA reported problems with activities of daily living[5, 9]. Management of OA is a $128 billion industry [5, 7] created an alarming clinical burden with 36 million and 750,000 ambulatory care visits and hospitalizations per year [7] resulting in high socioeconomic costs [11]. OA is a clinical problem with very few solution options beyond pain management until the disease progresses far enough needing invasive, expensive surgery [12].
There are several different therapies for knee OA: surgical treatments, exercise prescriptions, and movement modifications. Surgical treatments include total knee arthroplasty (TKA) or high tibial osteotomy, which are used when non-invasive options no longer alleviate pain [69-72]. Surgeries are highly invasive and expensive [73] with TKA costs alone exceeding $11 billion  [73, 74]. A less invasive and cheaper therapy is exercise prescription (i.e., cycling and walking) [30] to reduce pain and improve joint function [75]. In OA subjects, low-intensity cycling is as effective as high-intensity cycling for decreasing pain, increasing joint function and aerobic capacity [32, 33]. For walking, movement modifications have been extensively studied and successfully reduce pain and joint moments associated with knee OA [4, 31, 76, 77]. However, for cycling, movement modifications have not been studied to the same extent. One study found peak knee abduction moments (KAMs) decreased when using lateral shoe wedges during stationary cycling [58]. Another study found peak knee adduction angles decreased, but peak KAMs did not decrease, for subjects with and without knee OA [54]. These results suggest that movement modifications during cycling alter kinematics and KAM, but the critical role muscles forces play during modified cycling exercise therapy remain 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. Modified cycling exercise may potentially strengthen muscles to improve mobility while improving biomechanics of the diseased knee joint. However, there is little scientific evidence characterizing muscle forces in individuals with knee OA during exercise [50, 51]. Therefore, current exercise prescriptions may be substantially improved with new knowledge of how modified cycling affects muscle forces. 
This study used dynamic simulation, in combination with clinical movement analysis, to evaluate the muscle force changes for subjects with knee OA and healthy counterparts during stationary cycling using five different pedal modifications. Our primary goal was to quantify and identify differences in the muscle forces for individuals with and without knee OA. First, we hypothesized that pedal modifications will cause a change (increase or decrease) in the mean and peak muscle forces compared to neutral pedal condition for each cohort. Secondly, we hypothesized that 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. 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 patient-specific rehabilitation.
[bookmark: _Toc475023420]2.2 Methods
2.2.1 Subject Demographics [54]
 Thirteen subjects with knee OA (7 female, 6 males | 56.85.2 yrs. | 83.222.3 kg | 1.75 0.14 m | 25.63.6) and 11 healthy subjects without knee OA (5 female, 6 males | 50.09.7 yrs. | 80.223.1 kg | 1.75 0.12 m | 25.95.4), voluntarily participated in this study (Error! Reference source not found.) [54]. 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 men or women between the ages of 50 to 65 years, a BMI of 35 kg/m2 or less, and the knee OA cohort had to be radiographically diagnosed with medial compartment knee OA, with or without patella-femoral knee osteoarthritis, by a rheumatologist with a grade 1 to 4 on the Kellgren-Lawrence scale by a rheumatologist. To be excluded from this study, subjects must not have had a lower-extremity joint replacement, an arthroscopic surgery, any intra-articular injections prior to testing, and/or systemic inflammatory arthritis. All subjects were asked to stop pain medication at least 2 days before testing. For more criteria on inclusion and exclusion, please refer to Gardner, et al., 2015, and Gardner, 2013 [54, 58].
2.2.2 Experimental Motion Capture Data Collection [58][bookmark: _Toc475628750]Table 1: Descriptive values for 13 subjects with knee OA and 11 age-matched healthy subjects.
Data type
Subjects with knee OA
Healthy subjects
Age (yr.)
56.8
±
5.23
50.0
±
9.67
Height (m)
1.75
±
0.138
1.75
±
0.121
Mass (kg)
83.2
±
22.3
80.2
±
23.1
BMI (kg/m2)
26.6
±
3.61
25.9
±
5.36


Participants performed an experimental protocol including warm-up, cycle ergometer 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 where researchers fit it to each subject accordingly by adjusting: seat height, seat depth, and trunk angle. Participants were asked to warm-up on the cycle ergometer for 3 minutes to asses proper positioning and observation of pain levels. Five trials of cycling in each pedal modification condition were performed for 2 minutes each at a pedal cadence of 60 RPM and an 80W workload with rest periods between trials. There were a total of 600 trials, where 24 subjects each performed 5 trials in 5 pedal conditions.
Clinical motion capture analysis was used to record subjects’ movements during the cycling trials. A vicon motion capture analysis (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 markers were placed on the posterior and lateral sides of the heel of standard lab shoes (Noveto, Adidas) worn by 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 (PRF) and moments using two 3D force sensors (Type 9027C, Kistler, Switzerland) connected with two charge amplifiers (Type 5073A and 5072A, Kistler, Switzerland). Sensors could be placed in either the left or 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
We created subject-specific models using the generic, full-body musculoskeletal model in OpenSim that contains 10 segments, 23 degrees of freedom, and 92 muscle–tendon actuators ([image: ]Figure 2). 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 [78]. The hip was modeled as a ball-and-socket joint [79]. The knee was modeled as a planar joint with tibiofemoral and patellofemoral translational constraints as a function of knee flexion [79]. The ankle and subtalar joints were modeled as separate revolute joints [80]. Each muscle–tendon actuator was modeled as a Hill-type muscle in series with a tendon based on published muscle-tendon parameters [79]. We altered our model further by adding a patella to model the knee so it articulated in contact with the femur, and to allow the muscles to wrap around the patella [81]. The patella functioned to allow the quadriceps forces to act along the patellar ligament. This alteration improved the relationship between knee kinematics and muscle forces beyond the original knee model [79], and it allowed a better estimation of muscle forces. 
The procedure for creating and analyzing muscle-actuated inverse dynamic simulation of each individual's movement consisted of a four step procedure. Step 1, 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 muscle moment arms (Error! Reference source not found.) [61]. The model was scaled by using the musculoskeletal geometry of the generic model and the marker data collected from experimental motion analysis. Step 2, we used inverse kinematics to solve for the model’s joint angles to minimize errors between experimental and model markers. Step 3, we used inverse dynamics along with kinematics from the previous step and experimental pedal reaction forces to determine the net joint moments. Step 4, we used static optimization [60] 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.[bookmark: _Toc475628753]Figure 3: Example subject during a) data collection and example b) subject-specific musculoskeletal model for muscle force estimation with the added patella.
[image: ]

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 one-way analysis of variance (ANOVA; p<0.01) to detect significant changes between muscle force estimates for each of the 4 pedal modification trials compared to neutral pedal trials for each subject. The Tukey-HSD correction was used for post-hoc pairwise comparison. We evaluated our second hypothesis regarding the differences in mean and peak muscle forces between cohorts by conducting a ANOVA with unequal sample size (p<0.01), 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. Heatmaps were created to show significant mean and peak muscle force differences between pedal conditions compared to neutral as well as between cohorts of subjects with and without knee OA. 
2.2.5 Validation of Models and Simulation Results [82]
Experimental data was used during each step of the development of the inverse dynamics simulation to validate our models and simulation 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, RMS errors. In addition, the resulting hip, knee, and ankle joint angles were examined and compared to those from the Visual 3D motion analysis software and known joint angle data from the literature [83].  Following inverse dynamics, the hip, knee, and ankle net joint moments were examined and compared to those from the Visual 3D motion analysis software and known net joint moment data from the literature [83]. These steps were performed to make sure our model was “good enough” [82] to estimate muscle forces with static optimization. Due to the fact that muscle forces during cycling remain unknown, following static optimization, muscle activations were examined and compared to EMG data from the literature [83] . It is important to note, the data in this study was collected using the same pedal cadence (60 RPM) but a reduced workload (80 W) compared with the data from Neptune, et al., 1997 [83] used during our validation processes.
[bookmark: _Toc475023421]2.3 Results
2.3.1 Mean and peak Muscle Force Changes Across Conditions
There were many changes in the mean muscle forces for the subjects with and without knee OA across pedal modifications compared to the neutral pedal condition and confirmed our hypothesis that modifications would lead to a change in mean muscle forces (Figure ). Subjects with knee OA had 33 significant (p<0.01) changes (10 for 5°, 23 for 10°), on average, for the lateral wedge conditions. The Gluteus Maximus showed the largest increase of 7% BW. The Soleus showed the largest decrease of 4.5% BW (

Figure a, Figure ). Subjects with knee OA had 43 significant (p<0.01) changes (21 for 5°, 22 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 29 significant (p<0.01) changes (12 for 5°, 17 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 16 significant (p<0.01) changes (3 for 5°, 13 for 10°), on average, for the toe-in conditions. The Gluteus Maximus, showed the largest increase of 3% BW (Figure a, 

Figure ). The Biceps Femoris Short Head, showed the largest decrease of 1% BW. There were not as many changes in the peak muscle forces for the subjects with and without knee OA across pedal modifications compared to the neutral pedal condition and confirmed our hypothesis that pedal modifications lead to a change in peak muscle forces (Figure ).
3.2 Mean and Peak Muscle Force Differences Between Cohorts 
	There were many differences in the mean muscle forces for the subjects with knee OA in each pedal condition compared to healthy subjects and confirmed our hypothesis that cohort differences would lead to differences in mean muscle forces (

Figure , left). The neutral pedal condition revealed 22 significant (p<0.01) 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 47 significant (p<0.01) differences (19 for 5°, 28 for 10°). The Tibialis Posterior, showed the largest positive (OA>healthy) difference of 15% BW. The Gluteus Maximus, showed the largest negative (OA<healthy) difference of 10% BW. The toe-in conditions revealed 66 significant (p<0.01) differences (32 for 5°, 34 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 (

Figure , right) in the peak muscle forces for the subjects with knee OA in each pedal condition compared to healthy subjects which, 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 adjustments reduced the errors between experimental and model markers below an acceptable threshold (≤ 2 cm). Following inverse kinematics, marker tracking weight adjustments reduced 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 for this study and published kinematic data [83]. Following inverse dynamics, the lower-limb kinetics compared well to those from Visual 3D and published kinetic data [83]. The muscle activations compared well to published EMG data [83] considering the similarities in pedal cadence and differences in workload (0). 
[bookmark: _Toc475023422]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; in addition, we confirmed our hypotheses that pedal modifications change the mean and peak muscle forces within cohorts as well as differences exist between the two cohorts. Our findings suggest that subjects with knee OA have a greater potential than healthy subjects to significantly change their muscle forces overall by using pedal modifications. Furthermore, these changes were mostly increases in muscle forces, where toe-in pedal modifications caused the largest changes for subjects with knee OA. We also found subjects with knee OA have muscle force differences during cycling are either significantly lower or higher compared with healthy subjects. In addition, 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. Additionally, Anderson and Pandy (2001), found the results of static and dynamic optimization to be essentially equivalent for estimating in vivo quantities like muscle forces [60]. The absolute magnitude of muscle forces may change if we made different modeling assumptions, our conclusions regarding the relative decrease magnitude of the muscle forces during the pedal modification compared to neutral would not be likely to change considerably because the same assumptions would be used across all cycling simulations. Second, the experimental data collection did not include EMG for our subjects. Even though we did not have EMG data our data was matched to experimentally collected data from neutral cycling in elite male athletes [83]. 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, just would allow analysis of the other leg for a comparison for each subject. 
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 and compared well with previous literature using similar conditions. Muscles activations for our healthy subjects were similar to EMG data from Neptune, et al. [83], with the same pedal cadence of 60 RPM but a higher workload of 120 W compared to our study at 80 W. The hip, knee, and ankle angles [39] and moments [37, 39, 84-86] compared well to previous research for the healthy subjects at various pedal cadences and workloads. The pedal reaction forces compared well noting differences in pedal cadence and work load [84, 87]. Because of these consistencies, we have confidence in our simulations of cycling, without EMG data and 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 may change with kinematic modifications. Previous literature focused on elite or competitive athletes [35, 37, 38, 83, 87, 88], while cycling at different pedal cadences and workloads. For example, a Neptune, et al. [89], examined elite male athletes and the effects of pedaling rate and differences seen in the collected EMG. Our study investigated and compared both subjects with and without knee OA and all of elderly subjects were not competitive cyclists. Previous literature has not examined the muscle force changes of knee OA and healthy cohorts with different pedal modifications (lateral wedge and toe-in). These pedal modifications alter change the kinematics, which in turn change joint moments generated by muscle forces. Furthermore, these cycling pedal modifications the muscle lengths and velocities as well as muscle moment arms, which affect muscle force contributions to joint contact loads. This newly found information on muscle forces may help improve rehabilitation strategies targeting muscle strength and joint function.
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 which 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, 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. 
[bookmark: _Toc475023423]2.5 Acknowledgements
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2.7 Appendix
[bookmark: _Ref474756982][bookmark: _Ref474487362]Figure 4: A muscle force change identity grid showing the significant differences within each cohort in all muscles compared to neutral, for the mean muscle forces. Red indicates an increase compared to neutral, while blue indicates a decrease compared to neutral; the darker the color the greater the decrease or decrease. 
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[bookmark: _Ref474756954][bookmark: _Ref474487378][image: ]Figure 5: Some of the muscles that showed the most change across the conditions (at least 3 conditions compared to neutral) with a threshold set at greater than 10% BW, observed for a) mean and b) peak muscle forces normalized by %BW.


[bookmark: _Ref474757015]

Figure 6: A muscle force change identity grid showing the significant differences within each cohort in all muscles compared to neutral, for the peak muscle forces. Red indicates an increase compared to neutral, while blue indicates a decrease compared to neutral; the darker the color the greater the decrease or decrease. 
[bookmark: _Ref474487414][image: ] 

Figure 7: Mean and peak muscle force significant differences between OA (+) and Healthy (-) in all conditions. Red indicates knee OA cohort was greater within that conditions, while blue indicates healthy cohort was higher within that conditions; the darker the color the greater the difference.
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[bookmark: _Ref474690963]

[bookmark: _Ref474690941][image: ]Figure 8: Comparison of muscle activations during cycling with the neutral pedal condition (at 80W and 60 RPM) and EMG from Neptune, et al., 1997 from elite male cyclists (at 127W and 60 RPM).
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[bookmark: _Toc385152947][bookmark: _Toc475023445][bookmark: _Toc289175845][bookmark: _Toc385152948]6.1 Significance of Research 
Knee osteoarthritis (OA), is a detrimental, degenerative joint disease that significantly destroys the quality of life (1) for an estimated 27 million people in the United States (2-4). One common treatment used in current rehabilitation strategies for knee OA is the prescription of exercise (i.e., walking and cycling) (5). Walking modifications have proven to be successful in diminishing knee moments and pain through the use of toe-in gait or lateral shoe wedges (1, 6). In subjects without OA, low-intensity cycling is as effective as high-intensity cycling for improving joint function, decreasing pain, and increasing aerobic capacity (7, 8). 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 loads at the knee. Cycling remains an integral component of exercise for subjects with OA; despite the fact, the potentially beneficial changes in knee loads and associated muscle forces are not well understood. Therefore, current exercise prescriptions may be improved with new knowledge of their effects on joint loads. This loading plays a crucial role in the progression of joint degeneration and severity of pain during exercise and activities of daily living (1, 9); therefore, a better understanding of how different cycling movements affect joint loads is necessary for improving rehabilitation strategies. If my aims are achieved, then subjects with OA would directly benefit from increased exercise through cycling while controlling the progression of OA. In addition, this work will allow for clinical professionals to make better decisions related to joint loads of their patients with OA.
The biomechanical models and computational tools developed by my team 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 neuromusculoskeletal 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 is to provide a scientific framework for planning, evaluation, and improvement of patient-specific rehabilitation for individuals with knee OA.
The proposed work will generate new algorithms for solving complex optimization problems, improved methodologies for interpreting the dynamic functions of muscles during movement and a general computational frame work for pursuing further research. The simulations I develop will be implemented in freely available musculoskeletal modeling and simulation software (10) which enables us to share my results with other research groups. Over the past few years, there have been more than 111,330 downloads of models, simulations, and software from the project’s website(see simtk.org/home/OpenSim) with over 19,000 active users of these freely available biomechanics tools. This project will continue this development. Thus, if 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 OA.
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