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Abstract 
 

Introduction: It is theorized that those with knee osteoarthritis (OA) exhibit 

a specific phenotype of high fat mass and bone mineral density (BMD) that is 

associated with increased knee forces and disease progression.  Whether this 

relationship is mediated by biomechanical factors has not been investigated.  

Therefore, the purpose of this study was to investigate the associations between 

leg BMD, fat mass, and lean mass on knee joint compressive forces in older 

adults with knee OA, and to determine whether these relationships are mediated 

by stride length, leg strength, and/or knee stiffness. 

Methods:  Baseline DXA scans, knee extensor strength, and gait data 

from 75 participants from the Strength Training for Arthritis Trial (START) were 

analyzed.   

Results: Leg BMD (p= 0.006) and fat mass (p<0.001) were positively 

correlated with knee joint compressive forces.  Stride length, average knee 

stiffness, and leg strength were partial mediators for the relationship between % 

fat and knee forces.  Leg strength was also a partial mediator for the relationship 

between leg BMD and knee forces, 

Conclusion: Elderly obese individuals with knee OA should reduce their % 

fat and stride length, or alter their leg strength and knee joint stiffness to lower 

knee joint compressive forces. 
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Introduction 

Knee osteoarthritis (OA) is a chronic disease and the leading cause of 

disability among Americans > 55 years old, affecting over 250 million people 

worldwide1. Currently, there is no cure, and those affected live with pain an 

average of 26 years176. Both constant and intermittent pain limit activity levels 

and participation in social activities2.  To control pain, patients with OA may use 

NSAIDs, steroids, nutraceuticals, physical therapy, joint replacement, diet, and/or 

exercise5,19.   

It is theorized that those with knee OA have a phenotype, or specific 

physical attributes, that predisposes them to the development and progression of 

OA128.  Epidemiological research has shown that those with knee OA have 

increased bone mineral density (BMD), higher body mass index (BMI), and 

higher fat mass with a proportionally lower lean mass compared to their age-

matched peers.  This increased BMD is most likely due to increased load on the 

bones from greater body mass; this results in increased knee joint compressive 

forces36.  As a result of increased BMD, those with OA may have stiffer bones 

with diminished ability to absorb forces133.   

Little research has modeled fat mass and lean mass as separate and 

independent risk factors for knee OA.  Lean mass is important due to its ability to 

protect the joint from trauma by relieving loads146-147.  In contrast, fat mass is 

associated with increased knee joint loading that may be associated with disease 

progression.  Additionally, those with knee OA exhibit increased knee joint 
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compressive forces due to increased body weight30,33-35.  However, overweight 

individuals may alter their gait to reduce pain and knee joint compressive 

forces36.   

The exact relationship between BMD, and body composition on knee joint 

compressive forces is not completely understood.  Furthermore, whether this 

association is mediated by other variables such as stride length, leg strength, 

and/or knee stiffness is unclear.  Therefore, the purpose of this thesis was to 

investigate the associations between leg BMD, fat mass, and lean mass on knee 

joint compressive forces when walking in older adults with knee OA, and to 

determine whether this relationship is mediated by stride length, leg strength, 

and/or knee stiffness. 
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Review of the Literature 

Epidemiology of OA 

Arthritis is a term used to describe more than 100 rheumatic diseases and 

conditions that affect the muscles, tendons, and ligaments around the joint and 

other connective tissues.  The most common form of arthritis is osteoarthritis, 

affecting 15% of the U.S. population2-4.  Currently, OA is the leading cause of 

disability among U.S. adults above the age of 551.  In the United States alone, 

OA affects 13.8% of adults > 26 years old and 37% of those > 60 years old, 

suggesting an increase in prevalence with age.  OA most commonly affects the 

hand, however, the knee is the most affected weight-bearing joint2-4.   

From 1983-1985, the Framingham OA Study examined the prevalence of 

knee OA among those enrolled in the Framingham Heart Study and found that 

the prevalence of knee OA increased with age9.  This study of 1,420 participants 

revealed that radiographic evidence of OA existed in 33% of participants, 

however, only 9.5% had symptomatic OA.  This suggests that many more 

Americans may be affected by OA, but are either unaware, asymptomatic, or 

have not received a diagnosis, potentially skewing epidemiological estimates. 

When stratified by gender, women had a higher prevalence of OA (34%) 

compared to men (31%).  There was a correlation between increased severity of 

radiographic knee OA and symptoms, however, among those with Kellgren-

Lawrence grade 3 or 4 (moderate-severe), only 40% of subjects had knee 

symptoms. 
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From 1991-1997 Jordan and colleagues conducted an epidemiological 

study of knee OA in Caucasians and African Americans in Johnston County, 

North Carolina8.  African Americans had a higher prevalence of knee OA (32.4%) 

compared to Caucasians (26.8%).  Additionally, African Americans were less 

likely to seek joint replacement to alleviate their OA symptoms compared to 

Caucasians.  Similar to the results of the Framingham Study, women had a 

higher prevalence of knee OA (31.0%) than men (23.7%) and the prevalence 

increased with age (Age 45-54: 14.9%, Age 55-64: 26.2%, Age 65-74: 36.1%)8.    

The overall incidence rate of knee OA is 240 per 100,000 person-years.  

This incidence rate of OA increases with age, especially after the age of 50 

years; the highest incidence occurs in the 70-79 year age range for both men 

(839 per 100,000 person-years) and women (1,082 per 100,000 person-years)13.  

Further analysis of the Johnston County data revealed that the lifetime risk of 

symptomatic knee OA was 44.7% [95%CI: 40.0-49.3%], meaning that an 

individual has a 44.7% chance of developing knee OA by the age of 85 years10.  

Specifically, obese individuals had a statistically significant greater lifetime risk of 

knee OA (60.5%) compared to normal weight (30.2%) and overweight individuals 

(46.9%), suggesting obesity is a risk factor.  Incidence rates were highest among 

those with the following baseline characteristics: female, black, obese, history of 

knee injury, and increased age.  In an epidemiological study of obesity and OA, 

Grotle et al11 found that obese individuals (BMI > 30 kg/m2) were 2.81 (95%CI: 

1.32-5.96) times more likely to have knee OA than those of normal weight (BMI 
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20-25 kg/m2).  Additionally, for every 5 unit increase in BMI, the associated 

increased risk of knee OA was 35% (RR: 1.35; 95%CI: 1.21-1.51)12.   

Pathology/Development and Progression of OA 

 OA is a progressive joint disease affecting the structural and functional 

integrity of articular cartilage, adjacent bone and tissue, and is characterized by 

varying levels of structural damage and pain22.  Under healthy and normal 

conditions, articular cartilage is a nearly frictionless surface that allows for the 

transmission and distribution of joint loads, with little change over time; this 

function is determined by the structure and composition of the extracellular matrix 

(ECM).  The ECM is primarily water, but the remaining solid matrix is made up of 

a cross-linked network of collagen and proteoglycans such as aggrecan22.  OA is 

characterized by an imbalance between the anabolic and catabolic activities of 

the cartilage cells, chondrocytes; this implies that changes in cellular metabolism 

contribute to the development and progression of OA.  Specifically, chondrocytes 

will regulate their metabolic activity in response to chemical, electrical, and/or 

mechanical signals.  As a result, articular cartilage will alter its composition and 

structure to adapt and accommodate to the physical demands of the body; this 

may result in irregularly shaped cartilage that causes pain and biomechanical 

gait changes22. 

 Articular cartilage is avascular, aneural, alymphatic, and sparsely 

populated by cells, thus, it has a limited ability for self-repair22.  However, the 

components of the ECM are in a state of slow turnover and are maintained in 

homeostatic balance via the metabolic events of the chondrocytes.  These 
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catabolic and anabolic events are regulated by the processing of genetic and 

environmental information such as cytokines, ECM composition, and growth 

factors22.  Additionally, levels of mechanical stress on the joint environment is a 

factor that influences, and potentially regulates the activities of the chondrocytes 

in vivo22. 

 During daily activities articular cartilage is exposed to cyclic bouts of 

mechanical stress comprised of dynamic, or time varying, and static, or constant, 

components.  In vitro studies have shown that cartilage under dynamic 

compression at certain frequencies can increase chondrocyte anabolism, 

whereas lower frequencies did not appear to affect aggrecan biosynthesis rates 

above controls22. Additionally, above threshold frequencies of 0.01-0.1 Hz, 

aggrecan biosynthesis increases in a dose-dependent manner with loading 

frequency22.  In contrast, cartilage explants exposed to static compression exhibit 

a suppression of metabolic activity that is dependent of the magnitude of the 

applied stress; in particular, this affects the biosynthesis of aggrecan and 

collagen22. 

 Contrary to in vitro studies, numerous in vivo animal studies of altered joint 

loading illustrate the role of biomechanical factors and their effects on cartilage 

metabolism in the development of OA22.  Researchers found that changes in joint 

loading through altered physical activity levels may elicit either an anabolic or 

catabolic response depending on the age of onset, duration, and intensity so long 

as joint stability remains unaltered177.  In younger animals, moderate exercise 

produced anabolic cartilage changes: increased cartilage thickness and 
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proteoglycan content, and decreased proteoglycan extractability.  These changes 

improve the load-bearing properties of cartilage, which may explain the 

mechanism as to why lifelong increases of physical activity levels in dogs, do not 

increase the lifetime incidence of OA.   

At older age, however, high-intensity or sudden increases in exercise can 

produce catabolic changes that can lead to OA177.  These changes include: 

decreased collagen network structure, reduced cartilage stiffness, and site-

specific proteoglycan loss.  Presumably, severe inactivity (e.g., immobilization) 

will also yield catabolic changes; however, these changes are reversible once the 

individual returns to normal ambulation, assuming the period of immobilization is 

not too long22.  The reversal of cartilage catabolism is possible for changes in 

cartilage structure and composition if it was induced by immobilization, however, 

it is not reversible if it was induced by other altered loading conditions; this is 

because immobilization mainly affects the proteoglycan component and does not 

irreversibly change the collagen network structure of the ECM22. 

As a whole, mechanical loading is important for maintaining healthy joints 

and articular cartilage.  If the joints are insufficiently loaded, for instance via 

immobilization or solely static loading, the cartilage metabolism will shift towards 

catabolism.  Recently, studies suggest that the main way in which mechanical 

stress is balanced to maintain cartilage homeostasis is by controlling joint 

inflammation in the biological and biomechanical pathways22.   

In the past, OA was described as a non-inflammatory disease in an effort 

to differentiate it from inflammatory rheumatoid arthritis, however, current 
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research suggests that proinflammatory mediators are a central contributor to the 

pathology of OA20.  Specifically, proinflammatory cytokines such as interleukin-1 

(IL-1) and tumor necrosis factor-α (TNF-α) mediate cartilage degradation and 

joint inflammation178.  These cytokines increase the production of matrix 

metalloproteinase and aggrecanases that break up the collagen and 

proteoglycan networks and diminish the anabolism of ECM components, thus 

disturbing normal remodeling of the chondrocytes22.   The effects of these 

cytokines are explained by the production of prostaglandin E2 (PGE2) and nitric 

oxide (NO), which are both found to be elevated in OA joints.  Chondrocytes 

respond to PGE2 and NO via autocrine, or intracellular, and paracrine, or 

intercellular, feedback and regulation22.   

Although the factors causing the initiation and progression of cartilage 

catabolism in OA are unknown, mechanical stress is a potential mediator22.    

Mechanical stress may directly act on the chondrocytes to increase the 

production of proinflammatory mediators like NO and PGE2.  Additionally, the 

presence of proinflammatory cytokines can have an effect on the way 

mechanical stress affects cartilage metabolism22. 

The relationship between obesity and OA appears to be casual since 

obesity precedes the development of knee OA.  The original explanation for this 

was that the added load on the joints accelerated normal joint “wear and tear” 

that occurs with aging.  However, recent studies suggest that the onset of knee 

OA can be the result of a shift in load-bearing to less frequently loaded areas of 

the cartilage yielding the breakdown of cartilage and OA development22.  This 
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shift is described as a varus/valgus laxity and malalignment of the knee.  

Malalignment is associated with increased disease progression through altering 

the local loading; varus malalignment increases the load in the medial 

tibiofemoral compartment and is associated with increased OA progression22.  

However, these mechanical factors alone do not explain the relationship between 

obesity and knee OA incidence.  For instance, lifelong runners likely load their 

joints to an increased extent than the added loads of obesity, yet, runners do not 

have an increased risk of OA46.  Furthermore, obesity is associated with 

increased risk of OA in non-weight bearing joints (e.g. hand OA), which suggests 

that the link between OA and obesity is not just mechanical, but a complex 

interaction of pathological changes in physiological and biomechanical factors179. 

Abdominal obesity is associated with many metabolic disorders such as 

insulin resistance/hyperinsulinemia, type 2 diabetes mellitus, hypertension, and 

dyslipidemia which collectively have been called Metabolic Syndrome22.  It is 

suggested that Metabolic Syndrome is an inflammatory condition because BMI is 

positively correlated with many proinflammatory mediators: C-reactive protein 

(CRP), TNF-α, IL-1, IL-6, and NO.  Moreover, abdominal fat is the primary tissue 

responsible for the production of these mediators, which have been called 

“adipokines”22.  In vitro, these adipokines are responsible for catabolic changes 

within the cartilage, whereas in vivo these adipokines are stimulated during 

synovitis and can increase inflammatory angiogenesis, the formation of new 

blood vessels, causing further inflammation and pain20-22. 
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The Arthritis, Diet, and Activity Promotion Trial (ADAPT) showed the 

integrated nature of diet, exercise, inflammation, and knee OA37.  Researchers 

found that high levels of TNF-α1 receptors were associated with lower physical 

function and increased knee OA in older, obese adults.  Participants who 

exercised and had diet-induced weight loss had decreased concentrations of 

CRP, IL-6, and the soluble receptor for TNF-α1, and had improvements in pain 

and physical function compared to the healthy lifestyle group37.   

Systemic inflammation associated with obesity may mediate OA 

development and progression via direct and indirect pathways22.  In particular, 

increased levels of cytokines that circulate the blood diffuse into synovial fluid, 

and likely, TNF-α1 and IL-1 act directly on the chondrocytes to upregulate 

catabolism.  Indirectly, obesity may mediate the onset of OA by accelerating 

muscle senescence—the weakening of muscles correlated with age and mild 

systemic inflammation22.  This elevated systemic inflammation may accelerate 

quadriceps weakness, a risk factor of OA22,106.  Therefore, it is important to note 

that knee OA is not caused by one single mechanism, but rather a complex 

interaction of genetic and environmental factors. 

Diagnosis 

 Knee OA can be diagnosed through radiographic evidence, in the form of 

an x-ray, or subjectively based on a patient’s symptoms.  To diagnose a patient 

radiographically, the Kellgren-Lawrence (KL) grading scale is used26.  The KL 

scale contains five grades ranging from 0 to 4 (expressed as KL-0) and refers to 

the amount of joint space narrowing, cartilage loss, and the presence of 
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osteophytes and bone deformities.  A grade of 0 signifies the absence of any x-

ray changes of OA, meaning that the joint space is normal and lacks the 

presence of osteophytes.  A grade of 1 signifies a doubtful joint narrowing with 

possible osteophyte formation.  A grade of 2 indicates minimal, but definite, joint 

space narrowing with osteophyte formation.  A grade of 3 shows definite 

moderate joint space narrowing with multiple osteophytes.  Lastly, grade 4 

means there is definite and severe joint space narrowing with multiple or large 

osteophytes and bony deformity26.  

 For various reasons, radiographic evidence of knee OA is not the only tool 

utilized to aide in the diagnosis of OA.  For instance, some individuals may be 

opposed to radiation exposure and other methods are required.  Therefore, 

clinicians utilize knee pain and its severity as a measure for symptomatic knee 

OA in addition to radiographic evidence19.  Pain is commonly measured using 

questionnaires such as the WOMAC (Western Ontario and McMaster 

Universities Osteoarthritis Index) which asks individuals about their knee pain, 

stiffness, and/or joint swelling among other things27.  In 1986, the American 

College of Rheumatology developed specific criteria for the diagnosis of clinical 

OA, defining it as knee pain with at least three of the six following symptoms: age 

>50 years, morning stiffness < 30 minutes, crepitus, bony tenderness, bony 

enlargement, and/or no palpable warmth28.  This diagnosis criteria yielded 95% 

sensitivity, or the ability to correctly identify someone with the disease, and 69% 

specificity, or the ability to correctly identify someone with the disease.  

Additionally, OA can be diagnosed via laboratory and radiographic evidence in 
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conjunction with the previously stated clinical criteria.  However, studies have 

shown that individuals with KL grade 1-2 can report high levels of clinical pain, 

while those with moderate to severe radiographic knee OA can have low knee 

pain levels29.  Which might be why radiographic and symptomatic knee OA have 

a weak correlation.  

Risk Factors 

The etiology and pathogenesis of OA is multifactorial, including the 

interplay of biological, mechanical, and systemic pathways with various risk 

factors30.  Systemic factors such as increasing age or obesity and local risk 

factors such as abnormal joint loading can contribute to OA.  Although systemic 

factors can lead to someone having an increased risk of OA, more local factors 

such as biomechanical abnormalities at the joint, may be an initiator of the 

cascade of changes at the knee joint that can lead to OA30.  Systemic factors are 

non-modifiable, and include age, sex, and ethnicity/race, whereas, local risk 

factors have the potential for modification and intervention. As a result, local risk 

factors are the primary focus for risk reduction in clinical trials.   

Unlike systemic factors, local factors are modifiable and affect individuals 

via abnormal joint loading that alters local biomechanical forces across the knee 

joint30.  These factors include lower body malalignment, obesity, previous trauma 

or injury, participation in sports, and/or occupation30.  These local factors can be 

divided into two groups: intrinsic and extrinsic.  Intrinsic local factors consist of 

malalignment, muscle weakness, and joint laxity.  Extrinsic local factors consist 
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of obesity, acute trauma or injury, sports or physical activity participation, and 

joint loading. 

 Although valgus/varus alignment is a risk factor for the progression and/or 

incidence of OA, the research is conflicting30.  The Rotterdam Dutch longitudinal 

crossover study showed that varus knee alignment was associated with both the 

progression and development of knee OA. Individuals with varus alignment had a 

2-fold increased risk for OA compared to those without varus alignment (OR 

2.06, 95% CI 1.28-3.32); this increased risk was more pronounced in overweight 

and obese subjects.  Additionally, those with varus alignment had increased risk 

for OA progression compared to those with normal alignment (OR 2.90, 95% CI 

1.07-7.88); progression was calculated as baseline KL score subtracted from 

follow-up KL score39.  However, results from the Framingham cohort found no 

significant increase in incident OA existed in the highest quartile compared to 

those with the lowest quartile of alignment.  Researchers suggested that knee 

malalignment did not impact incident knee OA, but could be utilized as an 

important marker for incident OA severity and/or progression40. 

 Several studies have shown a positive correlation between BMI and 

incidence of knee OA30.  A recent meta-analysis of knee OA risk factors found 

that obesity (BMI > 30 kg/m2) is strongly associated with knee OA (OR: 2.66, 

95%CI 2.15-3.28).  Researchers also concluded that there existed a strong 

association with being overweight (BMI > 25 kg/m2) and knee OA. Those who 

were overweight were 1.98 (95%CI 1.57-2.20) times more likely to have knee OA 

than those who were not overweight33.  Increased BMI was associated with 
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higher absolute tibiofemoral compressive and shear forces, which leads to an 

altered gait; altered gait contributed to the initiation, progression, and increased 

incidence of knee OA33,35.  Additionally, there existed a dose-response 

relationship between obesity and risk of knee OA.  This association was 

significantly stronger in women than men (men, RR: 1.22; 95% CI: 1.19-1.25; 

women, RR: 1.38; 95% CI: 1.23-1.54)34.  However, these compressive forces 

and risk of OA can be attenuated with weight loss.  One study conducted by 

Messier et al36 revealed a direct relationship between maximum knee 

compressive forces and weight loss; for every one pound reduction in body 

weight, there existed a subsequent four pound reduction in knee joint 

compressive forces.  Researchers also showed that a moderate, 5%, weight loss 

combined with exercise improved knee function and reduced pain37.  It is evident 

that BMI is a major risk factor in the development and progression of OA, 

however, it is modifiable and should be a point of focus for interventions.  Due to 

the obesity epidemic in the United States and the increasing age of the general 

population, we can expect to see a subsequent increase in the prevalence of 

knee OA38. 

 It is unclear whether the relationship between obesity and knee OA is due 

to the weight bearing effect of increased body weight on joint loads, altered 

metabolism, or the promotion of a pro-inflammatory state173.  Increased BMI, a 

risk factor for knee OA, has also been associated with hand OA; data from the 

Netherlands Epidemiology of Obesity study showed that fat mass and BMI were 

associated with both knee174 and hand OA175.  This result suggests that 
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metabolic and inflammatory factors, instead of excessive joint loading, may 

contribute to the increased risk of OA with obesity. 

 This association suggests that factors such as cytokines and adipokines 

produced by adipose tissue may promote OA in overweight individuals.  Several 

of these proteins produced by adipose tissue have been hypothesized to 

contribute to OA including: IL-1β, IL-6, TNFα, and leptin, however, it is not known 

whether or not elevated systemic levels of these factors directly affect joint 

tissues.  Loeser et al173, using data from the IDEA trial found that those whose 

knee OA progressed (>0.7 mm decrease in joint space width, JSW) had 

unchanged levels of IL-6 from baseline to 18-month follow-up, whereas non-

progressors had significant decreases in IL-6 from baseline to follow-up; this 

change over time was significantly different between groups.  These results 

support the role of metabolic factors in the progression of knee OA. 

 Multiple studies have shown that previous local knee trauma or injury is a 

risk factor for knee OA; these injuries typically include an ACL or meniscal 

injury30.  Injuries to the knee can lead to altered joint biomechanics causing the 

initiation or progression of OA.  A study of female soccer players found that those 

who sustained an ACL injury 12 years earlier had a very high prevalence of 

radiographic knee OA, knee pain, and functional limitations41.  Additionally, 41% 

of males who suffered ACL tears 14 years earlier exhibited radiographic 

evidence of knee OA (K-L grade 2>)42.  Partial removal of the meniscus, or a 

meniscal resection, independently increases the risk of developing knee OA (RR 

= 2.6, 95% CI: 1.3-6.1).  Moreover, a full menisectomy yields a higher risk of 
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incident knee OA up to 15-22 years after the surgery, and a 6-fold increase in 

relative risk for the development of radiographic OA; this is why it is crucial to try 

and preserve meniscal tissue post-injury43.  Lastly, meniscal injury and 

subsequent surgery can yield an earlier-age onset of knee OA, so efforts to 

prevent acute injury in sport and daily life should be optimized. 

 Sports participation and physical activity are also risk factors for knee OA, 

but the data are conflicting30.  Some studies have shown that high-level and 

intense sports participation are associated with an increased risk for knee OA in 

adults.  An English study found that former female athletes had a higher 

incidence of osteophytes in the tibiofemoral joint compared to their age-matched 

peers (OR = 3.57, 95% CI: 1.89-6.71), and had greater incidence of radiologic 

OA44.  However, other studies involving recreational runners have not found this 

association to be consistent45,46.  It can be argued that participation in sports puts 

an individual at increased risk for incurring a knee injury which could lead to OA, 

but whether sports participation itself causes early-onset OA is not yet 

determined.   

Similar to sports participation, data on association between physical 

activity and knee OA are conflicting.  In a meta-analysis on risks factors for knee 

OA conducted by Silverwood and colleagues32, 16 out of the 34 studies 

assessed the effects of high levels of physical activity and the risk of OA.  Only 

three of the 16 showed a statistically significant relationship between high levels 

of physical activity and the development of OA47-49.  It should be noted that these 

studies only included the general population and did not include recreational or 
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professional athletes.  However, intense physical activity produces highly 

repetitive loading and use at the knees that could potentially increase the risk for 

OA12.  However, it is difficult to determine whether the association between 

physical activity and knee OA is due to physical activity or injury.  Knee OA was 

observed more frequently in those whose occupations required squatting or 

kneeling.  Despite these results, the benefits of regular physical activity include 

increased joint lubrication to the cartilage, decreased stiffness and pain, and 

strengthening of the knee musculature19,50. 

 Since muscle strength improves levels of pain and function in those with 

OA, muscle weakness is detrimental and another risk factor.  As we age we 

experience muscle weakening due to sarcopenia; this may be an independent 

risk factor for knee OA and also facilitate progression51. Specifically, the 

quadriceps muscle is commonly considered as a mediator for knee OA risk due 

to its role in providing both stability and shock absorption during movement63.  

Quadriceps weakness is prevalent among those with knee OA62.   Conversely, 

increased quadriceps strength is associated with a lower risk of OA progression, 

joint space narrowing, and cartilage loss63.  Muscle weakness is associated with 

increased functional limitation, disability, and decreased balance52.  Although it 

appears that muscle strength is associated with decreased risk of OA, Sharma et 

al53 found that increased quadriceps strength was associated with an increased 

risk of OA progression for those with malaligned or lax knees.  Hence, it is 

important to factor in knee alignment, laxity, as well as quadriceps strength when 

determining one’s risk of OA.   The Japanese Matsudai Knee Osteoarthritis 
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Survey found a significant inverse relationship between knee OA grade and 

quadriceps strength61.  It is speculated that muscle weakness can lead to 

dysfunction which causes excessive forces to be transmitted to the knee joint 

surfaces, increased joint laxity during ambulation, and injury due to improper 

neurological input and responses52.   

Although weak quadriceps are associated with the progression of OA, 

those with OA can still improve their quality of life and pain levels through 

physical activity.  Physical activity, physical therapy, and resistance training aid in 

strengthening the leg muscles and improving arthritis-related symptoms54-60.   

Pain is likely the driving factor that alters gait for those with knee OA.  

Individuals utilize a gait technique called “quadriceps avoidance” in an effort to 

minimize their pain when walking25.  Quadriceps avoidance is characterized by a 

reduced internal knee extensor moment through a reduction in knee flexion, 

which can alter knee joint stiffness.  Reduced knee extensor moment lowers pain 

by reducing knee joint loading and articular forces, but also may exacerbate 

muscular atrophy.  Consequently, this may lead to further progression of muscle 

weakness and OA. 

Effects of Strength Training on OA 

 Exercise is a common modality for pain relief amongst those with OA.  

Resistance, or strength, training is utilized due to its ability to reduce pain, 

improve function and mobility, and improve activities of daily living and quality of 

life2,5.  This is crucial because many OA patients suffer from functional limitations 

such as kneeling, stair climbing, and walking, as well as decreased social 
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participation due to their arthritis and pain2,5.  Additionally, those with OA tend to 

have lower scores on every healthy related quality of life parameter—a measure 

that quantifies the physical, social, and emotional impact of knee OA—compared 

to their age-matched peers83-84. 

 A 2015 Cochrane systematic review of exercise studies for knee OA, 

varying from 8 weeks to 18 months in length, found that participants who 

performed land-based exercise had improved quality of life and decreased pain 

levels compared to a control group; these benefits were sustained for 2-6 months 

after cessation of treatment86.  Strength training was the most significant method 

for clinical improvements in pain68,87-90; a European review recommended 

exercise, or physical therapy treatment, as the first step in OA treatment88.  

Another systematic review found that strength training improved muscle strength, 

self-reported pain, and physical function measures in over 50-75% of the cohort, 

with significant improvements in almost all performance-based physical function 

tests91.   

Strength training is a term used to describe various modalities such as: 

resistance bands, free weights, or weight machines, and ranges from home 

based-training to isokinetic, isometric, and dynamic techniques; therefore, it is 

important to define the modality due to the varying effectiveness of each.  A 16-

week study compared the effectiveness of dynamic versus isometric resistance 

training on knee pain and function and found that the two methods did not differ 

significantly92.  Both modalities improved functional ability in the form of stair 

ascent and descent and getting down and up off the floor; furthermore, knee joint 
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pain during these tasks was reduced significantly in both groups by 28-58%92.  A 

separate 8-week study compared the effectiveness of concentric versus a 

coupled concentric and eccentric isokinetic resistance exercise training on 

symptoms and functional capacity in the form of pain, rising from a chair, stair 

climbing, etc.93.  Both groups had significant improvements in pain and functional 

capacity, but the concentric-eccentric training group had a greater impact on 

functional capacity in the form of stair ascent and descent.  However, pain 

measures were reduced more in the concentric group compared to the coupled 

training group93.  Another study compared the effectiveness of an 8-week training 

regimen of isotonic versus isokinetic exercises and concluded that isotonic 

exercises should be used for initial strengthening in patients with OA and that 

isokinetic exercises should be used at a later time to improve joint stability or 

even walking endurance94. 

Additional questions regarding strength training arise in the form of loads 

and intensities.  Although recommended guidelines exist to combat sarcopenia in 

those with knee OA, the recommendations for load and intensity remain 

unclear95-96.  Furthermore, most studies have utilized intensities lower than the 

American College for Sports Medicine (ACSM) recommends [60-80% 1-repetition 

maximum, 1-RM]97.  This tendency to avoid higher intensity strength training is 

due to the belief that heavier loads (%1-RM) may exacerbate existing OA 

symptoms such as inflammation and pain.  However, pilot studies have shown 

high-intensity strength training to be safe and well tolerated by older adults with 

knee OA98-99.  A meta-analysis found that high-intensity strength training had 
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some advantages over low-intensity strength training in older adults.  For 

instance, it improves lower-limb strength and endurance more than lower 

intensities.  However, volume plays an important factor in training; those who 

performed similar volumes, regardless of intensity, had similar improvements in 

strength114.  

Strength training has many functional benefits including decreased fat 

mass, increased strength, improved range of motion, decreased pain, and 

improvements in self-efficacy, physical function, and activities of daily living19,100.  

Numerous studies have shown that those with knee OA who participate in 

regular strength training programs can increase muscle mass in their lower 

extremities57,65,89-93.  These gains in muscle mass help combat sarcopenia, but 

also alter thigh composition by losing fat and gaining fat-free mass100; this is 

important since increased thigh fat is associated with obesity, a known risk factor 

for knee OA.  Increased muscle mass improves metabolic processes due to an 

increase in total energy expenditure and a lower respiratory exchange ratio; as a 

result, there exists an increase in lipid oxidation rates, improving metabolic 

profiles115.  This improvement in total energy expenditure is due to increased 

resting energy expenditure and levels of physical activity.  

Lower extremity strength is associated with functional outcomes, quality of 

life, and knee OA.  Compared to healthy controls, those with knee OA are 20-

40% weaker in relative quadriceps strength; muscle weakness may contribute to 

pain and disease progression104-106.  Additionally, hip extensors in OA patients 

were 16% weaker than in controls120.  Those with OA may be weaker compared 
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to age- and BMI-matched controls because of a loss of muscle cross-sectional 

area.  For instance, quadriceps cross-sectional area was 12% lower in 

asymptomatic women with radiological OA compared to non-OA controls107.  

However, muscle atrophy alone cannot completely explain the disparities in 

muscle strength between groups; some studies suggest that inhibition of muscle 

activation ability is impaired among those with OA108-112.  Pain is presumed to be 

a major cause for inhibition of voluntary activation of muscles surrounding the 

affected joint113.  In summation, the cause of muscle weakness is important for 

medical intervention because it determines how restoration of muscle strength 

will be therapeutically approached102.   

One review found that when OA patients engage in strength training, they 

can expect to see a 5-71% improvement in strength levels from baseline 

depending on training intensity, volume, compliance, and specificity102.   This 

raises the question of whether improvements in muscle strength and function or 

existing lean mass levels lead to improvements in symptoms, such as pain, and 

joint structure in those with knee OA.  A cross-sectional study involving 2,566 

participants found that quadriceps muscle strength was significantly associated 

with knee pain, even after adjustment for age and BMI116.  Those with weaker 

quadriceps muscles, <10 kgf, were five-times more likely to have knee pain than 

those with stronger quadriceps muscles, >40 kgf, if they were male and two-

times more likely if they were female116.  This is why muscle strength and muscle 

strengthening exercises should be a focus for intervention and treatment; 

however, the quadriceps should not be the only muscle strengthened. 
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Hip abductor deficits in those with knee OA compared to controls have 

been frequently reported in the literature; one study found that those with knee 

OA had hip external rotators 27% weaker than the control group120.  These 

differences between quadriceps and abductor muscle strength among those with 

OA and their healthy peers are important for treatment, but also because muscle 

weakness can alter gait.  Researchers propose that hip abductor weakness can 

cause a contralateral pelvic drop, shifting center of mass toward the swinging leg, 

increasing forces on the medial compartment of the knee and disease 

progression121.  Overall, strengthening the muscles of the lower body can result 

in gait improvements, slowing disease progression, as well as improved 

protection through joint stabilization. 

The mechanisms behind improvements in muscular strength are 

multifactorial and involve physiologic adaptations.  Factors include neural and 

neuroendocrine adaptations, increased cross sectional area (CSA), and inhibition 

of an antagonist muscle122-123.  Initial improvements in strength are primarily due 

to adaptations of the nervous system, as opposed to changes in the contractile 

filaments of skeletal muscle.  Neural factors can account for the significant 

improvements in strength observed during the first four weeks of an eight-week 

strength training program124; after the initial four weeks, strength gains can be 

attributed to muscle hypertrophy122.  Moritani et al124 found that muscle strength, 

torque, and power improvements were due to hypertrophy and other factors such 

as increased CSA, inhibition of antagonist muscles, and improved neural drive.  
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The vastus lateralis is a knee extensor whose actions can be affected by 

co-contraction of an antagonist muscle the biceps femoris, however, this 

decreases with long-term strength training122.  A 2016 pilot study’s results 

suggested that these decreases in co-contraction between the vastus lateralis 

and biceps femoris might be a mechanism behind decreasing pain in those with 

knee OA126.  This theory was supported by the results from ADAPT which 

showed that high weight loss resulted in lower knee joint compressive loads, 

primarily through a reduction in hamstring co-contraction during the initial part of 

the stance phase36. 

Despite positive clinical outcomes such as improvements in strength, pain 

levels, and body composition, strength training is an underutilized method for 

combating knee OA102.  One survey of 3,000 French physicians found that <15% 

would prescribe exercise as a first approach to combating pain; among this 

recommend exercise, strength training only accounted for about 30% of 

modalities103.  A Canadian survey found that only 1 out of every 3 patients with 

knee OA was advised to exercise to improve symptoms; however, 73% reported 

having tried exercise, including group, home, or pool exercise, in the past 

suggesting that patients with OA are willing to exercise to help with their pain127.  

It is possible that many have tried exercise and failed due to lack of guidance or 

knowledge in the field of exercise and strength training; thus, education is a 

crucial variable at play when prescribing exercise. 
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The OA Phenotype 

It is not known whether knee OA is associated with a specific phenotype, 

or musculoskeletal and/or anthropometric characteristics.  Researchers 

hypothesize that this phenotype predisposes individuals or associates them with 

OA.  In 2015, Karlsson et al128 analyzed anthropometric and musculoskeletal 

data of 38 women and 74 men (mean age, 61) with knee OA and compared them 

to 122 women and 121 men who served as controls.  By utilizing Dual X-ray 

Absorptiometry (DXA) scans researchers measured BMD, fat mass, lean mass, 

and BMI.  Compared to controls, those with knee OA exhibited a phenotype for 

increased BMD, a higher BMI, with proportionally higher fat mass, and 

proportionally lower lean mass as shown in Table I below128. 

Table I: Z-Scores of Those with Knee OA Compared to Controls 

 Z- Score 

 Men Women 

Total Body BMD 0.5 (0.3-0.7) 0.8 (0.5-1.0) 

BMI 0.9 (0.6-1.1) 1.6 (1.1-2.0) 

Proportion of Fat Mass 0.7 (0.5-0.9) 1.0 (0.6-1.4) 

Proportion of Lean 

Mass 

-0.9 (-1.1- -1.8) -1.0 (-1.15- -0.6) 

 

Many cross-sectional and longitudinal epidemiological studies have 

consistently shown an association and temporal relationship between increased 

BMD and knee OA, suggesting a risk factor role of high BMD for OA134,138.  

Increased BMD may be the result of increased load on the joint.  Wolff’s Law 
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stresses that repeated loading on bone will result in adaptive responses, 

enabling the bone to better cope with these loads130.  For example, when 

periarticular bone is subjected to repeated and increased loading, many 

properties change including: expanding subchondral bone cross-sectional area, 

changes in bone mass, and remodeling of the trabeculae network129.  

Remodeling occurs so the bone will be better equipped to resist these increased 

loads via homeostatic mechanisms; these changes lead to increases in 

periarticular BMD.  Notably, bony characteristics of OA such as osteophytes and 

subchondral sclerosis may artificially increase BMD when measured by DXA; 

osteophytosis, the presence of one or more osteophytes, affects BMD measures 

at the spine to a much greater extent than when measured at the hip134,138.  

These osteophytes may cause an altered joint morphology and biomechanical 

effects of altered subchondral bone leading to development and/or progression of 

OA133. Furthermore, increased BMD may be the result of increased loads on the 

joint due to increased BMI.  Increased weight on the joints will lead to increased 

joint loads which can cause these adaptive responses in periarticular bone; if 

these adaptive changes in joint loads occur in an area of cartilage not meant for 

load bearing, catabolism may occur, causing OA progression. 

As previously mentioned, many studies have found associations between 

high BMI and knee OA30.  An increased BMI can lead to increased joint loads; 

decreased lean mass or muscle composition may lead to decreased joint-

protective ability; all of these traits can contribute to the development of OA36.  

Furthermore, Messier and colleagues found that increased body weight is 
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associated with increase knee joint compressive forces36.  Although Karlsson’s 

study did not examine knee joint forces, it can be hypothesized that the OA group 

exhibited higher knee compressive forces due to increased BMI than their non-

OA counterparts.   

In addition, patients with OA may have stiffer bones as a result of 

increased BMI and a resulting increased BMD.   Researchers speculate that 

increased BMD produces a denser, and thus stiffer, skeleton; this dense skeleton 

may have decreased load absorptive ability.  As a result of this decreased 

absorptive ability, patients may be exposed to the early pathogenesis of primary 

knee OA from increased knee joint loads128,131.  However, new evidence 

suggests that this increased bone stiffness may not be pathophysiologically 

important to OA180.  Burr and Radin180 concluded that the secondary center of 

ossification, and not the stiffening of the metaphysical trabecular bone, is the 

mechanism behind cartilage loss in idiopathic OA.  Moreover, the stiffening of the 

subchondral structures appear to be incidental. 

Karlsson et al128 found that those with OA had higher total body BMD, and 

in women this increased BMD was independent of an elevated BMI.  For every 

SD increase in BMD, there was an associated quadrupled risk of OA in women 

and an almost doubled risk in men.  This result contradicts most literature that 

suggest a high BMD is the result of strong muscle forces acting on the bone 

since these subjects with OA had decreased lean body mass128. 

It remains unclear as to whether this phenotype is uniquely associated 

with knee OA, but if so, it is most likely involved in the development and 
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progression of OA and could be viewed as a precursor to the disease.  Clinically 

speaking, physicians can utilize knowledge of specific anthropometric and 

musculoskeletal characteristics of their patients to classify them as high or low 

risk for OA.  Karlsson’s study was cross-sectional, therefore only associations, 

not causality were made; future longitudinal research needs to be done to 

determine whether those with the OA phenotype, and phenotypes similar to 

those with Metabolic Syndrome, will develop OA due to preexisting 

characteristics. 

Associations Between Fat and Lean Mass and OA 

Many epidemiological studies have shown strong associations between 

body weight, BMI, and the initiation and progression of knee OA140-142.  Since 

body weight is primarily comprised of fat and lean mass, it is speculated that 

these variables are related to knee OA, but based on their physiological 

differences may each have different effects143.  Hence, it is important to study 

these variables and their effects on knee OA separately and independently. 

A 2016 epidemiological study, The Fifth Korean National Health and 

Nutrition Examination Survey (KNHANES V), investigated the associations 

between fat mass, lean mass, and knee OA139.  Researchers utilized a cross-

sectional analysis, consisting of 4,194 people (1,801 men and 2,393 women) 

from KNHANES V and defined OA as a KL grade of 2 or higher.  Upon analysis, 

researchers found body weight was positively correlated with knee OA.  

Additionally, fat mass and lean mass were positively correlated with knee OA; 

however, these results varied when researchers adjusted for body weight as a 
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covariate.  After adjustment for body weight, there was not a distinct relationship 

between fat mass and knee OA.  However, participants with increased lean mass 

of the lower limbs were 43% less likely to have radiographic knee OA compared 

to those with lower lean mass (aOR 0.57; 95% CI 0.32-0.99).  Furthermore, 

those with increased lean mass of the lower extremities were less likely to have 

knee OA amongst those in the 40-54 kg weight group (p = 0.05) and the 55-70 kg 

group (p = 0.03)139.  Essentially, an increase in lean mass of the legs was 

inversely correlated to the prevalence of knee OA, suggesting a role of 

sarcopenia as a risk for knee OA.  Although the literature shows a high 

association between increased fat mass and OA, it cannot be confidently stated 

that decreased muscle mass precedes the development of OA128,132.   

In general, decreased lean body mass represents poor muscular function 

and is an indication of decreased joint protection from trauma144-145.  This inverse 

relationship between lean mass and knee OA risk may be due to the fact that 

lean mass, or musculature, directly surrounds and supports the knee joint.  

Mechanical loads during weight-bearing actions, such as walking, are transferred 

to the knee, lower limb musculature may attenuate these loads46-147. Therefore, 

the results of KNHANES V imply that increasing lower body lean mass through 

resistance training may be associated with a decreased risk of knee OA.  

However, more research needs to be done to investigate the correlations 

between lean mass of the lower limbs and knee OA. 
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Effects of BMD on Knee Joint Compressive Forces 

A 2015 review of BMD and OA found that increased BMD was associated 

with increased osteophytosis and joint space narrowing (JSN), a common 

symptom of knee OA133.  Data from the Multicenter Osteoarthritis Study (MOST) 

found the risk of incident knee OA increased with increased BMD in both sexes.  

Additionally, increased femoral neck and total body BMD were associated with 

increased incident JSN and osteophytosis; this increased BMD was not 

associated with a reduced risk of existing OA progression171.  JSN is the result of 

the loss of articular cartilage in an OA knee170.  In healthy joints, articular 

cartilage serves as a cushion and shock absorber.  Therefore, increased BMD 

may be associated with increased knee joint compressive forces as a result of 

decreased articular cartilage, increased JSN, and increased BMD.   

Effects of Lean Mass & Fat Mass on Knee Joint Compressive Forces 

Messier et al148 investigated the relationship between obesity and knee 

OA by considering body mass, lean mass, and fat mass as discrete variables148.  

Researchers found that fat mass was significantly associated with greater knee 

loading than lean mass.  Both total lean mass and total fat mass were 

significantly associated with peak knee compressive forces (plean = 0.002; pfat = 

0.0001), compressive impulse (plean < 0.0001; pfat = 0.0002), and shear impulse 

(plean = 0.01; pfat = 0.01).  Unlike total lean mass, total fat mass was related to 

peak knee shear force (p < 0.001), peak patellofemoral force (p = 0.02), and 

peak knee extension moment (p = 0.01).  These results suggest that reduced 

body mass and reduced total fat mass are associated with decreased knee joint 
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loading in those with OA.  Furthermore, total lean mass was positively associated 

with knee joint compressive loads despite the fact that increased thigh muscle 

mass can dissipate forces through eccentric contractions and improved gait 

mechanics, attenuating knee joint loads; however, total fat mass had a greater 

contribution to the relationship with knee joint compressive forces148.  However, 

Messier and colleagues utilized the biomechanical knee model listed in Equation 

2; this model calculates inputs forces at the hamstring, quadriceps, 

gastrocnemius, knee, and lateral support structures through inverse dynamics 

which might explain why increased muscle led to increased forces at the knee.  

Whether or not this association was mediated by increased total body mass is 

unknown, which is why it is important to also examine relative lean and fat mass 

as opposed to simply total mass because those with increased body mass will 

have higher lean mass content (kg) compared to their lower body weight 

counterparts. 

Consistently, research has shown that increased body mass is positively 

associated with lower extremity knee joint loading; this suggests that adding lean 

muscle mass, would increase OA progression149-151.  Interestingly, one study 

found a positive association between total skeletal muscle mass and OA 

presence, however the relative (%) skeletal muscle mass was negatively 

associated with the prevalence of OA174.  Researchers suggested that this 

association between skeletal muscle mass and OA might be due to an increased 

amount of skeletal muscle mass in obese individuals as a result of increased 

loading (association of body weight with skeletal muscle mass: men β=0.19, 
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women β=0.15 (P<0.001))174.  Additionally, a study of 779 women found that 

higher odds of knee OA existed for lean mass (aOR: 3.94, (95%CI: 2.22,6.97)), 

yet percent lean mass was associated with lower odds of knee OA (aOR: 0.20, 

(95%CI: 0.11, 0.35)181.  Therefore, a need exists to examine the relationship 

between lean mass as a percentage of total mass and knee joint compressive 

forces.  Nevertheless, the effects of lean mass on OA progression remains 

unclear and until more definitive evidence exists, a key intervention point should 

be to preserve lean mass and reduce the ratio of fat mass to lean mass amongst 

older adults with knee OA. 

Effects of Stride Length on Knee Joint Compressive Forces 

 In a study comparing obese individuals to lean individuals, DeVita and 

colleagues36 found that overweight and obese individuals walk with a shorter 

stride length and at slower velocity.   This result is consistent with what Zeni et 

al158 found that those with knee OA, who had significantly greater BMIs than 

controls, walked with shorter stride lengths and reduced walking velocities 

compared to controls.  Additionally, in obese people, there exists an inverse 

relationship between BMI and stride length: the greater the BMI, the shorter the 

stride length.  When walking at the same speed, obese and lean individuals had 

identical knee torques during gait, despite obese individuals having 80% more 

mass36.  This can be attributed to their decreased stride length.  There exists a 

reduction in knee joint loads due to a reduction in knee extensor torque through a 

reduction in knee flexion; this technique of quadriceps avoidance is well 

documented in those with knee OA25,36.   



33 
 

 It is widely accepted that high knee joint compressive forces are a 

precursor to knee OA, however, weight loss can help reduce these forces182.  

Interestingly, since weight loss is accompanied by behavioral adaptations such 

as increased step length, stride length, and walking velocity, these decreases in 

knee joint compressive forces may be less than predicted from that of weight 

loss.  A study conducted by DeVita et al182, found that weight loss of 34% of 

initial body weight from gastric bypass surgery reduced maximum knee joint 

compressive forces by 67% of initial body weight.  However, this reduction was 

attenuated by the aforementioned behavioral adaptations to weight loss such as 

increased stride length.  Additionally, this reduction in knee joint force was 

partially attenuated when walking at baseline velocity at 12-month follow-up due 

to an increased stride length.  This increased stride length produced higher knee 

compressive forces than expected.  Furthermore, the change in stride length 

form baseline to 12-month follow up was significantly correlated with the change 

in knee joint force (r=0.59, P< 0.05)182.  This relationship between stride length 

and knee joint compressive forces may explain why those with knee OA walk 

with smaller strides in an attempt to reduce painful forces at the knee joint. 

Effects of Leg Strength on Knee Joint Compressive Forces 

Lower extremity muscle strength is important for mobility and joint 

stability155.  Additionally, periarticular muscles are protective against abnormal 

movement by dissipating harmful forces.  More importantly, increased quadriceps 

and hamstring strength is associated with decreased knee joint loading rate 

amongst those with normal alignment; this is significant for intervention since 
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high rates of repetitive loading are associated with OA in the presence of 

malalignment153.  This is why muscle strength should be a target for intervention 

amongst those with OA because increased loading of the articular cartilage has 

been associated with the pathogenesis of OA30. 

During daily walking, abnormal joint loading of the knee can initiate or 

increase the development and progression of knee OA; when walking 70% of 

joint loading occurs in the medial compartment of the knee155.  As a result, those 

with OA tend to walk with an increased knee adduction moment which is 

associated with OA progression24-25.  As previously mentioned, decreasing this 

knee adduction moment has been a key target of interventions in an effort to 

reduce medial compartment loading.  Furthermore, increased hip adduction in 

patients with medial knee OA decreases the likelihood and rate of disease 

progression121.  Increased hip adduction strength has resulted in a decreased 

second peak hip adduction moment (p = 0.025) and WOMAC pain score (p < 

0.001), but was not associated with improvement in knee or hip adduction 

moments154.  Since few studies have investigated the effects of strength training 

on joint kinetic variables, further research is warranted156-157. 

Effects of Knee Stiffness on Knee Joint Compressive Forces 

People with knee OA walk with reduced knee joint excursion, or 

anteroposterior displacement, during the loading response; this reduced 

excursion is coupled with an attenuation of the moment acting to flex the knee158. 

As previously mentioned, those with OA experience stiffness of the knee in which 

they have difficulty moving the knee joint; it should be noted that leg stiffness is 
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the response of the lower limbs to generate force and resist deformation during 

rebound activities.  However, dynamic knee joint stiffness is the interaction 

between changes in joint moment and changes in joint angles; it is defined as the 

slope of the joint moment versus joint angle curve during the stance phase of 

gait159.  Knee joint stiffness (Kjnt) is defined as the change in knee extension 

moment relative to the change in knee joint angle. 

Equation 1: Knee Stiffness Equation 

𝐾𝑗𝑛𝑡 =
∆𝑀

∆𝜃
   Where: 

𝐾𝑗𝑛𝑡 = Knee Stiffness;  

∆𝑀 = Change in Knee Extension Moment; 

 ∆𝜃 = Change in Knee Joint Angle 

Knee OA patients have decreased joint stability during dynamic activities 

that interferes with their ability to perform daily activities160.  In response to this 

instability they utilize antagonistic muscle activity, co-contraction, when walking 

resulting in higher dynamic joint stiffness158.  Unfortunately, this use of 

antagonistic muscle activity may accelerate the progression of cartilage 

breakdown through increased joint compression forces161-162.  When investigating 

the effects of joint stiffness on joint forces it is important to factor in walking 

speed; decreased walking speeds are common in those with OA and result in 

altered joint angles and moments158.  Although slower walking speeds reduce 

joint moments, it is unknown as to whether this alters joint stiffness in those with 

OA. 
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Zeni and colleagues158 investigated the effects of knee joint stiffness at 

self-selected, control of 1.0m/s, and fastest tolerable walking speeds through the 

use of a motional analysis system and integrated force plates.  Researchers 

concluded that people with more severe radiographic OA walked slower and had 

greater joint stiffness values (0.098 Nm/°) suggesting that the greater the knee 

stiffness, the greater the knee joint forces since those with OA had greater knee 

moments despite walking slower158.  Additionally, they had a greater average 

change in knee moment, which led to the greater knee stiffness values.  

Researchers suggested that it is possible that these higher loads over a 

decreased range of articular surface may increase cartilage degeneration, as a 

result of increased force, or joint moments, over a smaller area, or reduced knee 

excursion.  This increased knee stiffness, or higher loads over a smaller range of 

cartilage, may be important to the pathogenesis of OA. 

Increased knee joint stiffness could be the result of either an increased 

knee extension moment or a smaller change in knee joint angle.  Zeni and 

colleagues admitted that a major limitation of their study was the inability to 

determine the exact physiological cause of dynamic joint stiffness158.  Although 

neuromuscular changes are usually cited as the source for this increased joint 

stiffness during dynamic activity164, it is possible that the increased stiffness is 

the result of intrinsic joint mechanics.  Furthermore, the presence of osteophytes 

and other physical changes to the joint may be a cause for the increased 

stiffness.  They noted that 39% of the variance in dynamic knee joint stiffness 

was due to reduced knee flexion, while changes in peak external knee flexion 
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moment only accounted for an additional 7% variance163,165. Future research is 

needed to determine the underlying cause of joint stiffness; additionally, 

longitudinal research should be done to determine if subjects with high dynamic 

joint stiffness at baseline show advanced disease progression at follow-up158. 

Conclusion   

 Older adults with knee OA have increased BMD, increased fat mass, and 

a proportionately lower lean mass.  This decreased lean mass is the result of 

decreased lower extremity muscle mass.  Primarily, research has been focused 

on investigating the associations between BMI and knee joint forces in those with 

OA.  However, little research has been conducted investigating the associations 

between relative fat mass and relative lean mass of the lower limbs as 

independent variables.  Additionally, whether this relationship is mediated by 

stride length, leg strength, and/or knee stiffness has not been investigated.  

Therefore, the purpose of this study was to investigate the associations between 

BMD, fat mass, and lean mass on knee joint compressive forces when walking 

amongst older adults with knee OA, and to determine whether this relationship is 

mediated by leg strength and/or knee stiffness.  The results of this thesis will help 

give insight into what obese individuals with knee OA can do, besides losing 

weight, to help decrease the painful forces at the knee.   
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Materials and Methods 

Subjects 

Participants were recruited through advertisements in the Winston-Salem Journal 

and Winston-Salem Chronicle, a study description placed in the VITAL newsletter 

and in the Arthritis Foundation Newsletter, television media, a study website, 

stratified mass mailings—using WakeOne, the Wake Forest Baptist Health 

Database, and presentations to various groups of older adults conducted by 

investigators and/or staff100.  Individuals were prescreened via telephone for 

eligibility.   

Inclusion criteria were: age > 55 years; community dwelling; mild-to-

moderate radiographic medial tibiofemoral OA (KL 2-3); knee neutral or knee 

varus malalignment (-2° valgus < angle <10° varus); BMI > 20 kg/m2 and < 45 

kg/m2; and were not currently participating in a formal strength training program 

for more than 30 min/week in the last 6 months.  Participants were excluded if: 

they had a significant co-morbid disease that would threaten safety or impair 

ability to participate in exercise interventions or testing; had previous knee 

injury/trauma; had severe tibiofemoral OA (KL 4) in both knees; no definite 

medial tibiofemoral OA (KL = 0, 1); OA disease location and alignment 

restrictions; valgus or extreme varus alignment, valgus knee alignment or varus 

alignment >10°; <20 BMI because of limited thigh fat and BMI >45 kg/m2  due to 

difficulty in using CT equipment and decreased adherence to exercise; did not 

have knee pain; excess alcohol use (> 21 drinks/week); inability to finish the 18-

month study commitment or unlikely to be compliant; conditions that prohibit CT 
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scans; significant cognitive impairment; knee or hip replacement; knee surgery in 

the last 6 months; knee injections in the last 3 months; current participation in 

strength training program; difficulty with daily activities; inability to walk short 

distances; current participation in another research study; or lacked baseline gait 

data100.  Inclusion criteria for this specific study consisted of: START participants 

with uploaded and processed baseline gait data, and baseline DXA scans 

performed on the GE Lunar iDXA machine. 

The protocol was approved by the Institutional Review Board (IRB) of 

Wake Forest Health Sciences. 

Associated Factors 

Baseline data from the START randomized clinical trial was used for this 

analysis.  Relevant variables included: maximal knee joint compressive forces 

(N), lean mass (kg), fat mass (kg), and leg BMD (g/cm2).  Additionally, baseline 

data for stride length (m), knee stiffness (Nm/radians), and knee extension 

strength (N) were utilized to see if these factors affected these associations.   

Instrumentation 

Dual Energy X-Ray Absorptiometry (DXA) Measurements 

DXA was used to measure whole body lean mass, fat mass, and leg bone 

mineral density.  The scan consisted of a whole body scan which lasted around 

20 minutes.  Scans were conducted at Wake Forest University using a GE Lunar 

iDXA machine. 
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DXA is an x-ray scan of the entire body that provides information about 

body composition.  Participants were instructed to take their medications as 

usual, except for calcium, or vitamins and minerals; avoid radioactive medicine 

30 days prior to the scan; remove all items from their pockets; and remove all 

clothing containing metal and/or hard plastic.  A hospital gown was provided to 

wear for the duration of the scan.  The participant was positioned supine on the 

DXA machine along the midline of the scan region.  

A DXA scans assesses risks factors for osteoporosis and obesity.  More 

specifically, it scans for bone mineral content (g), Fat (g), Lean (g), and BMD 

(g/cm2).  During the scan, the DXA machines sends an invisible beam of low-

dose x-rays with two distinct energy peaks through the subject’s bones being 

examined; one peak is absorbed mainly by soft tissue and the other peak by 

bone. An example scan can be seen below in Figure 1. 
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Figure 1: Sample GE Lunar iDXA Report 

 

After completion of the scan and the testing visit, researchers analyzed 

the scan using Lunar iDXA Software.  All subjects’ baseline scans and their data 

were then                                                                                                                                                                                                                                                                                                                                                                                        

compiled into a .txt file containing data about their lean mass, leg BMD, and fat 

mass and sent to a statistician for analysis. 

Biomechanical Gait Analysis 

All participants underwent gait analysis in which they walked on an 

elevated walkway that had two, 6-channel force platforms (AMTI, Newton, MA. 

1000 Hz) integrated with a 6-camera Motional Analysis System (see Figure 2).   
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Figure 2: Data Collection Systems 

 

Figure 2 shows a diagram of the Data Collection Systems including 6 motion 

capture cameras which surround a 22.5 meter walkway with two, 6-component 

force platforms embedded in the center walkway platforms.  The cameras are 

connected to a central hub (EagleHub 2) and to the data collection computer 

(Lenovo Think Centre M91P).  The force platform is connected to a six channel 

strain gage single conditioner where the signal is amplified and sent to the 

collection computer and simultaneously stores kinetic data from the force 

platforms and kinematic data from the cameras using Cortex motion analysis 

software100. 

Six successful trials were collected for each participant, with 3 being 

chosen for subsequent analysis.  A successful trial was defined as one in which 

the participant’s entire foot was placed on the surface area of the force platform 
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while walking within + 3.5% of their self-selected walking pace, and without 

targeting the force platform100.   

Following gait testing, maximum knee joint compressive forces were 

calculated using a biomechanical model developed by DeVita et al and recorded 

in Newtons150,166-167. 

Equation 2: 𝑲𝒄=𝑮 cos𝜶+𝑯 cos𝜷+𝑸 cos𝝋−𝑲𝒛 cos λ +𝑲𝒚 sin λ +𝑳𝒔𝒔 
Where: 

KC = Knee Joint Compressive Force          G = Gastrocnemius Force 

H = Hamstring Force            Q = Quadriceps Force 

KZ = Vertical Knee Joint Reaction Force          Ky = Horizontal Knee Joint 
Reaction Force 

Lss = Force in Lateral Support Structure 

Figure 3: Biomechanical Knee Model 

 

 All data were edited using Cortex 3.0 by the biomechanics lab technician.  

In order to do this the technician loaded the Setup and track file and labeled each 

marker in the correct order.  Once finished, the technician highlighted from left 
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toe-off to right heel-strike, selcted all frames and all markers, and clicked rectify.  

Starting with the first marker, the technician then checked every frame to verify 

that the marker was identified and labeled correctly.  If the marker was visible, 

but not labeled, the technician clicked marker id and labeled that marker.  If a 

marker was labled incorrectly, the technician re-labled the marker.  For any gaps 

where data did not exist the technician used cubic spline to connect data points.  

Once all markers were completed, the technician clicked on smooth data and 

saved the new file.  This process was repeated for all trials and all participants100. 

 Next, Virtual3D Standard was used to calculate joint kinematics and 

kinetics.  Two Pipelines, a set of V3D commands that are processed in sequence 

were created.  The WFU_START (Right and Left) Pipelines were created to add 

events to the motion files, filter the data-both analog and kinematic, and process 

the joint kinematics and kinetics using inverse dynamics.  Left and Right 

Pipelines were run for each participant and the files were checked for valid 

measurements.  Data were then exported to .CSV text files100. 

 The last processing step utilized QuickBasic software.  QuickBasic was 

opened and the START Program was ran.  Next, participant subject number, visit 

number, leg number, participant mass, number of trials, and trial numbers were 

run; this produced a .txt file.  This process was repeated for each leg and each 

participant.  All .txt files were then converted to .CSV files and inputted into Excel 

to check for accuracy of data, specifically a biphasic knee compressive and knee 

shear force100. 
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 Once all the data were processed it was uploaded to the START website 

via the Gait Upload function.  Each participant’s knee compressive force .CSV 

files were uploaded individually in order to provdie the statistician with the data. 

The Biomechanical Knee Model 

The model shown above in Figure 3 was used to calculate maximal knee 

compressive forces within the tibio-femoral compartment of the knee joint.  In 

total, the model has three steps.  First, following gait analysis kinetic and 

kinematic data were synchronized to calculate the net joint forces and moments 

at the hip, knee, and ankle utilizing three-dimensional inverse dynamics.  Next, 

muscle and joint forces were determined through a biomechanical model using 

the net joint forces and moments, kinematic data, and related anatomical and 

physiological characteristics.  Lastly, maximum knee compressive forces were 

calculated utilizing the aforementioned equation 2 and recorded in Newtons100. 

The lower extremity was modeled as a rigid and linked segment system.  

The magnitude and location of segmental masses, mass centers in the lower 

extremities, and moment of inertias were estimated from position data using a 

mathematical model169, relative segmental masses168, and the individual 

subject’s anthropometric data.  Joint reaction forces and joint torques were then 

calculated utilizing inverse dynamics using linear and angular Newtonian 

equations of motion.  Researchers applied ground reaction forces to the foot at 

the center of pressure and calculated the three-dimensional net joint reaction 

torques and forces at the ankle applied to the participant’s foot.  These net 

torques and forces were then reversed and applied to the participant’s leg.  This 
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process was then repeated to calculate knee net reaction forces and torques.  

These knee kinetic data were then used to calculate hip forces and torques. 

The second component of the model calculated forces in the three largest 

knee muscles and lateral soft tissue support structure.  These forces were 

combined with knee joint reaction forces to determine the bone-on-bone forces.  

This step consisted of calculating: 1) the forces in the gastrocnemius (G), 

hamstrings (H), and the quadriceps (Q) muscles in the lateral support tissues of 

the knee, 2) applying these forces and the joint reaction forces onto the tibia, and 

3) determining the knee joint forces. 

The final step was the calculation of maximal knee joint compressive 

forces (KC).  All muscle forces, the force in the lateral support structures (Lss), 

and the joint reaction forces that were identified via inverse dynamics were 

partitioned into their compressive (parallel with the tibia) components.  In 

equation 2 Kz and Ky are the vertical and horizontal knee joint reaction forces.  

KC is positive when the compressive force pushes into the tibia.  This model has 

been successfully applied to 153 participants with knee OA in the ADAPT 

study100. 

Stride Length 

Stride length was measured using gait analysis data.  One stride was 

considered from when the heel of one foot came into contact with the ground, 

through toe off and swing, to when the heel of that same foot makes contact with 

the ground a second time.  An example of a stride can be seen below in Figure 4. 
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Figure 4: Measurement of a Stride

 

Knee Extension Strength 

Maximum concentric isokinetic quadriceps strength was tested in each leg 

and was measured using a HUMAC NORM isokinetic dynamometer (Isokinetic 

Dynamometer, CSMi, MA., USA).  Each participant was seated and secured with 

a torso strap and the leg being tested strapped to the testing chair.  Participants 

sat with hands in their lap while testers aligned the dynamometer axis with the 

knee and attached the resistance pad to the lower leg proximal to the ankle joint.  

Gravity effect torque was calculated based on the leg weight at a 45° angle.  

Knee extension was tested through a joint arc of 90°-30° (0° = full extension); the 

first and last 10° were deleted to account for the dynamometer’s acceleration and 

deceleration at the ends of the range of motion and any possible inconsistent 

effort.  Participants performed 5 maximal effort trials, and three maximal 

reproducible trials were averaged from the 5 to record maximal knee extension 

torque (Nm).  Torque (Nm) was converted to force (N) by dividing by the length of 

the lever (m), the participant’s leg length100. 
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Knee Stiffness 

Knee stiffness was calculated as the change in knee extension moment 

(∆M) divided by the change in knee joint angle in radians (∆Θ).  During gait 

analysis, when participants walked at their self-selected pace, kinematic data 

were collected using the previously mentioned integrated motional analysis 

system.  Upon analyzing the gait data in Cortex, researchers were able to collect 

and measure the subject’s knee joint angle (°) which was then converted to 

radians by multiplying by 
𝜋

180°
 .  Knee extension moment was calculated using 

inverse dynamics utilizing the subject’s individual anthropometric data and the 

kinetic data that were collected in Cortex using the force plates.  Dynamic knee 

joint stiffness was analyzed during loading response, or 0-50% of the gait cycle. 

Statistical Analysis 

All analyses utilized baseline data from 75 START participants.  Baseline 

characteristics were summarized using means and standard deviations.  A 

multiple linear regression model was created with knee joint compressive forces 

as the dependent variable, with leg BMD and total FM as the independent 

variables.  Unadjusted and adjusted (for key potential confounders) models were 

created.  Additional models analyzed including stride length, leg strength, and 

knee stiffness as covariates to determine if the relationships between knee 

compressive forces and body composition/BMD were altered.  If this association 

is linear, exhibits homoscedasticity—having equal statistical variance, and lacks 

multicollinearity, a test for mediation by stride length, knee stiffness, and knee 

extension strength was performed.  A mediating variable is the one that explains 
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how or why the relationship between the dependent and independent variables.  

All analyses were conducted using SAS v9.4 (SAS Institute, Cary, NC).  
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Results 

Baseline Characteristics 

Baseline demographics are found in Table II.  Of the 377 participants in 

START, 102 currently had processed baseline gait data, 92 of whom had 

baseline DXA scans, of which 75 were performed with a GE Lunar iDXA (the 

remaining 17 scans were performed on a medical school scanner prior to the 

purchase of a scanner in the Department of Health and Exercise Science and 

were omitted from this analysis).  The mean age was 66.8 ± 6.7yrs. with a mean 

BMI of 30.8 ±5.4 kg/m2.  The mean weight was 86.8 + 17.0 kg.  Eighty percent of 

participants were white and 44% were female. 

Table II: Subject Characteristics  

Variable N Mean (SD) or n (%) 

Age (years) 75 66.8 ± 6.7 

Female Gender 75 33 (44.0) 

Ethnicity White 75 60 (80.0) 

Height (cm) 75 167.7 ± 9.3 

Weight (kg) 75 86.8 ± 17.0 

BMI (kg/m2) 75 30.8 ± 5.4 

Usual Gait Speed (m/s) 75 1.25 ± 0.15 

Stride Length (m) 75 1.33 ± 0.12 

Stride Length/Height 75 0.79 ± 0.07 

Knee Compressive Force (N) 75 2117.2 ± 622.6 

Peak Knee Stiffness (Nm/°) 74 5.5 ± 3.2 

Avg. Knee Stiffness (Nm/°) 75 4.2 ± 2.1 

Knee Extensor Concentric Strength (N) 74 74.2 ± 25.6 
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DXA Characteristics 

 Table III shows baseline DXA characteristics for the 75 participants.  Total 

body mass was 40.7% fat. 

Table III: DXA Characteristics 

Variable N Mean ± SD 

Total Lean Mass (kg) 75 47.6 ± 10.5 

Total Fat Mass (kg) 75 34.8 ± 10.4 

Total DXA Mass (kg) 75 85.1 ± 16.6 

Total Fat Mass (%) 75 40.7 ± 7.9 

Total Lean Mass (%) 75 56.2 ± 7.5 

Total Leg BMD (g/cm2) 75 1.24 ± 0.16 

Total Hip BMD (g/cm2) 75 1.00 ± 0.14 

Fem Neck BMD (g/cm2) 75 0.93 ± 0.13 

 

Association of BMD, Lean Mass, and Fat Mass with Knee Joint Compressive 

Forces 

Table IV and Figures 5-7 show the relationships between fat mass, lean 

mass, and leg BMD with knee joint compressive forces.  Additionally the 

relationship between stride length and knee joint compressive forces is shown in 

Table IV and Figure 8.  Both unadjusted and adjusted correlations are shown in 

Table IV; models were adjusted for age, gait speed, and gender. 
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Table IV: Pearson Correlations (r) of Knee Joint Compressive Forces with 

Lean Mass, Fat Mass, Hip Bone Mineral Density (BMD), and Femoral Neck 

BMD. 

 Knee Compressive Force 

 Unadjusted Adjusted 1 Adjusted 2 

Variable N r-value 
P-

value r-value 
P-

value r-value 
P-

value 

Lean Mass - Corrected for BMC (kg) 75 0.59 <.001 0.43 <.001 0.42 <.001 

Fat Mass (kg) 75 0.31 0.006 0.44 <.001 0.40 <.001 

Relative fat mass (% of total mass) 75 -0.08 0.48 0.28 0.02 0.24 0.04 

Avg. Leg BMD (g/cm2) 75 0.40 <.001 0.18 0.13 0.17 0.15 

Stride Length (m) 75 0.26 0.03 -0.00 0.99 0.05 0.68 

Adjusted 1 correlations are adjusted for age, gait speed, and gender. 

Adjusted 2 correlations are adjusted for age and gender. 

BMC = bone mineral content 
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Figure 5: Knee Compressive Force (N) vs. Fat Mass (kg)
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Figure 6: Knee Compressive Force (N) vs. Lean Mass (kg)
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Figure 7: Knee Compressive Force (N) vs. Legs BMD (g/cm2)
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Figure 8: Knee Compressive Force (N) vs. Stride Length (m)

 

 

 

In the unadjusted model, lean mass (p <0.001), fat mass (p= 0.006), 

average leg BMD (p <0.001), and stride length (p= 0.026) were all significantly 

associated with knee joint compressive forces, whereas relative fat mass was 

not.  However, after adjustment, relative fat mass was significantly associated 

(Adjusted 1: p= 0.02; Adjusted 2: p= 0.04).  Both lean and fat mass maintained 

significant associations after adjustment (p <0.001), whereas the relationships 

between average leg BMD and stride length with knee joint compressive forces 

were attenuated (p>0.05).  A multivariable regression of the relationships 
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between fat mass, leg BMD, and knee joint compressive forces and the 

associated graphs can be found in the appendix. 

Mediation Analyses 

Table V shows the results of the mediation analyses to determine whether 

the relationships in Table IV were mediated by stride length, leg strength, and/or 

knee stiffness. 

Table V: Mediation Analyses 

Predictor 

(Causal) 
Mediator 

Indirect 
effect of 
predictor 

Direct 
effect of 
predictor 

Sobel 
test p-
value 

% Body Fat Stride Length -0.128 0.046 0.05 

% Body Fat Knee Extensor Strength -0.255 0.194 0.001 

% Body Fat Peak Knee Stiffness 0.073 -0.157 0.11 

% Body Fat Avg. Knee Stiffness 0.100 -0.183 0.06 

Avg. Legs BMD Stride Length 0.041 0.363 0.21 

Avg. Legs BMD Knee Extensor Strength 0.167 0.191 0.01 

Avg. Legs BMD Peak Knee Stiffness 0.001 0.424 0.98 

Avg. Legs BMD Avg. Knee Stiffness -0.001 0.405 0.98 

 

 To interpret the results from Table V and state whether a variable is a 

mediator, four steps are required.  It should be noted that Sobel’s test is 

conservative and likely to fail to reject the null hypothesis when it should be 

rejected (type II error), hence the need for other evidence187.  First, we 

determined whether the casual variables, leg BMD and % body fat, were 

correlated with the outcome, knee compressive force; the unadjusted model in 

Table IV shows that these relationships held true.  The next step was to show 
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that the causal variables were correlated with the mediators: knee stiffness, knee 

extension strength, and stride length.  These relationships are shown in Table VI.  

The full mediation analysis results can be seen in the Appendix.  

Table VI: Relationship Between Causal Variables and Mediators 

 Model 1 

Outcome (Mediator) 
Predictor 
(Causal) 

Slope (95% CI) P-value 

Stride Length % Body Fat -0.007 (-0.010, -0.004) <.0001 

Knee Extensor Strength % Body Fat -1.6 (-2.2, -0.9) <.0001 

Peak Knee Stiffness % Body Fat 0.13 (0.04, 0.21) 0.006 

Avg. Knee Stiffness % Body Fat 0.07 (0.01, 0.13) 0.03 

Stride Length Legs BMD 0.18 (0.01, 0.35) 0.04 

Knee Extensor Strength Legs BMD 80.3 (47.0, 113.5) <.0001 

Peak Knee Stiffness Legs BMD 0.062 (-4.591, 4.715) 0.97 

Avg. Knee Stiffness Legs BMD -0.048 (-3.155, 3.059) 0.98 

 

Table VI shows that all mediators were significantly correlated with the 

causal variables except for average and peak knee stiffness with leg BMD, 

therefore, further mediation analysis of these two variable is not warranted. The 

following step is to show that the mediators affect the outcome by correlating the 

mediators with the outcome and adjusting for the causal variable; this is shown 

below in Table VII. 
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Table VII: Relationship Between Mediators and Outcome Adjusted for 

Causal Variables 

 Model 2 

Outcome Predictor  
Adjustment 

(Causal) 
Slope (95% CI) P-value 

Knee Compressive 
Force 

Stride Length % Body Fat 1423 (113, 2733) 0.03 

Knee Compressive 
Force 

Knee Extensor 
Strength 

% Body Fat 12.5 (6.9, 18.1) <.0001 

Knee Compressive 
Force 

Peak Knee 
Stiffness 

% Body Fat 46.4 (-1.6, 94.4) 0.058 

Knee Compressive 
Force 

Avg. Knee 
Stiffness 

% Body Fat 119 (55, 184) 0.0004 

Knee Compressive 
Force 

Stride Length Leg BMD 871 (-243, 1986) 0.12 

Knee Compressive 
Force 

Knee Extensor 
Strength 

Leg BMD 8.1 (2.5, 13.7) 0.0053 

 

Table VII shows that peak knee stiffness is not significantly associated 

with knee joint compressive force when adjusted for % body fat, and that stride 

length is not significantly associated with knee joint compressive force when 

adjusted for leg BMD; therefore, we cannot say that they mediate these 

relationships.  As such, they will be removed for further analyses.  The final step 

is to establish that the mediator truly mediates the relationship between the 

causal variable and the outcome.  This is done by correlating the causal 

variables with the outcome variable and controlling for the mediating variables.  

The results are shown below in Table VIII. 
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Table VIII: Relationship Between Causal Variables and Outcome Adjusted 

for Mediating Variables 

 Model 2 

Outcome 
Predictor 
(Causal) 

Mediator 
Adjustment 

Slope (95% CI) 
P-

value 

Knee Compressive 
Force 

% Body Fat Stride Length 3.6 (-16.6, 23.8) 0.721 

Knee Compressive 
Force 

% Body Fat 
Knee Extensor 

Strength 
14.6 (-3.5, 32.8) 0.112 

Knee Compressive 
Force 

% Body Fat 
Avg. Knee 
Stiffness 

-14.4 (-31.9, 3.1) 0.104 

Knee Compressive 
Force 

Leg BMD Stride Length 1408 (564, 2254) 0.001 

Knee Compressive 
Force 

Leg BMD 
Knee Extensor 

Strength 
724 (-186, 1635) 0.117 

 

In order to state mediation, the relationship between the causal variable 

and the outcome should be nonsignificant (p> 0.05) when adjusted for the 

mediator; the relationship should change from significant to non-significant. 

Additionally, partial mediation exists when the relationship between the causal 

variable and the outcome is reduced in absolute size, but still different than zero 

when the mediator is introduced186. Table VIII shows that % body fat is not 

correlated with knee joint compressive forces when adjusted for stride length, 

knee extensor strength, and average knee stiffness, suggesting that these three 

variables alter the relationship between body fat and compressive forces.  

Additionally, leg BMD is not correlated with knee joint compressive forces when 

adjusted for knee extensor strength, suggesting mediation.  However, leg BMD is 
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correlated with knee joint compressive force when adjusted for stride length, 

meaning that stride length does not mediate (or change) this relationship.  

Therefore, we can state that stride length, average knee stiffness, and leg 

strength partially mediate the relationship between % body fat and knee joint 

compressive forces such that these variables are a part of the mechanism behind 

the relationship between % body fat and knee joint compressive forces.  Leg 

strength also partially mediates the relationship between leg BMD and knee joint 

compressive forces such that leg strength is part of the mechanism explaining 

the relationship between leg BMD and knee joint compressive forces. 
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Discussion 

The purpose of this study was to investigate the associations between leg 

BMD, fat mass, and lean mass with knee joint compressive forces during gait in 

older adults with knee OA, and to determine whether these relationships are 

mediated by stride length, leg strength, and/or knee stiffness.  The purpose of the 

mediation analysis was to provide insight into possible explanations and 

mechanisms for the relationships between leg BMD, fat mass, and knee joint 

compressive forces; these mediating variables will help explain how or why these 

relationships exist187.   

Leg BMD was positively associated with knee joint compressive forces.  

This suggests that increased BMD is associated with higher knee joint 

compressive forces among older adults with knee OA; this increased BMD may 

be the result of increased body mass and/or the presence of osteophytes.  As 

shown by Hardcastle et al133, overweight individuals have a high BMD as a result 

of increased joint stress, this increased weight yields increased compressive 

forces.  Among subjects with OA, high BMD was associated with increased joint 

space narrowing (JSN), causing increased knee joint compressive forces133; JSN 

in our subjects may explain the positive relationship between leg BMD and knee 

forces.  These relationships can be seen below in Figure 9. 
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Figure 9: Relationship Between BMD, Osteophytes, and Knee Forces 

 

As shown in Table IV, lean mass was positively correlated with knee joint 

compressive forces, both before and after adjustment.  This was consistent with 

the findings of Messier et al148, which found that lean mass was associated with 

increased knee joint compressive forces among older adults with knee OA.  

Unlike the results of Messier et al148, in the unadjusted model, lean mass had a 

higher correlation (r= 0.59) than fat mass (r= 0.31).  Despite literature indicating 

that normal muscle mass in overweight adults is related to a decreased 

prevalence of knee OA51,63, the works of Sharma et al53 showed that in the 

presence of varus malalignment, increased quadriceps strength may exacerbate 

disease progression.  Participants in the START study all either had neutral or 

varus knee alignment, this presence of malalignment may explain the 

relationship found between lean mass and knee joint compressive forces. The 

positive association we found between lean mass and knee joint compressive 

forces may also be the result of increased total body mass since those who have 

higher total mass will likely have higher absolute amounts of lean mass.  For 
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instance, Visser et al174 also found a positive association between skeletal 

muscle mass and the prevalence of knee OA.  However, the percentage of total 

muscle mass (relative lean mass) was negatively associated, suggesting that a 

higher ratio of lean to fat mass is associated with reduced knee joint compressive 

forces.  Visser et al178 suggest that a positive association between skeletal 

muscle mass and OA is due to the increase of skeletal muscle mass in obese 

individuals as a result of increased loading (p<0.0001) for the association 

between body mass and skeletal muscle mass). 

Similar to the findings of Messier et al148 among older adults with knee 

OA, this study showed a positive association been fat mass and knee joint 

compressive forces.  A consensus exists that obesity is a risk factor for knee 

OA178; knee forces during walking are 1.67 times larger in obese individuals 

compared to lean individuals182.  Researchers suggest that despite the fact that 

weight loss in older adults with knee OA includes the loss of lean mass, reducing 

fat mass likely holds a greater role in attenuating knee joint compressive forces 

than the reduction in muscle mass148.  More specifically, high weight loss (10%) 

in older adults with knee OA has been shown to significantly reduce knee joint 

compressive forces relative to those with low and no weight loss or weight gain36.  

A reduction in body fat has also been shown to reduce pain and provide 

symptomatic relief of knee OA178. 

Stride length was positively associated with knee joint compressive forces.  

This is consistent with the findings of DeVita et al35 among class 3 obese and 

lean middle-aged subjects which showed a positive relationship between stride 
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length and knee joint forces.  Researchers found that as BMI increased towards 

class 3 obesity, stride length decreased, which lead to a reduction in knee joint 

compressive forces.  Of note, is that class 2 obese individuals had higher torques 

at each joint than lean participants.  Despite class 3 obese subjects having 80% 

more total mass than lean participants, when walking at the same speed, class 3 

obese individuals had identical knee torques due to a reduction in stride length 

and knee flexion. In obese participants, BMI was inversely related to step length 

(r= -0.68, p<.05)35.  Furthermore, another study by DeVita et al182 found that after 

weight loss, there existed an attenuation in the reduction in knee joint forces due 

to an increase in stride length; the change in stride length was significantly 

correlated to the changed in knee joint force (r=0.59, p<.05).  These findings and 

the correlations show in Table IV suggest that a reduction in stride length in 

overweight/obese older adults with knee OA, can lead to a reduction in knee joint 

compressive forces.  

A mediation analysis was conducted to determine whether the positive 

relationships between BMD and knee joint compressive force and % fat and knee 

joint compressive force are mediated by leg strength, knee stiffness, and/or stride 

length. It is important to note that a mediation analysis using cross sectional data 

helps to determine the presence of a mediating effect, but not the direction of the 

mediating effect, which requires follow-up data from randomized clinical trials186.  

Additionally, it is important to define the difference between a mediating variable 

and a covariate.  According to MacKinnon et al186, mediation represents the 

addition of another variable to the relationship between the causal variable and 
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the outcome, whereby the causal variable causes the mediator, and the 

mediator, causes the outcome variable.  For example, high % body fat may 

cause someone to walk with knee stiffness, this increased knee stiffness may 

cause increased knee joint compressive forces; in this example, knee stiffness 

would be a mediator for the relationship between % body fat and knee joint 

compressive forces.  Whereas a covariate is a variable that may be related to 

both the causal and the outcome variables, such that the covariate improves the 

prediction of the outcome variable by the causal variable, but does not 

statistically alter the relationship between the causal and outcome variable when 

the covariate is included in the analysis186-187.   

The results of the mediation analysis showed that stride length was a 

mediator for the relationship between % body fat and knee joint compressive 

forces.  The positive correlation between stride length and knee joint 

compressive forces shown in Table IV may be explained by the results of DeVita 

et al35, which showed an inverse relationship between BMI and step length (r= -

0.68, p<.05), and BMI and knee torque (r= -0.70, p<.05) in obese subjects, and 

showed class 3 obese subjects with a high BMI can reduce knee joint 

compressive forces by reducing stride length.  Despite have 80% more mass 

than lean subjects, a higher BMI, and presumably a higher % body fat, these 

class 3 obese subjects had lower knee joint torques35.  This reduction was due to 

a reduction in stride length, that enables obese individuals to walk with a lower 

knee torque compared to lean individuals which may explain our result of stride 
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length being a partial mediator between the relationship of % body fat and knee 

joint compressive forces.   

Knee extensor strength was also found to mediate the relationship 

between % body fat and knee joint compressive forces.  As previously 

mentioned, a mediating relationship would mean % fat affects knee extensor 

strength, which would in turn, affects knee joint compressive forces.  In general, 

those with higher body mass tend to have higher absolute muscle mass 

compared to lean individuals as a consequence of increased loading178, which 

might explain the relationship between % body fat and knee extensor strength 

since muscle mass and strength are highly correlated in older adults174.  Mikesky 

et al153 showed that increased quadriceps, or knee extensor, strength is 

associated with decreased knee joint loading rate among strength trained women 

with normal frontal plane knee alignment compared to sedentary women when 

walking at the same speed.  This relationship may suggest that increased 

strength could yield decreased knee joint compressive forces due to the ability of 

the quadriceps muscle acting as a shock absorber and dampening rates of 

loading better than weak muscles.  If so, this would support our finding that knee 

extension strength is a partial mediator between % fat and knee joint 

compressive forces since knee extension strength was associated with knee 

force as shown in Figure 10 below.  However, it is important to note that although 

Mikesky et al153 found an inverse relationship between strength and knee joint 

loading, we cannot definitively state the direction of the mediating effect of knee 
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extension strength in the present study due to the limitations of the analysis and 

the cross-sectional nature of this study.   

Knee extensor strength was also a partial mediator for the relationship 

between leg BMD and knee joint compressive forces.  Increased lean mass is 

associated with increased BMD, which explains the relationship between leg 

BMD and knee extensor strength183.  Furthermore, increased lean mass was also 

associated with increased knee joint compressive forces in older adults with knee 

OA148.  Since leg BMD and knee extension strength are related, and knee 

extensor strength is related to knee joint compressive forces, this might explain 

why knee extension strength was a partial mediator between leg BMD and knee 

joint compressive forces.   

Lastly, average knee stiffness was found to be a partial mediator of the 

relationship between % fat and knee joint compressive forces.  This is supported 

by the findings of Williams et al184 that increased body mass is associated with 

increased knee stiffness.  This increased knee stiffness, or change in internal 

knee extension moment over knee excursion, was also associated with an 

increased loading rate184.  Loading rate was higher in the group with higher knee 

stiffness; this may be the result of increased knee joint compressive forces since 

speed was similar between groups184.  These results may explain the potential 

for mediation by average knee stiffness.  Zeni et al158 found that older adults 

(mean age: 60 years) with severe knee OA walked with increased dynamic knee 

stiffness than those with moderate knee OA and controls when walking speed 

was controlled; additionally, those with severe knee OA had significantly higher 
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BMI than controls158.  Since those with higher knee stiffness (severe knee OA) 

had a higher BMI, they may also have exhibited higher knee joint compressive 

forces due to increased weight than controls, however this measurement was not 

reported.  Therefore, due to the relationship between % fat and knee joint 

stiffness, and the relationship between knee joint stiffness on knee joint 

compressive forces in older adults with knee OA, and our mediation analysis we 

can suggest that average knee stiffness is a partial mediator on the relationship 

between % fat and knee joint compressive forces, and a reduction in knee joint 

stiffness may attenuate this relationship. 

The present findings suggest that the relationship between % fat and knee 

joint compressive forces is partially mediated by stride length, leg strength, and 

average knee joint stiffness, and that the relationship between BMD and knee 

joint compressive forces is partially mediated by leg strength.  These results 

show partial mediation because for full mediation to exist, the relationship 

between the causal variable and the outcome would be reduced to zero when the 

mediator is introduced186.  Since the correlation values between the causal 

variables and the outcome variable is simply reduced in absolute size to a non-

zero number with the addition of the mediator as shown in Table IX, partial 

mediation exists.  Although we cannot truly state mediation or determine the 

direction of the mediating effect, we can infer the possible effect and direction 

based upon existing literature.  A diagram depicting the found correlations, the 

theoretical partial mediating relationships and their possible directions can be see 

below in Figure 10. 
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Figure 10: Correlations and Theoretical Mediating Relationships and 

Directions 

 

 

The lack of mediation of knee stiffness on the relationship between BMD 

and knee joint compressive forces is understandable.  Although there exists a 

relationship between BMI and knee stiffness, the literature does not demonstrate 

a relationship between BMD and knee stiffness.  Since a relationship between 

BMD and knee stiffness does not exist, mediation by knee stiffness does not 

exist.   

Lastly, stride length did not mediate the relationship between BMD and 

knee joint compressive forces may be the result of the variability among subjects.  

Similar to knee stiffness, an established relationship between BMD and stride 

length has not been shown.  Despite the fact that those who are heavier tend to 
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have an increased BMD, and walk with a reduced stride length to reduce knee 

joint forces, we cannot infer that BMD and stride length are related.   

The present study builds on existing literature regarding the effects of 

anthropometrics on knee joint compressive forces30.  Additionally, it brings insight 

into the potential mechanisms behind the relationships between BMD, % fat, and 

knee joint compressive forces in older adults with knee OA.  It is unclear whether 

knee OA is truly associated with a specific anthropometric and/or 

musculoskeletal phenotype.  However, these findings suggest that this 

phenotype of high BMD and high % fat is positively correlated with increased 

knee joint compressive forces in older adults with knee OA.  These increased 

forces can lead to further cartilage degradation and disease progression30,33-35.  

However, as shown by the multiple mediating variables, this phenotype alone 

may not be the sole factor that produces increases in knee joint compressive 

forces in older adults with knee OA. 

Despite the literature supporting the effects of weight loss on reducing 

knee joint compressive forces in older adults with knee OA, weight loss may not 

always be the easiest or quickest solution for older adults36,182.  Therefore, the 

clinical significance of this study is the suggestion that older adults with knee OA 

may reduce their knee joint compressive forces without losing weight by altering 

stride length, knee joint stiffness, and leg strength.   

This thesis is not without limitations.  First, since the study was cross 

sectional, the causality of the relationships between leg BMD and % fat on knee 

joint compressive forces cannot be concluded; however, a randomized controlled 
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trial of older adults with knee OA has shown that reductions in fat mass lead to 

reductions in knee joint compressive forces36.  Also due to the cross sectional 

nature, the relationship between the causal, or predictor, variables and the 

outcome variables cannot be stated as causality, but instead correlation.  

Furthermore, the true presence, causality, or direction of mediation cannot be 

determined without a randomized controlled trial.  Additionally, this sample of 75 

consisted of primarily elderly, white individuals, limiting the generalizability of the 

findings.  Lastly, DXA leg BMD measurements may have been artificially 

increased due to the presence of osteophytes which could have potentially 

altered correlation values133. 

Future research should be conducted to determine the presence and 

direction of these mediating effects; more specifically, follow up data from the 

START randomized controlled trial should be used to investigate the effects a 

strength training intervention on these subjects to determine whether a reduced 

stride length and knee stiffness, and increased leg strength will produce lower 

knee joint compressive forces compared to baseline measurements.  

Additionally, a sample with more age and ethnic variability would be needed to 

expand the generalizability of the results.  Lastly, it would be interesting to 

investigate the associations between muscle quality and knee joint compressive 

forces in older adults with knee OA to see if it has a similar or opposite 

relationship as lean mass and knee joint compressive forces. 

In conclusion, this study demonstrated that high BMD and greater % fat 

increase knee joint compressive forces.  Additionally, it showed the partial 
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mediating effects of average knee stiffness, leg strength, and stride length on 

these relationships.  This is important because while weight loss reduces knee 

joint compressive forces in older adults with knee OA, it is not the fastest or 

easiest solution.  Based on the results of this thesis, overweight older adults with 

knee OA can alter their knee joint stiffness and stride length, or leg strength in 

order to reduce the excessive compressive forces on their knees.  However, 

future research is needed to determine to true presence and direction of these 

mediating relationships. 

  



74 
 

References 

1. Duristine, J.L., Moore, G.E., Painter, P.L., & Roberts, S.O. (2009). ACSM’s 
exercise management for persons with chronic diseases and disabilities. 
Champaign, IL: Human Kinetics.  
 

2. Kamil E. Barbour, PhD, Charles G. Helmick, MD KATM. Prevalence and 
most common causes of disability among adults--United States, 2005. 
MMWR Morb Mortal Wkly Rep 2009;58(16):421–6. 
 

3. Lawrence, R. C., Felson, D. T., Helmick, C. G., Arnold, L. M., Choi, H., 
Deyo, R. A., . National Arthritis Data, W. (2008). Estimates of the 
prevalence of arthritis and other rheumatic conditions in the United States. 
Part II. Arthritis Rheum, 58(1), 26-35. doi:10.1002/art.23176 

4. Vos T, Flaxman AD, Naghavi M, et al. Years lived with disability for 1160 
sequelae of 289 diseases and injuries 1990-2010: A systematic analysis 
for the Global Burden of Disease Study 2010. Lancet 
2012;380(9859):2163–96. 

5. Cho, H., Walker, A., Williams, J. & Hasty, K.A. (2015). Study of 
osteaoarthritis treatment with anti-inflammatory drugs: cyclooxygenase-2 
inhibitor and steroids. BioMed Research Internal. 2015: 1-10. 

6. Guccione, A. A., Felson, D. T., Anderson, J. J., Anthony, J. M., Zhang, Y., 
Wilson, P. W. F., Kannel, W. B. (1994). The effects of specific medical 
conditions on the functional limitations of elders in the Framingham Study. 
American Journal of Public Health, 84(3), 351-358.  

7. Michael, J. W., Schluter-Brust, K. U., & Eysel, P. (2010). The 
epidemiology, etiology, diagnosis, and treatment of osteoarthritis of the 
knee. Dtsch Arztebl Int, 107(9), 152-162. doi:10.3238/arztebl.2010.0152 

8. Jordan, J. M., Helmick, C. G., Renner, J. B., Luta, G., Dragomir, A. D., 
Woodard, J., Hochberg, M. C. (2007). Prevalence of knee symptoms and 
radiographic and symptomatic knee osteoarthritis in African Americans 
and Caucasians: the Johnston County Prevalence of Knee Symptoms and 
Radiographic and Symptomatic Knee Osteoarthritis in African Americans 
and Caucasians. Journal of Rheumatology, 34(1), 172-180.  

9. Felson, D.T., Naimark, A., Anderson, J., Kazis, L., & Castelli, W. The 
prevalence of knee osteoarthritis in the elderly. The Framingham 
Osteoarthritis Study. Arthritis Rheum 1987; 30(8): 914-918. 

10. Murphy, L., Schwartz, T. A., Helmick, C. G., Renner, J. B., Tudor, G., 
Koch, G., Jordan, J. M. (2008). Lifetime risk of symptomatic knee 
osteoarthritis. Arthritis Rheum, 59(9), 1207-1213. doi:10.1002/art.24021 

11. Grotle, M., Hagen, K. B., Natvig, B., Dahl, F. A., & Kvien, T. K. (2008). 
Obesity and osteoarthritis in knee, hip and/or hand: an epidemiological 



75 
 

study in the general population with 10 years follow-up. BMC 
Musculoskelet Disord, 9, 132. doi:10.1186/1471-2474-9-132 

12. Palazzo, C., Nguyen, C., Lefevre-Colau, M. M., Rannou, F., & Poiraudeau, 
S. (2016). Risk factors and burden of osteoarthritis. Ann Phys Rehabil 
Med. doi:10.1016/j.rehab.2016.01.006 

 
13. Oliveira, S. A., Felson, D. T., Reed, J. I., Cirillo, P. A., & Walker, A. M. 

(1995). Incidence of symptomatic hand, hip, and knee osteoarthritis 
among patients in a health maintenance organization. Arthritis Rheum, 
33(8), 1134-1141.  
 

14. Andriacchi, T. P., Favre, J., Erhart-Hledik, J. C., & Chu, C. R. (2015). A 
systems view of risk factors for knee osteoarthritis reveals insights into the 
pathogenesis of the disease. Ann Biomed Eng, 43(2), 376-387. 
doi:10.1007/s10439-014-1117-2 

15. Andriacchi, T. P., Mundermann, A., Smith, R. L., Alexander, E. J., Dyrby, 
C. O., & Koo, S. (2004). A framework for the in vivo pathomechanics of 
osteoarthritis at the knee. Ann Biomed Eng, 32(3), 447-457.  

16. Andriacchi, T. P., & Favre, J. (2014). The nature of in vivo mechanical 
signals that influence cartilage health and progression to knee 
osteoarthritis. Curr Rheumatol Rep, 16(11), 462-469.  

17. Andriacchi, T. P., & Mundermann, A. (2006). The role of ambulatory 
mechanics in the initiation and progression of knee osteoarthritis. Curr 
Opin Rheumatology, 18(5), 514-518.  

18. Creamer, P., Lethbridge-Cejku, M., & Hochberg, M. C. (2000). Factors 
associated with functional impairment in symptomatic knee osteoarthritis. 
Rheumatology, 39(5), 490-496.  
 

19. Heidairi, B. (2011). Knee osteoarthritis prevalence, risk factors, 
pathogenesis and features: Part I. Capsian Journal of Internal Medicine, 
2(2), 205-212.  
 

20. Bonnet, C.S. & Walsh, D.A. (2005). Osteoarthritis, angiogenesis and 
inflammation. Rheumatology, 44(1):7-16. 
 

21. Spector, T.D., Hart, D.J., Nandra, D., Doyle, D.V., Mackillop, N., 
Gallimore, J.R., & Pepys, M.B. (1997). Low-level increases in serum c-
reactive protein are present in early osteoarthritis of the knee and predict 
progressive disease. American College of Rheumatology, 40(4): 723-727. 
 

22. Griffin, T.M. & Guilak, F. (2005). The role of mechanical loading in the 
onset and progression of osteoarthritis. Exercise and Sport Science 
Reviews, 33(4): 195-200. 
 



76 
 

23. Seedhom, B.B. (2006). Conditioning of cartilage during normal activities is 
an important factor in the development of osteoarthritis. Rheumatology, 
45(2): 146-149. 
 

24. Mündermann, A., Dyrby, C.O., Hurwitz, D.E., Sharma, L., & Adriacchi, 
T.P. (2004). Potential strategies to reduce medial compartment loading in 
patients with knee osteoarthritis of varying severity: reduced walking 
speed. Arthritis & Rheumatism, 50(4): 1172-1178. 
 

25. Kaufman, K. R., Hughes, C., Morrey, B.F., Morrey, M., & An, K. (2001). 
Gait chracteristics of patients with knee oasteoarthritis. Journal of 
Biomechanics, 34, 907-915.  
 

26. Kellgren, J.H. & Lawrence, J.S. (1957). Radiological assessment of osteo-
arthrosis. Ann. Rheum. Dis. (16): 494-503. 
 

27. Bellamy, N., Buchaanan, W.W., Goldsmith, C.H., Campbell, J. & Stitt, 
L.W. (1988) Validation study of WOMAN: a health status instrument for 
measureing clinically important patient relevant outcomes to antirheumatic 
drug therapy in patients with osteoarthritis of the hip or knee. Journal of 
Rheumatology. (15): 1833-1840. 
 

28. Altman, R., Asch, E., Bloch, D., Bole, G., Borenstein, D., Brandt, K., 
Christy, W., Cook, T.D., Greenwalk, R., Hochberg, M., Howell, D., Kaplan, 
D., Koopman, W., Longley, S., Mankin, H., McShane, D.J., Medsger, T., 
Meenan, R., Mikkelsen, W., Moskowitz, R., Murphy, W., Rothschild, B., 
Segal, M., Sokoloff, L., & Wolfe, F. (1986). Development of criteria for the 
classification and reporting of osteoarthritis. Arthritis and rhematism. 
29(8):1039–49. 
 

29. Finan, P.H., Buenaver, L.F., Bounds, S.C., Hussain, S., Park, R.J., Haque, 
U.J., Campbell, C.M., Haythornthwaite, J.A., Edwards, R.R., & Smith, M.T. 
(2013). Discordance between pain and radiographic severity in knee 
osteoarthritis: Findings from quantitative sensory testing of central 
sensitization. Arthritis Rheum. 65(2): 1-16. 
 

30. Chaganti, R.K. & Lane, N.E. (2011). Risk factors for incident osteoarthritis 
of the hip and knee. Curr Rev Musculoskelt Med. 4(3): 99-104. 
 

31. Dillon, C.F., Rasch, E.K., Gu, Q., & Hirsch, R.(2006). Prevalence of knee 
osteoarthritis in the United States: arthritis data from the Third National 
Health and Nutrition Examination Survey 1991-94. J Rheumatol. 33(11): 
2271-9. 
 

32. Silverwood, V., Blagojevic-Bucknall, M., Jinks, C., Jordam, J.L., Protheroe, 
J., & Jordan, K.P. (2015). Current evidence on risk factors for knee 



77 
 

osteoarthritis in older adults: a systematic review and meta-analysis. 
Osteoarthritis and Cartilage. 23(4): 507-515. 
 

33. Harding, G.T., Dunbar, M.J., Hubley-Kozey, C.L., Stanish, W.D., & 
Astephen Wilson, J.L. (2016). Obesity is associated with higher absolute 
tibiofemoral contact and muscle forces during gait with and without knee 
osteoarthritis. Clinical Biomechanics. 31: 79-86. 
 

34. Jiang, L., Tian, W., Wang, Y., Rong, J., Bao, C., Liu, Y., Zhao, Y., & 
Wang, C. (2012). Body mass index and susceptibility to knee 
osteoarthritis: A systematic review and meta-anlysis. Joint Bone Spine. 
79: 291-297. 
 

35. DeVita, P. & Hortobágyi. (2003). Obesity is noy associated with increased 
knee joint torque and power during level walking. Journal of 
Biomechanics. 36(9): 1355-1362. 
 

36. Messier, S.P., Legault, C., Loeser, R.F., Van Ardale, S.J., Davis, C., 
Ettinger, W.H., & DeVita, P. (2011). Does high weight loss in older adults 
with knee osteoarthritis affect bone-on-bone joint loads and muscle forces 
during walking? Osteoarthritis Cartilage. 19(3): 272-280. 
 

37. Messier, S.P., Loeser, R.F., Miller, G.D., Morgan, T.M., Rejeski, W.J., 
Sevick, M.A., et al. (2004). Exercise and dietary weight loss in overweight 
and obese older adults with knee osteoarthritis: the Arthritis, Diet, and 
Activity Promotion Trial. Arhtirits Rheum. 50(5): 1501-1510. 
 

38. Nguyen, U.-S.D.T., Zhang, Y., Zhu, Y., Niu, J., Zhang, B., Aliabadi, P., & 
Felson, D.T. (2011). Increasing prevalence of knee pain and symptomatic 
knee osteoarthritis: Survey and cohort data. Ann Intern Med. 155(11): 
725-732. 
 

39. Brouwer, G.M., Van Tol, A.W., Bergink, A.P., Belo, J.N., Bernsen, R.M.D., 
Reijman, M., Pols, H.A.P., & Bierma-Zeinstra, S.M.A. (2007). Association 
between valgus and varus alignment and the development of and 
progression of radiographic osteoarthritis of the knee. Arthritis Rheum. 
56(4): 1204-1211. 
 

40. Hunter, D.J., Niu, J., Felson, D.T., Harvey, W.F., Gross, K.D., McCree, P., 
Aliabadi, P., Sack, B., & Zhang, Y. (2007). Knee alignment does not 
predict incident osteoarthritis. Arthritis & Rheumatism. 56(4): 1212-1218. 
 

41. Lohmander, L.S., Ostenberg, A., Englund, M., & Roos, H. (2004). High 
prevalence of knee osteoarthritis, pain and functional limitations in female 
soccer players 12 years after anterior cruciate ligament injury. Arthritis 



78 
 

Rheum. 50(9): 3145-3152 
 

42. von Porat, A., Roos, E.M. & Roos, H. (2004). High prevalence of 
osteoarthritis 14 years after an anterior cruciate ligament tear in male 
soccer players: a study of radiographic and patient relevant outcomes. 
Ann Rheum Dis. 63(3): 269-273. 
 

43. Englund, M. & Lohmander, L.S. (2004). Risk factors for symptomatic knee 
osteoarthritis fifteen to twenty-two years after meniscectomy. Arthritis & 
Rheumatism. 50(9): 2811-2819. 
 

44. Spector, T.D., Harris, P.A., Hart, D.J., Cicuttini, F.M., Nanadra, D., 
Etherington, J., Wolman, R.L., & Doyle, D.V. (1996). Risk of osteoarthritis 
associated with long-term weight-bearing sports: a radiologic survey of the 
hips and knees in female ex-athletes and population controls. Arthritis & 
Rheumatism. 39(6): 988-995. 
 

45. Sohn, R.S., & Micheli, L.J. (1985). The effect of running on the 
pathogenesis of osteoarthritis of the hips and knees. Clin Orthop Relat 
Res. 198: 106-109. 
 

46. Panush, R.S., Hanson, C.S., Caldwell, J.R., Longley, S., Stork, J., & 
Thobum, R. (1995). Is running associated with osteoarthritis? An eight-
year follow-up study. J Clin Rheumatol. 1(1): 35-39. 
 

47. Felson, D.T., Zhang, Y., Hannan, M.T., Naimark, A., Weissman, B., 
Aliabadi, P., et al. (1997). Risk factors for incident radiographic knee 
osteoarthritis in the elderly: the Framingham Study. Arhtirits Rheum. 40(4): 
728-733. 
 

48. Cooper, C., Snow, S., McAlindon, T.E., Kellingray, S., Stuart, B., Coggon, 
D., et al. (2000). Risk factors for the incidence and progression of 
radiographic knee osteoarthritis. Arthritis Rheum. 43(5): 995-1000. 
 

49. Verweij, L.M., van Schoor, N.M., Deeg, D.J., Dekker, J., & Visser, M. 
(2009). Physical activity and incident clinical knee osteoarthritis in older 
adults. Arthritis Rheum. 61(2): 152-157. 
 

50. Minor, M.A. (1999). Exericse in the treatment of osteoarthritis. Rheum Dis 
Clin North Am. 25(2): 397-415. 
 

51. Litwic, A., Edwards, M.H., Dennison, E.M., & Cooper, C. (2013). 
Epidemiology and burden of osteoarthritis. Br Med Bull. 105: 185-199. 
 

52. Hootman, J.M., FitzGerald, S., Macera, C.A., & Blair, S.N. (2004). Lower 
extremity muscle strength and risk of self-reported hip or knee 



79 
 

osteoarthritis. Journal of Physical Activity and Health. 1(4): 321-330. 
 

53. Sharma, L., Dunlop, D.D., Cahue, S., Song, J., & Hayes, K.W. (2003). 
Quadriceps strength and osteoarthritis progression in malaligned and lax 
knees. Ann Intern Med. (138): 613-619. 
 

54. Pendelton, A., Arden, N., Dougados, M., Doherty, M., Baanwarth, B., 
Bijlsma, J., et al. (2000). EULAR recommendations for the management of 
knee osteoarthritis: Report of a task force of the Standing Committee for 
Internation Clinical Studies Including Therapeutic Trials (ESCISIT). Ann 
Rheum Dis. 59: 936-944. 
 

55. Philadelphia Paenl. (2001). Philadelphia Panel evidence-based clinical 
practice guidelines on selected rehabilitation interventions for knee pain. 
Phys Ther. 81: 1675-1700. 
 

56. van Baar, M. Assendelft, W., Dekker, J. Oostendrop, R., Bijlsma, J. 
(1999). Effectiveness of exercise therapy in patients with osteoarthritis of 
the hip or knee: a systematic review of randomized clinical trials. Arthritis 
Rheum. 42: 1361-1369. 
 

57. Baker, K., Nelson, M., Felson, D., Layne, J., Sarno, R., Roubenoff, R. 
(2001). The efficacy of home based progressive strength training in oder 
adilts with knee osteoarthritis: a randomized controlled trial. J Rheumatol. 
28: 1655-1665. 
 

58. Ettinger, B.R., Messier, S.P., Applegate, W., Rejeski, R., Morgan, T., et al. 
(1997). A randomized trial comparing aerobic exercise and resistance 
exercise with a health education program in older adults with knee 
osteoarthritis. JAMA. 277: 25-31. 
 

59. Maurer, B., Stern, A., Kinossian, B., Cook, K., Schumacher, H. (1999). 
Osteoarthritis of the knee: isokinetic quadriceps exercise versus an 
aducational intervention. Arch Phys Med Rehab. 80: 1293-1299. 
 

60. Schilke, J., Johnson, G., Housh, T., O'Dell, J. (1996). Effects of muscle 
strength training on the functional status of patients with osteoarthritis of 
the knee joint. Nurs Res. 45: 68-72. 
 

61. Omori, G., Koga, Y., Tanaka, M., Nawata, A., Watanabe, H., Narumi, K., & 
Endoh, K. (2013). Quadriceps muscle strength and its relationship to 
radiographic knee osteoarthritis in Japanese elderly. J Orthop Sci. 18(4): 
536-542. 
 

62. Baker, K.R., Xu, L., Zhang, Y., Nevitt, M., Niu, J., Aliabadi, P., Yu, W., & 
Felson, D. (2004). Quadriceps weakness and its relationship to 



80 
 

tibiofemoral and patellofemoral knee osteoarthritis in Chinese. Arthritis & 
Rheumatism. 50(6): 1815-1821. 
 

63. Segal, N. & Glass, N.A. (2011). Is quadriceps muscle weakness a risk 
factor for incident or progressive knee osteoarthritis? Phys Sportsmed. 
39(4): 44-50. 
 

64. Deshpande, B.R., Katz, J.N., Solomon, D.H., Yelin, E.H., Hunter, D.J., 
Messier, S.P., Suter, L.G., & Losina, E. (2016) The number of persons 
with symptomatic knee osteoarthritis in the United States: Impact of 
race/ethnicity, age, sex, and obesity. Journal of Arthritis Care & Research. 
Doi: 10.1002/acr.22897 
 

65. Ettinger, W.H., Burns, R., Messier, S.P., Applegate, W., Rejeski, W.J., 
Morgan, T., Shumaker, S., Berry, M.J., O'Toole, M., Monu, J., Craven, T. 
(1997). A randomized trial comparing aerobic exercise and resistance 
exercise with a health education program in older adults with knee 
osteoarthritis: The Fitness Arthritis and Seniors Trial (FAST). JAMA. 
277(1): 25-31. 
 

66. Hochberg, M.C., Altman, R.D., Brandt, K.D., et al. (1995). Guidelines for 
the medical management of knee osteoarthritis. Arthritis Rheum. 38: 
1541-1546. 
 

67. Mazzuca, S.A., Brandt, K.D., Katz, B.P., Chambers, M., Byrd, D., & 
Hanna, M. (1997). Effects of self-care education on the health status of 
inner-city patients with osteoarthritis of the knee. Arhritis Rheum. 40(8): 
1466-1474. 
 

68. McAlindon, T.E., Bannuru, R.R., Sullivan, M.C., Arden, N.K., Berenbaum, 
F., Bierma-Zeinstra, S.M., Hawker, G.A., Henrotin, Y., Hunter, D.J., 
Kawaguchi, H., Kwoh, K., Lohmander, S., Rannou, F., Roos, E.M., & 
Underwood, M. (2014). OARSI guidelines for the non-surgical mangement 
of knee osteoarthritis. Osteoarthritis and Cartilage. 22(3): 363-388. 
 

69. Nelson, A.E., Allen, K.D., Golightly, Y.M., Goode, A.P., & Jordan, J.M. 
(2014). A systematic review of recommendations and guidelines for the 
management of osteoathritis: The Chronic Osteoarthritis Management 
Initiative of the U.S. Bone and Joint Initiative. Seminars in Arthritis and 
Rheumatism. 43(6): 701-712. 
 

70. Creamer, P. (2000). Osteoarthritis pain and its treatment. Curr Opin 
Rheumatol. 12(5): 450-455. 
 

71. Bannuru, R.R. & McAlindon, T.E. (2010). Reassing the role of 
acetaminophen in osteoarthritis: systematic review and meta-analysis. 



81 
 

OARSI Cartilage. 18(Suppl 2): S250. 
 

72. Bannuru, R.R., Schmid, C.H., Kent, D.M., Vaysbrot, E.E., Wong, J.B., & 
McAlindon, T.E. (2015). Comparative effectiveness of pharmacologic 
interventions for knee osteoarthritis. Annals of Internal Medicine. 162(1): 
46-54. 
 

73. Katz, J.N., Smith, S.R., Collins, J.E., Solomon, D.H., Jordan, J.M., Hunter, 
D.J., Suter, L.G., Yelin, E., Paltiel, A.D., & Losina, E. (2016). Cost-
effectiveness of nonsteroidal anti-inflammatory drugs and opioids in the 
treatment of knee osteoarthritis in older patients with multiple 
comorbidities. Osteoarthritis and Cartilage. 24(3): 409-418. 
 

74. Wright, E.A., Katz, J.N., Abrams, S., Solomon, D.H., & Losina, E. (2014). 
Trends in prescritpion of opiods from 2003-2009 in persons with knee 
osteoarthritis. Arthritis Care Res (Hoboken). 66(10): 1489-95. 
 

75. Chou, R., McDonagh, M.S., Nakamoto, E., & Griffin, J. Analgesics for 
osteoarthritis: An Update of the 2006 Comparative Effectiveness Review. 
Rockville MD 2011 Oct. 
 

76. Deyle, G.D., Allison, S.C., Matekel, R.L., Ryder, M.G., Stang, J.M., 
Gohdes, D.D., Hutton, J.P., Henderson, N.E., & Garber, M.B. (2005). 
Physical therapy treatment effectiveness for osteoarthritis of the knee: a 
randomized comparison of supervized clinical exercise and manual 
therapy procedures versus a home exercise program. Phys Ther. 85(12): 
1301-1317. 
 

77. Bhatia, D., Bejarano, T., & Novo, M. (2013). Current interventions in the 
management of knee osteoarthritis. J Pharm Bioallied Sci. 5(1): 30-38. 
 

78. Voelker, R. (2011). Few adults with knee osteoarthritis meet national 
guidelines for physical activity. JAMA. 306(13): 1428-1430. 
 

79. Smink, A.J., van den Ende, C.H., & Vliet Clieland, T.P. (2011). Beating 
osteoarthritis: Development of a stepped care strategy to optimize 
utilization and timing of non-surgical treatment modalities for patients with 
hip or knee osteoarthritis. Arthritis Rheum. 37(9): 1297-1304. 
 

80. Skou, S.T., Roos, E.M., Laursen, M.B., Rathleff, M.S., Arednt-Nielsen, L., 
Simonsen, O., & Rasmussen, S. (2015). A randomized, controlled trial of 
total knee replacement. N Engl J Med. 373(17): 1597-1606. 
 

81. Waimann, C.A., Fernandez-Mazarambroz, R.J., Cantor, S.B., Lopez-
Olivo, M.A., Zhang, H., Landon, G.C., Siff, S.J., & Suzarez-Almazor, M.E. 
(2014). Cost-effectiveness of total knee replacement: a prospective cohort 



82 
 

study. Arthritis Care Res (Hoboken). 66(4): 592-599. 
 

82. Kennedy, J.W., Johnston, L., Cochrane, L., & Boscianos, P.J. (2013). 
Total knee arthroplasty in the elderly: Does age affect pain, function or 
complications?. Clin Orthrop Relat Res. 471(6): 1964-1969. 
 

83. Farr li, J., Miller, L.E., & Block, J.E. (2013). Quality of life in patients with 
knee osteoarthritis: A commentary on nonsurgical and surgical treatments. 
Open Orthop J. 13;7:619-623. 
 

84. Picavet, H.S. & Hoeymans, N. (2004). Health related quality of life in 
multiple musculoskeletal diseases: SF-36 and EQ-5D in the DMC3 study. 
Ann Rheum Dis. 63(6): 723-729. 
 

85. Henriksen, M., Hansen, J.B., Klokker, L., Bliddal, H., & Christensen, R. 
(2016). Comparable effects of exercise and analgesics for pain secondary 
to knee osteoarthritis: a meta-analysis of trials included in Cochrane 
systematic reviews. Journal of Comparative Effectiveness Research. 5(4): 
417-431. 
 

86. Fransen, M., McConnell, S., Harmer, A.R., Van der Esch, M., Simic, M., & 
Bennel, K.L. (2015). Exercise for osteoarthritis of the knee: A Cochrane 
systematic review. Br J Sports Med. 49(24): 1554-1557. 
 

87. Gay, C., Chabaud, A., Guilley, E., & Coudeyre, E. (2016). Educating 
patients about the benefits of physical activity for their hip and knee 
osteoarthritis. Systematic literature review. Annals of Phys and Rehab 
Med. 59: 174-183. 
 

88. Bruyere, O., Cooper, C., Pelletier, J.P., Branco, J., Brandi, M.L., et al. 
(2014). An algorithm recommendation for the management of knee 
osteoarthritis in Europe and internationally: A report from a task force of 
the European Society for Clinical and Economic Aspects of Osteoporosis 
and Osteoarthritis (ESCEO). Sem in Arth and Rheum. 44: 253-263. 
 

89. O'Reilly, S.C., Muir, K.R., & Doherty, M. (1999). Effectiveness of home 
exercise on pain and disability from osteoarthritis of the knee: a 
randomised controlled trial. Ann Rheum Dis. 58(1): 15-19. 
 

90. Maurer, B.T., Stern, A.G., Kinossian, B., Cook, K.D., & Schumacher, H.R. 
(1999). Osteoarthritis of the knee: Isokinetic quadriceps exercise versus 
an educational intervention. Phys Med Rehabil. 80(10): 1293-1299. 
 

91. Lange, A.K., Vanwanseele, B., & Fiatarone Singh, M.A. (2008). Strength 
training for treatment of osteoarthritis of the knee: A systematic review. 



83 
 

Arthritis & Rheumatism. 59(10): 1488-1494. 
 

92. Topp, R., Woolley, S., Hornyak, J., Khuder, S., & Kahaleh, B. (2002). The 
effect of dynamic versus isometric resistance training on pain and 
functioning among adults with osteoarthritis of the knee. Arch Phys Med 
Rehabil. 83(9): 1187-1195. 
 

93. Gür, H., Ҫakin, N., Akova, B., Okay, E., & Küϛüğlu, S. (2002). Concentric 
versus combined concentric-eccentric isokinetic training: Effects on 
functional capacity and symptoms in patients with osteoarthritis of the 
knee. PHys Med Rehabil. 83(3): 308-316. 
 

94. Huang, M.H., Lin, Y.S., Yang, R.C., & Lee, C.L. (2003). A comparison of 
various therapeutic exercises on the functional status of patients with knee 
osteoarthritis. Seminars in Arthritis and Rheumatism. 32(6): 398-406. 
 

95. American Academy of Orthaedic Surgeons. (2008). Treatment of 
osteoarthritis of the knee (non-arthroplasty). Journal of American 
Academy of Orthopaedic Surgeons. 17(9): 591-600. 
 

96. Zhang, W., Moskowitz, R.W., Nuki, G., Abramson, S., Altman, R.D., 
ARden, N., Bierma-Zienstra, S., Brandt, K.D., Croft, P., Doherty, M., 
Dougados, M., Hochberg, M., Hunter, D.J., Kwoh, K., Lohmander, L.S., & 
Tugwell, P. (2008). OARSI recommendations for the management of hip 
and knee osteoarthritis, Part II: OARSI evidence-based, expert consensus 
guidelines. Osteoarthritis Cartilage. 16(2): 137-162. 
 

97. Kraemer, W.J., Adamns, K., Cafarelli, E., Dudley, G.A., Dooly, C., 
Feigenbaum, M.S., Fleck, S.J., Franklin, B., FRy, A.C., Hoffman, J.R., 
Newton, R.U., Potteiger, J., Stone, M.H., Ratamess, N.A., Triplett-
McBride, T., & American College of Sports Medicine. (2002). American 
College Of Sports Medicine position stand. Progression models in 
resistance training for healthy adults. Med Sci Sports Exerc. 34(2): 364-
380. 
 

98. King, L.K., Birmingham, T.B., Kean, C.O., Jones, I.C., Bryant, D.M., & 
Griffin, J.R. (2008). Reistance training for medial compartment knee 
osteoarthritis and malalignment. Med Sci Sports Exerc. 40(8): 1376-1384. 
 

99. Jan, M.H., Lin, J.J., Liau, J.J., Lin, YF., & Lin, D.H. (2008). Investigation of 
clinical effects of high- and low-resistance training for patients with knee 
osteoarthritis: A randomized controlled trial. Phys Ther. 88(4): 427-436. 
 

100. Messier, S.P., Mihalko, S.L., Beavers, D.P., Nicklas, B.J., DeVita, P., Carr, 
J.J., Hunter, D.J., Williamson, J.D., Bennell, K.L., Guermazi, Al, Lyles, M., 
& Loeser, R.F. (2013). Strength Training for Arthritis Trial (START): design 



84 
 

and rationale. BMC Musculoskeletal Disorders. (14) 208: 1-15. 
 

101. OARSI. Recommended performance-based tests to assess physical 
function in people diagnosed with hip or knee osteoarthritis. 
<https://www.oarsi.org/sites/default/files/docs/2013/manual.pdf>.  
 

102. Bennel, K.L., Hunt, M.A., Wrigley, T.V., Lim, B.W., & Hinman, R.S. (2009). 
Muscle and exercise in the prevention and management of knee 
osteoarthritis: an internal medicine specialist's guide. Med Clin North Am. 
93(1): 161-177. 
 

103. DeHaan, M.N., Guzmn, J., Bayley, M.T., et al. (2007). Knee osteoarthritis 
clinical practice guidelines--how are we doing? J Rheumatol. 34(10): 
2099-2105. 
 

104. Messier, S.P., Loeser, R.F., Hoover, J.L., et al. (1992). Osteoarthritis of 
the knee: effects on gait, strength, and flexibility. Arch Phys Med Rehabil. 
73:  29-36. 
 

105. Jan, M.J., Lai, J.S., Tsauo, J.Y., et al. (1990). Isokinetic study of muscle 
strength in osteoarthritic knees of females. J Formos Med Assoc. 89: 873-
879. 
 

106. Slemenda, C., Bradnt, K.D., Heilman, D.K., et al. (1997). Quadriceps 
weakness and osteoarthritis of the knee. Ann Intern Med. 127: 97-104. 
 

107. Ikeda, S., Tsumura, H., & Torisu, T. (2005). Age-related quadriceps-
dominant muscle atrophy and incident radiographic knee osteoarthritis. J 
Orthop Sci. 10: 121-6. 
 

108. Stevens, J.E., Mizner, R.L., & Snyder-Mackler, L. (2003). Quadriceps 
strength and volitional activation before and after total knee athroplasty for 
osteoarthritis. J ORthop Res. 21: 775-779. 
 

109. O'Reilly, S.C., Jones, A., Muir, K.R., et al. (1998). Quadriceps weakness in 
knee osteoarthritis: The effect on pain and disability. Ann Rheum Dis. 57: 
588-594. 
 

110. Berth, A., Urbach, D., & Awiszus, F. (2002). Improvement of voluntary 
quadriceps muscle activation after total knee arthroplasty. Arch Phys Med 
Rehabil. 83: 1432-1436. 
 

111. Lewek, M.D., Rudolph, K.S., & Snyder-Mackler, L. (2004). Control of 
frontal plane knee laxity during gait in patients with medial compartment 
knee osteoarthritis. Osteoarthritis Cartilage. 12: 745-751. 
 



85 
 

112. Childs, J.D., Sparto, P.J., Fitzgerald, G.K., et al. (2004). Alterations in 
lower extremity movement and muscle activation patterns in individuals 
with knee osteoarthritis. Clin Biomech. 19: 44-49. 
 

113. Moskowitz, R., Howell, D., Goldberg, V., et al. (1992). Osteoarthritis 
diagnosis and medical/surgical management. Phildelphis: WB Saunders 
Co. 
 

114. Raymond, M.J., Bramley-Tzerefos, R.E., Jeffs, K.J., Winter, A., & Holland, 
A.E. (2013). Systematic Review of high-intensity progressive resistance 
strength training of the lower limb compared with other intensities of 
strength training in older adults. Arch Phys Med Rehabil. 94(8): 1458-
1472. 
 

115. Hunter, G.R., Wetzstein, C.J., Fields, D.A., Brown, A., & Bamman, M.M. 
(1985). Resistance training increases total energy expenditure and free-
living physical activity in older adults. J Appl Physiol. 89(3): 977-984. 
 

116. Muraki, S., Akune, T., Teraquchi, M., Kagotani, R., Asai, Y., Yoshida, M., 
Tokimura, F., Tanaka, S., Oka, H., Kawaguchi, H., Nakamura, K., & 
Yoshimura, N. (2015). Quadriceps muscle strength, radiographic knee 
osteoarthritis and knee pain: The ROAD study. BMC Musculoskelet 
Disord. 16(1): 305-314. 
 

117. Yu, C.H., Kang, S.R., Jeong, H.C., & Kwon, T.K. (2014). Effect of recovery 
from muscle strength imbalance in lower limb using four point weight 
bearing reduction system. Biomed Mater Eng. 24(6): 2475-2483. 
 

118. Hicks-Little, C. A., Peindl, R. D., Hubbard, T. J., Scannell, B. P., Springer, 
B. D., Odum, S. M., & Cordova, M. L. (2011). Lower extremity joint 
kinematics during stair climbing in knee osteoarthritis. Med Sci Sports 
Exerc, 43(3), 516-524. 
 

119. Nadeau, S., McFayden, B.J., & Malouin, F. (2003). Frontal and sagittal 
plane analyses of the stair climbing task in healthy adults aged over 40 
years: What are the challenges compared to level walking? Clinical 
Biomechanics. 18(1): 950-959. 
 

120. Hinman, R.S., Hunt, M.A., Creaby, M.W., Wrigley, T.V., McManus, F.J., & 
Bennell, K.L. (2010). Hip muscle weakness in individuals with medial knee 
osteoarthritis. Arthritis Care Res (Hooboken). 62(8): 1190-1193. 
 

121. Chang, A., Hayes, K., Dunlop, D., Song, J., Hurwitz, D., Cahue, S., et al. 
(2005). Hip abduction moment and protection against medial tibiofemoral 
osteoarthritis progression. Arthritis Rheum. 52: 3515-3519. 
 



86 
 

122. Deschenes, M.R.& Kraemer, W.J. (2002). Performance and physiologic 
adaptations to resistance training. Am J Phys Med Rehabil. 81(Suppl): S3-
S16. 
 

123. Ferri, A., Scaglioni, G., Pousson, M., Capodaglio, P., Van Hoecker, J., & 
Narici, M.V. (2003). Strength and power changes of the human plantar 
flexors and knee extensors in response to resistance training in old age. 
Acta Physiol Scand. 177(1): 69-78. 
 

124. Moritani, T. & deVries, H.A. (1979). Neural factors versus hypertrophy in 
the time course of muscle strength gain. Am J Phys Med. 58: 115-130. 
 

125. Walker, S. (2014). Similar increases in strength after short-term resistance 
training due to difference neuromuscular adaptations in young and older 
men. J Strength Cond Res. 28(11): 3041-3048. 
 

126. Al-Khlaifat, L., Herrington, L.C., Hammond, A., Tyson, S.F., & Jones, RK. 
(2016). The effectiveness of an exercise programme on knee loading, 
muscle co-contraction, and pain in patients with medial knee osteoarthritis: 
A pilot study. Knee. 23(1): 63-69. 
 

127. Li, L., Maetzel, A., Pencharz, J., et al. (2004). Use of mainstream 
nonpharmacologic treatment by patients with arthritis. Arthritis Rheum 
(Arthritis Care & Research). 51(2): 203-209. 
 

128. Karlsson, M. K., Magnusson, H., Coster, M., Karlsson, C., & Rosengren, 
B. E. (2015). Patients with knee osteoarthritis have a phenotype with 
higher bone mass, higher fat mass, and lower lean body mass. Clin 
Orthop Relat Res, 473(1), 258-264. doi:10.1007/s11999-014-3973-3 
 

129. Teichtahl, A. J., Wluka, A. E., Wijethilake, P., Wang, Y., Ghasem-Zadeh, 
A., & Cicuttini, F. M. (2015). Wolff's law in action: a mechanism for early 
knee osteoarthritis. Arthritis Res Ther, 17, 207. doi:10.1186/s13075-015-
0738-7 
 

130. Frost, H.M. (1994). Wolff's Law and bone's strucural adaptations to 
mechanical usage: An overview for clinicians. Angle Orthod. 64: 175-88. 
 

131. Radin, E.L. & Rose, R.M. (1986). Role of subchondral bone in the initiation 
and progression of cartilage damage. Clin Orthop Relat Res. 213: 34-40 
 

132. Cicuttini, F.M, Baker, J.R, & Spector, T.D. (1996). The association of 
obesity with osteoarthritis of the hand and knee in women: A twin study. J 
Rheumatol. 23: 1221-1226. 
 



87 
 

133. Hardcastle, S.A., Dieppe, P., Gergson, C.L., Smith, G.D., & Tobias, J.H. 
(2015). Osteoarthritis and bone minderal density: Are strong bones bad for 
joints? BoneKey Reports. 4(624):1-8. 
 

134. Sowers, M., Lachance, L., Jamadar, D., Hochberg, M.C., Hollis, B., 
Crutchfield, M. et al. (1999). The associations of bone minderal density 
and bone turnover markers with osteoarthritis of the hand and knee in pre- 
and perimenopausal women. Arthritis Rheum. 42: 483-489. 
 

135. Zhang, Y., Hannan, M.T., Chaisson, C.E., McAlindon, T.E., Evans, S.R., 
Aliabadi, P. et al. (2000). Bone minderal density and risk of incident and 
progressive radiographic knee osteoarthritis in women: The Framingham 
Study. J Rhematol. 27: 1032-1037. 
 

136. Hart, D.J., Cronin, C., Daniels, M., Worthy, T., Doyle, D.C., & Spector, 
T.D. (2002). The relationship of bone density and fracture to incident and 
progressive radiographic osteoarthritis of the kneeL The Chingford Study. 
Arthritis Rheum. 46: 92-99. 
 

137. Nevitt, M.C., Zhang, Y., Javaid, M.K., Neogi, T., Curtis, J.R., Niu, J. et al. 
(2010). High systemic bone minderal density increases the risk of incident 
knee OA and joint space narrowing, but not radiographic progression of 
exisiting knee OA: the MOST study. Ann Rheum Dis. 69: 163-168. 
 

138. Bergink, A.P., Uitterlinden, A.G., Van Leeuwen, J.P., Hofman, A., Verhaar, 
J.A., & Pols, H.A. (2005). Bone minderal density and vertebral fracture 
history are associated with incident and progressive radiographic knee 
osteoarthritis in elderly men and women: the Rotterdam Study. Bone. 37: 
446-456. 
 

139. Kim, S.R., Choi, K.H., Jung, G.U., Shin, D., Kim, K., & Park, S.M. (2016). 
Associations between fat mass, lean mass, and knee osteoarthritis: The 
Fifth Korean National Health and Nutrition Examination Survery 
(KNHANES V). Calcif Tissue Int. 1-10. 
 

140. Felson, D.T., Goggin, J., Niu, J., Zhang, Y., & Hunter, D.J. (2004). The 
effect of body weight on progression of knee osteoarthritis is dependent 
on alignment. Arhtirits Rheum. 50(12): 3904-3909. 
 

141. Manninen, P., Riihimaki, H., Heliovaara, M., & Makela, P. (1996). 
Overweight, gender and knee osteoarthritis. INt J Obes Relat Metab 
Disord. 20(6): 595-597. 
 

142. Spector, T.D., Hart, D.J., & Doyle, D.V. (1994). Incidence and progression 
of osteoarthritis in women with unilateral knee disease in the general 



88 
 

population: the effect of obesity. Ann Rheum Dis. 53(9): 565-568. 
 

143. Shin, D., Kim, S., Kim, K.H., & Park, S.M. (2014). Importance of fat mass 
and lean mass on bone health in men: the Fourth Korean National Health 
and Nutrition Examination Survery (KHANES IV). Osteoporos Int. 25(2): 
467-474. 
 

144. Montgomery, M.M., Shultz, S.J., Schmitz, R.J., Wideman, L., & Henson, 
R.A. (2012). Influence of lean body mass and strength on landing 
energetics. Med Sci Sports Exerc. 44(12): 2376-2383. 
 

145. Thorlund, J.B., Aagaard, P., & Roos, E.M. (2012). Muscle strength and 
functional performance in patients at high risk of knee osteoarthritis: a 
follow-up study. Knee Surg Sports Traumatol Arthrosc. 20(6): 1110-1117. 
 

146. Shanb, A.A. & Youssef E.F. (2014). The impact of addint weight-bearing 
exercise versus nonweight bearing programs to the medical treatment of 
elderly patients with osteoporosis. J Fam Commun Med. 21(3): 176-181. 
 

147. Shimomura, K., Murase, N., Osada, T., Kime, R., Anjo, M., Esaki, K., 
Shiroishi, K., Hamaoka, T., & Katsumura, T. (2009). A study of passive 
weight-bearing lower limb exercise effects on local muscles and whole 
body oxidative metabolism: a comparison with simulated horse riding, 
bicycle, and walking exercise. Dyn Med. 8:4. 
 

148. Messier, S.P., Beavers, D.P., Loeser, R.F., Carr, J.J., Khanjanchi, S., 
Legault, C., Nicklas, B.J., Hunter, D.J., & Devita, P. (2014). Knee joint 
loading in knee osteoarthritis: influence of abdominal and thigh fat. Med 
Sci Sports Exerc. 46(9): 1677-1683. 
 

149. Browning, R.C. & Kram, R. (2007). Effects of obesity on the biomechanics 
of walking at different speeds. Med Sci Sports Exerc. 39(9): 1632-1641. 
 

150. Messier, S.P., Gutekunst, D.J., Davis, C., & Devita, P. (2005). Weight loss 
reduces knee-joint loads in overweight and obese older adults with knee 
osteoarthritis. Arthritis Rheum. 52(7): 2026-2032. 
 

151. Segal, N.A., Yack, H.J., & Khole P. (2009). Weight, rather than obesity 
distribution, explains peak external knee adduction moment during level 
gait. Am J Phys Med Rehabil. 88(3): 180-188. 
 

152. Lee, J.Y., Han, K., McAlindon, T.E., Park, Y.G., & Park, S.H. (2016). 
Lower leg muscle mass relates to knee pain in patients with knee 
osteoarthritis. International Journal of Rheumatic Diseases. 1-8. 
 



89 
 

153. Mikeksky, A.E., Meyer, A., & Thompson, K.L. (2000). Relationship 
between quadriceps strength and rate of loading during gait in women. J 
Orthop Res. (18): 171-175. 
 

154. Foroughi, N., Smith, R.M., Lange, A.K., Baker, M.K., Fiatarone Singh, 
M.A., & Vanwanseele, B. (2011). Lower limb muscle strengthening does 
not change frontal plane moments in women with knee osteoarthritis: A 
randomized controlled trial. Clin Biomech (Bristol, Avon). 26(2): 167-174. 
 

155. Schipplein, O.D. & Andriacchi, T.P. (1991). Interaction between active and 
passive knee stabilizers during level walking. J Orthop Res. 9: 113-119. 
 

156. Lim, B.W., Hinman, R.S., Wrigley, T.V., Sharma, L., & Bennel, K.L. (2008). 
Does knee malalignment mediate the effects of quadriceps strengthening 
on knee adduction moment, pain, and function in medial knee 
osteoarthritis? A randomized controlled trial. Arthritis Rhem. 59: 943-951. 
 

157. Thorstensson, C.A., Henriksson, M., Von Porat, A., Sjodahl, C., & Roos, 
E.M. (2007). The effect of eight weeks of exercise on knee adduction 
moment in early knee osteoarthritis--a pilot study. Osteoarthritis Cartilage. 
15: 1163-1170. 
 

158. Zeni, J.A. & Higginson, J.S. (2009). Dynamic knee joint stiffness in 
subjects with a progressive increase in severity of knee osteoarthritis. Clin 
Biomech (Bristol, Avon). 24(4): 366-371. 
 

159. Davis, R.B. & DeLuca, P. (1996). Gait characterization via dynamic joint 
stiffness. Gait and Posture. 4: 224-231. 
 

160. Fitzgerald, G.K., Piva, S.R., & Irrgang, J.J. (2004). Reports of joint 
instability in knee osteoarthritis: its prevalence and relationship to physical 
function. Arthritis Rheum. 51: 941-946. 
 

161. Piscoya, J.L., Fermor, B., Kraus, V.B., Stabler, T.V., & Guilak, F. (2005). 
The influence of mechanical compression on the induction of 
osteoarthritis-related biomarkers in articular cartilage explants. 
Osteoarthritis Cartilage. 13: 1092-1099. 
 

162. Griffin, T.M. & Guilak, F. (2005). The role of mechanical loading in the 
onset and progression of osteoarthritis. Exerc Sport Sci Rev. 33: 195-200. 
 

163. Gustafson, J.A., Gorman, S., Fitzgerald, G.K., & Farrokhi, S. (2016). 
Alterations in walking knee joint stiffness in individuals with knee 
osteoarthritis and self-reported knee instability. Gait & Posture. 43: 210-
215. 
 



90 
 

164. Rudolph, K.S., Schmitt, L.C., & Lewek, M.D. (2007). Age-related changes 
in strength, joint laxity, and wlaking patterns: are they related to knee 
osteoarthritis? Phys Ther. 87: 1422-1432. 
 

165. Dixon, S.J., Hinman, R.S., Creaby, M.W., Kemp, G., & Crossley, K.M. 
(2010). Knee joint stiffness during walking in knee osteoarthritis. Arthritis 
Care Res (Hoboken). 62(1): 38-44. 
 

166. DeVita, P. & Horobagyi, T. (2001). Functional knee brace alters predicted 
muscle and joint forces in people with ACL reconstruction during walking. 
J Appl Biomech. 17: 297-311. 
 

167. Messier, S.P., DeVita, P., Cowan, R.E., Seay, J., Young, H.C., & Marsh, 
A.P. (2005). Do older adults with knee osteoarthritis place greater loads 
on the knee during gait? A preliminary study. Arch Phys Med Rehabil. 
 

168. Dempster, W. (1959). Space requirements for the seated operator. WADC 
Technical Report: Wright Patternson Air Force Base 55-159. 
 

169. Hanavan, E.P. (1964). Lines of action and moment arms of the major 
force-carrying structures corssing the human knee joint. J Anat 64-102. 
 

170. Chan, W.P., Huang, G., Hsu, S., Chang, Y., & Ho, W. (2008). 
Radiographic joint space narrowing in osteoarthritis of the knee: 
relationship to meniscal tears and duration of pain. Skeletal Radiol. 37: 
917-922. 
 

171. Nevitt, M.C., Zhang, Y., Javaid, M.K., Neogi, T., Curtis, J.R., Niu, J., et al. 
(2010). High systemic bone mineral density increases the risk of incident 
knee OA and joint space narrowing, but not radigographic progression of 
existing knee OA: the MOST study. Ann Rheum Dis. 69: 163-168. 
 

172. Desphande, B.R., Katz, J.N., Solomon, D.H., Yelin, E.H., Hunter, D.J., 
Messier, S.P., Suter, L.G., & Losina, E. (2016). Number of persons with 
symptomatic knee osteoarthritis in the US: Impact of race and ethnicity, 
age, sex, and obesity. Arthritis Care & Research. 68(12): 1743-1750. 
 

173. Loeser, R.F., Pathmasiri, W., Sumner, S.J., McRitchie, S., Beavers, D., 

Saxena, P., Nicklas, B.J., Jordan, J., Guermazi, A., Hunter, D.J., & 

Messier, S.P. (2016). Association of urinary metabolites with radiographic 

progression of knee osteoarthritis in overweight and obese adults: An 

exploratory study. Osteoarthritis & Cartilage. 24: 1479-1486. 

 

174. Visser, A.W., de Mutsert, R., Loef, M., le Cessie, S., den Heijer, M., 

Bloem, J.L., et al. (2014). The role of fat mass and skeletal muscle mass 

in knee osteoarthritis is different for men and women: the NEO study. 



91 
 

Osteoarthritis Cartilage. 22: 197-202. 

 

175. Visser, A.W., loan-Facsinay, A., de Mutsert, R., Widya, R.L., Loef, M., de 

Roos, A., et al. (2014). Adiposity and hand osteoarthritis: the Netherlands 

Epidemiology of Obesity study. Arthritis Res Ther. 16:R19. 

 

176. Losina, E., Paltiel, A.D., Weinstein, A.M., Yelin, E., Hunter, D.J., Chen, 

S.P., Klara, K., Suter, L.G., Solomon, D.H., Burbine, S.A., Walensky, R.P., 

& Katz, J.N. (2015). Lifetime medical costs of knee osteoarthritis 

management in the United States: Impact of extending indications for total 

knee arthroplasty. Arthritis Care & Research. 67(2): 203-215. 

 

177. Arokoski, J.P., Jurvelin, J.S., Vaatainen, U., & Helminen, J.J. (2000). 

Normal and pathological adaptations of articular cartilage to joint loading. 

J. Med. Sci. Sports. 227: 989-997. 

 

178. Goldring, S.R. & Goldring, M.B. (2004). The role of cytokines in cartilage 

matrix degradation in osteoarthritis. Clinical Orthopedic Research. (427 

Suppl): S27-S36. 

 

179. Eaton, C.B. (2004). Obesity as a rick factor for osteoarthritis: mechanical 

versus metabolic. Med. Health R. 87:201-204. 

 

180. Burr, D.B. & Radin, E.L. (2003). Microfractures and microcracks in 

subchondral bone: are they releveant to osteoarthrtis? Rheum Dis Clin N 

Am. 29: 675-685. 

 

181. Abbate, L.M., Stevens, J., Schwartz, T.A., Renner, J.B., Helmick, C.G, & 

Jordan, J.M. (2006). Antrhopometric measures, body composition, body 

fat distribution, and knee osteoarthritis in women. Obesity. 14: 1274-1281. 

 

182. DeVita, P., Rider, P., & Hortobagyi, T. (2016). Reductions in knee joint 

forces with weight loss are attenuated by gait adaptations in class III 

obesity. Gait & Posture. 45: 25-30. 

 

183. Burr, D.B. (1997). Muscle strength, bone mass, and age-related bone 

loss. Journal of Bone and Mineral Research. 12(10): 1547-1551. 

 

184. Williams, D.S., Davis, I.M., Scholz, J.P., Hamill, J., & Buchana, T.S. 

(2004). High-arched runners exhibit increased leg stiffness compared to 

low-arched runners. Gait and Posture. 19: 263-269. 

 



92 
 

185. Oni, O.O.A. & Morrison, C.J. (1998). The mechanical ‘quality’ of 

osteophytes. Injury. 29(1): 31-33. 

 

186. MacKinnon, D.P., Fairchild, A.J., & Fritz, M.S. (2007). Mediation analysis. 

Annu Rev Psychol. 58: 1-22. 

 

187. Baron, R.M. & Kenny, D.A. (1986). The moderator-mediator variable 

distinction in social psychological research: conceptual, strategic, and 

statistical considerations. Journal of Personality and Social Psychology. 

51(6): 1173-1182.  



 
 

Appendix 

 

Multivariable Regression of Knee Joint Forces and Lean Mass, Fat Mass, Femoral Neck Bone Mineral 

Density (BMD), and Total Hip BMD 

 Model 1 Model 2 Model 3 

Outcome Predictor 
Slope (95% 

CI) 
P-

value 
Slope (95% 

CI) 
P-

value 
Slope (95% 

CI) 
P-

value 

Knee 
Compressive 

Forces 
% Body Fat 9.7 (-9.2, 28.5) 0.30 

20.0 (-3.1, 
43.0) 

0.09 
22.2 (0.3, 

44.2) 
0.05 

Knee 
Compressive 

Forces 
Leg BMD 

1779.2 (853.4, 
2704.9) 

0.000
3 

456.4 (-639.0, 
1551.7) 

0.41 
749.5 (-346.3, 

1845.4) 
0.18 

Model 1 is a linear model with only the 2 predictors listed. 

Model 2 is Model 1 adjusted for age, gait speed, and gender 

Model 3 is Model 1 adjusted for age and gender 

 

 

 

 

 

 

9
3

 



 
 

Mediation Analysis 

Predictor Mediator 
Indirect 
effect of 
predictor 

Direct 
effect of 
predictor 

 

Total effect 
(direct+indirect) 

of predictor 

Total 
effect 

(ignoring 
mediator) 

of 
predictor 

Proporti
on of 
total 

effect 
mediate

d 

Ratio 
of 

indire
ct to 

direct 

Sobel 
test p-
value 

% Body Fat 
Stride 
Length 

-0.128 0.046 -0.082 -0.082 1.557 -2.794 0.0515 

% Body Fat 
Knee 

Extensor 
Strength 

-0.255 0.194 -0.061 -0.082 4.204 -1.312 0.0010 

% Body Fat 
Peak Knee 
Stiffness 

0.073 -0.157 -0.084 -0.082 -0.874 -0.466 0.1120 

% Body Fat 
Avg. Knee 
Stiffness 

0.100 -0.183 -0.082 -0.082 -1.215 -0.549 0.0629 

Avg. Legs 
BMD 

Stride 
Length 

0.041 0.363 0.404 0.404 0.100 0.112 0.2111 

Avg. Legs 
BMD 

Knee 
Extensor 
Strength 

0.167 0.191 0.358 0.404 0.467 0.876 0.0135 

Avg. Legs 
BMD 

Peak Knee 
Stiffness 

0.001 0.424 0.424 0.404 0.001 0.001 0.9788 

Avg. Legs 
BMD 

Avg. Knee 
Stiffness 

-0.001 0.405 0.404 0.404 -0.003 -0.003 0.9752 

9
4
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