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Effect of BMI and Race on Clinical Outcomes and Spatio-temporal Gait Characteristics in 

Adults with Knee Osteoarthritis: Analysis of Baseline Data from the WE-CAN Randomized 

Clinical Trial 

ABSTRACT 

Introduction: In individuals with knee osteoarthritis (OA), higher body mass index (BMI) is 

associated with greater pain, reduced function, and poor health-related quality of life (HRQOL). 

Blacks with knee OA report worse clinical outcomes than whites with knee OA.  

Purpose: To determine the influence of BMI and race on clinical outcomes and spatio-temporal 

gait characteristics in older, overweight, and obese adults with knee OA. 

Methods: This is a cross-sectional analysis of 823 overweight and obese adults with knee OA. 

ANOVAs, pairwise comparisons, and t-tests were used to compare means between obesity 

categories and racial groups.  General linear models were used to examine if differences in pain 

and function remained after adjusting for covariates. 

Results: The class III obese participants (BMI>40.0 kg/m2) compared to the class II (BMI=35.0-

39.9 kg/m2) and overweight/class I (BMI=27.0-34.9 kg/m2) participants had worse mean 

WOMAC pain (p<0.001), worse mean WOMAC function (p<0.001), and shorter mean 6-minute 

walk distance (p<0.001). Class III obese participants also had distinct spatio-temporal gait 

characteristics including slower walking velocity (p<0.001), decreased stride length (p< 0.001), 

wider base of support (p<0.001), increased stance time (p<0.001), decreased swing time 

(p<0.001), and greater foot abduction (p<0.001). Black participants had worse mean WOMAC 

pain (p<0.001), worse mean WOMAC function (p=0.005), and shorter mean 6-minute walk 

distance (p<0.001) than whites. Black participants had slower walking velocity (p<0.001), 

decreased stride length (p<0.001), wider base of support (p<0.001), increased stance time 

(p<0.001), and greater foot abduction (p<0.001). Racial differences in WOMAC pain and 

function were not significant when controlling for BMI (p = 0.06). 
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Conclusions: Patients in the highest BMI category had the highest pain levels, poorest function, 

and worst mobility. Racial differences in clinical outcomes were explained by BMI, education 

level, depressive symptoms, and age (function only) but not by gender or clinical OA symptoms.  
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INTRODUCTION 

In 2017, 303 million people worldwide were affected by osteoarthritis (OA) 

making it the most prevalent joint disease and the leading cause of disability in older 

adults1,2. The prevalence of knee OA is 30.8 million in the US3, and this estimate is 

expected to rise as the prevalence of OA risk factors such as obesity and older age 

increase4–7. Knee OA is a progressive, degenerative disease that results in pain, stiffness, 

tenderness, and limited range of motion. These symptoms contribute to functional 

limitations8,9 and can result in decreased health-related quality of life (HRQOL)10. The 

average length of time spent living with symptomatic knee OA is 28 years which greatly 

increases the overall health burden of the disease11. Due to the large health burden, high 

prevalence, and expected increase of OA risk factors, OA research focused on reducing 

incidence, slowing progression, treating symptoms, and increasing HRQOL is an 

important public health priority.  

Obesity, a modifiable risk factor for OA, is a global epidemic. The age-adjusted 

prevalence of obesity in the US is 42.4%12. Obesity is divided into categories: class I 

(30.0 – 34.9 kg/m2), class II (35.0 – 39.9 kg/m2), and class III (≥40.0 kg/m2). The 

prevalence of class III obesity has nearly doubled from 2000 to 2018 rising from 4.7% to 

9.2%12,13. Numerous studies have identified a relationship between greater BMI and 

elevated pain levels and poorer function14–16. Others have documented characteristics of 

obese gait including slower walking velocity; increased stance time and increased step 

width17–21. However, few studies have had the sample size and variation in BMI 

necessary to compare the class III obese category to other obese participants. Since the 

rise in class III obesity is the fastest growing obesity class, determining what, if any, 
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characteristics are unique to this BMI class would be useful in clinical decision-making 

and designing future clinical trials.  

Race is another risk factor for knee OA. In the NHANES III survey, Black 

Americans were 65% more likely to have symptomatic knee OA [OR = 1.65, 95% CI 

(1.17 – 2.37)] and 52% more likely to have radiographic knee OA [OR = 1.52, 95% CI 

(1.06 – 2.19)] compared to white Americans5. Cross-sectional studies have detected racial 

differences including more pain, less function, and slower walking velocity in Blacks 

compared to whites22–24. However, few studies have compared both self-reported clinical 

measures and physical performance tests between racial groups. The only longitudinal 

study examining racial differences in clinical outcomes found that Black participants 

reported more pain compared to white participants even after adjusting for age, sex, 

education, marital status, BMI, depression, and OA severity (Kellgren-Lawrence 

grade)25. Other studies reported contradictory results; racial differences became non-

significant when controlling for other factors including BMI, depressive symptoms, 

education level, and income26–28. These findings emphasize a complex relationship 

between race and socioeconomic, environmental, and demographic factors that can affect 

clinical measures. Further studies are needed to determine how race affects outcomes on 

physical performance tests and to elucidate the relationship between race and other 

covariates. This information could be used to develop methods to lessen racial disparities 

in clinical outcomes. 

The purpose of this cross-sectional study is to determine the influence of BMI and 

race on clinical outcomes and spatio-temporal gait characteristics in older adults with 

knee OA. We hypothesize that increasing BMI category will be associated with 
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worsening clinical outcomes including more pain, less function, and decreased physical 

performance as well as distinctive changes in spatio-temporal gait characteristics 

including slower walking velocity, increased stance time, wider base of support, and 

greater foot abduction. We also hypothesize that Black participants will have worse 

clinical outcomes including more pain, less function, and decreased physical performance 

leading to differences in spatio-temporal gait characteristics including slower walking 

velocity when compared with white participants. 
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REVIEW OF LITERATURE 

Epidemiology of Osteoarthritis 

 The global incidence rate of OA was 181 per 100,000 in 2017, a 9.3% increase from 

19901,29. The prevalence of clinically diagnosed OA in the US is estimated at 30.8 million3, up 

from 21 million in 1995 and 27 million in 200530. OA is correlated with age, and prevalence 

increases with each decade of life. Approximately 33% of adults age 60 – 70 years are affected by 

radiographic OA; that percentage increases to 44% in adults over the age of 80 years4–6,31,32. The 

lifetime risk of developing OA is 40% for men and 47% for women33. The knees, hips, hands, and 

spine are the most often affected joints with knee OA being the most commonly affected weight 

bearing joint1. National Health Interview Survey data indicate that 14 million people in the US 

are affected by symptomatic knee OA34. When assessed using years lived with disability (YLDs), 

knee OA accounts for 80% of the total disease burden2.  

Knee OA is also associated with a large economic burden; health care costs associated 

with knee OA total more than $27 billion annually35. Losina and colleagues11 estimated that 

lifetime costs for individuals with knee OA were $140,300. People live with symptomatic knee 

OA for an average of 28.4 years11. Hence, the physical and economic effects are compounded by 

the chronic nature of OA. Furthermore, the number of individuals with OA is projected to 

increase significantly in the coming years due to the aging population and the increased 

prevalence of modifiable risk factors. Hootman and Helmick36 used data from the 2003 National 

Health Interview Survey to project that the prevalence of self-reported doctor-diagnosed arthritis 

will increase from 47.8 million in 2005 to 67 million by 2030 with OA remaining the most 

common type of arthritis36. Similarly, a population-based study in Sweden projected that the 

prevalence of doctor-diagnosed OA in individuals ≥45 will increase from 26.6% in 2021 to 

29.5% in 2032 for all joint locations combined and from 13.8% to 15.7% for knee OA 
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specifically37. The projected increases in prevalence along with the associated health burden 

indicates a need to focus on the prevention and treatment of OA. 

Diagnosis of Knee OA 

 Knee OA is diagnosed using both radiographic evidence and clinical symptoms. The 

most common radiographic grading system is the Kellgren-Lawrence (K/L) scale which is used to 

determine the severity of knee OA. Standard posteroanterior radiographs are assigned a grade of 

0 – 4 with Grade 0 indicating no presence of OA and Grade 4 indicating severe OA38: Grade 0: no 

joint space narrowing; Grade 1: doubtful narrowing of joint space and possible osteophyte 

formation; Grade 2: Possible narrowing of the joint space with definite osteophyte formation; 

Grade 3: definite narrowing of joint space, moderate osteophyte formation, some sclerosis, and 

possible deformity of bony ends; Grade 4: large osteophyte formation, severe narrowing of the 

joint space with marked sclerosis and definite deformity of bony ends. 

The K/L scale has been criticized for implying a linear radiographic progression of OA39. 

Changes in joint space narrowing alone do not result in higher K/L grades which require evidence 

of osteophyte formation. Thus, the K/L scale lacks sensitivity to change for some features. 

Another limitation of radiographic assessment of knee OA is the varied association with clinical 

knee symptoms. A systematic literature review by Bedson and Croft40 found that for individuals 

with radiographic knee OA, the proportion that also had knee pain ranged from 15-81% across 13 

studies. Similarly, interventions have resulted in symptomatic improvement without radiographic 

changes41. The most common symptoms of knee OA are joint pain, joint tenderness, limited range 

of motion, crepitus, and inflammation. Symptoms are the primary reason individuals seek 

treatment42,43. Clinical diagnoses are typically based on patient history, reported symptoms, and 

evidence from a physical examination. The American College of Rheumatology classification 

criteria for clinical knee OA, originally developed by Altman and colleagues44, uses a decision 
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tree format for diagnosis. When using patient history and physical examination, the criteria for 

clinical knee OA includes knee pain and 3 of the following criteria: >50 years of age; <30 

minutes of morning stiffness, crepitus on active motion, bony tenderness, bony enlargement, no 

palpable warmth of synovium. Other diagnostic criteria can be applied if radiographic or 

laboratory findings are used44. 

Pathophysiology of Knee OA 

 OA is a joint disease characterized by the degradation of articular cartilage and changes 

to the entire joint including inflammation, osteophyte formation, joint space narrowing, and 

subchondral bone changes. OA is often classified into two groups depending on its cause: 

primary/idiopathic OA and secondary/post-traumatic OA. Primary/idiopathic OA develops 

without an apparent underlying cause whereas secondary/post-traumatic OA develops due to 

existing disease or previous injury45. Common characteristics and symptoms are known, but the 

multifaceted etiology of OA remains unclear. Previous studies suggest that possible mechanisms 

of disease development and progression include abnormal biomechanical load due to previous 

joint injury or knee malalignment, greater biomechanical load caused by obesity or repetitive 

joint loading, and inflammatory processes identified by humoral factors.  

 One proposed mechanism of OA development is alterations in mechanical loading across 

articular cartilage contributing to the destruction of chondrocytes and the extracellular matrix. 

Degradation of the cartilage matrix results in lower levels of proteoglycans which are necessary 

components of load-bearing cartilage46,47. Thus, greater or abnormal biomechanical stress may 

cause cartilage degradation and subsequential OA development. Conditions with greater or 

abnormal biomechanical stress including overweight/obesity48, repetitive joint loading49,50, 

previous joint injury51,52, and knee malalignment53,54 are all associated with greater incidence of 

knee OA. Overweight/obesity has also been linked to knee OA progression55. 



  7 

 Articular cartilage provides a smooth, low friction, load bearing surface for the joint. Its 

shock absorption properties are useful in managing the transmission of loads to the subchondral 

bone56. Another possible mechanism of OA development is changes in subchondral bone. Trauma 

and repetitive loading can cause small microfractures. Remodeling of the bone requires addition 

of new trabeculae and ultimately results in thicker and stiffer subchondral bone50. This decreases 

shock absorptions which can lead to increased force transmission and eventual cartilage 

degradation46. 

Recent findings emphasize the role of inflammatory processes on disease development57. 

There is evidence that inflammatory cytokines, including interleukin-6 (IL-6), C-reactive protein 

(CRP), and tumor necrosis factor α (TNF- α), increase chondrocyte catabolic activity and inhibit 

chondrocyte anabolic activity58. This generates a vicious cycle; cartilage breakdown results in 

additional inflammation which leads to more cartilage degradation59. In this environment, repair 

mechanisms cannot match the rate of tissue breakdown which results in loss of cartilage in the 

joint60. 

Risk Factors for Knee OA 

The etiology of knee OA is complex and not completely understood. However, many risk 

factors for knee OA have been identified. Felson et al.53 divides knee OA risk factors into 2 major 

categories: systemic factors and local biomechanical factors. Systemic factors are nonmodifiable 

traits and biologic changes associated with aging and contribute to an individual’s susceptibility 

to developing knee OA by increasing joint vulnerability. This category of risk factors includes 

age, biological sex, race, and genetics. Older age and female sex in particular are associated with 

higher rates of knee OA61. Local biomechanical factors cause excessive or abnormal loading of 

the joint. These risk factors, including obesity and previous joint injury, affect the severity of OA 

according to Felson’s model. Additional risk factors including alignment, nutrition, and 
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occupation have been assessed in more recent studies61. Two of these risk factors, obesity and 

race, will be discussed in greater detail. 

Obesity and Race as Risk Factors for Knee OA 

Obesity and Knee OA 

Obesity is a condition characterized by excessive accumulation of adipose tissue62. More 

complex definitions also cite the resulting adverse metabolic, biomechanical, and psychosocial 

effects62. Obesity is commonly defined using body mass index (BMI) as a metric, calculated by 

dividing body mass in kilograms by height in meters squared (kg/m2). The National Institutes of 

Health (NIH) classifies a BMI value of <18.5 kg/m2 as underweight, 18.5 - 24.9 kg/m2 as normal 

weight, 25.0 - 29.9 kg/m2 as overweight, and ≥30 kg/m2 as obese. Obesity can be divided further 

into categories: Class I (30.0 – 34.9 kg/m2), Class II (35.0 – 39.9 kg/m2), and Class III (≥40.0 

kg/m2)63. Although BMI is not a direct measure of body composition, it provides an objective 

measure that is useful for large, population-based studies. Additionally, it can be used to examine 

relationships between higher body weight and health risks while accounting for variation in 

height. The age-adjusted prevalence of obesity in the US is 42.4%.12 The age-adjusted prevalence 

of Class III obesity is 9.2%. This is an increase from an obesity prevalence of 30.5% and a Class 

III obesity prevalence of 4.7% measured in the 1999 – 2000 NHANES13. 

Obesity is a modifiable risk factor for knee OA7. Numerous cross-sectional and 

prospective studies provide corroborating evidence. In a subset of the Framingham Heart Study, 

1420 participants received radiographs in 1948 – 1981 and again in 1983 – 1985. Relative risk for 

developing knee OA was calculated using the lowest weight quintile as the reference group. After 

adjusting for age, physical activity level and uric acid level, men in the highest weight quintile 

were 1.5 times more likely to develop knee OA than men in the 3 lower quintiles [95% CI (1.14, 

1.98)]. In women, the relationship was even stronger; the highest weight quintile was 2.1 times 
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more likely [95% CI (1.67, 2.55)] and the second highest weight quintile was 1.4 times more 

likely to develop knee OA [95% CI (1.11, 1.86)]48. In a similar study, baseline knee radiographs 

from 354 subjects were compared to repeat radiographs with an average follow-up of 5.1 years. 

Subjects in the highest tertile of baseline BMI were 18.3 times more likely to develop 

radiographic knee OA, defined as grade 2 on the K/L scale, compared to subjects in the lowest 

tertile [OR = 18.3, 95% CI (5.1-65.1)]64. Cross-sectional studies have also found an association 

between increased BMI and knee OA. Fowler-Brown et al. 65 analyzed baseline data from 653 

participants in the MOBILIZE Boston Study. In regression models, every 5 kg/m2 increase in 

BMI was associated with 32% increased odds of having knee OA [Odds Ratio (OR) = 1.32, 95% 

CI (1.10, 1.58)]65. Finally, large cohort studies including the Chingford Study, the Baltimore 

Longitudinal Study of Aging, and the Johns Hopkins Precursor Study also found that obesity was 

associated with higher rates of knee OA66–68.  

Race and Knee OA 

 The concept of race is a social construct created and defined by humans. A race is a 

group of people who identify as a distinctive group based on shared physical or social 

qualities69,70. Most questionnaires ask people to self-identify their race; it is also possible to 

identify as more than one race71. Prevalence of knee OA varies with different racial groups. In the 

NHANES III survey, Black Americans were 65% more likely to have symptomatic knee OA [OR 

= 1.65, 95% CI (1.17 – 2.37)] and 52% more likely to have radiographic knee OA [OR = 1.52, 

95% CI (1.06 – 2.19)] compared to white Americans. However, there was no significant 

difference in knee OA prevalence between white and Mexican Americans5. The Johnston County 

Osteoarthritis Project also found higher prevalence of knee OA in Blacks. Compared to white 

participants, Black participants had a higher prevalence of radiographic knee OA [32.4%, 95% CI 

(29.8, 35.1) vs. 26.8%, 95% CI(25.3, 28.4)] symptomatic knee OA [19.0%, 95% CI (17.2, 20.8) 

vs. 15.9%, 95% CI (14.7, 17.2)], severe radiographic knee OA [13.9%, 95% CI (12.1, 15.8) vs. 
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6.6%, 95% CI (13.9)], and knee symptoms [47.1%, 95% CI (44.7, 49.6) vs. 42.4%, 95% CI (40.5, 

44.3)]31. Moreover, Blacks were more likely to have different radiological features compared to 

whites. Specifically, Blacks were more likely to have severe tibiofemoral OA [OR = 1.36, 95% 

CI (1.00 – 1.86)], tricompartmental osteophytes [OR = 3.06, 95% CI (1.96 – 4.78)], and lateral 

tibiofemoral joint space narrowing [Men: OR = 2.19, 95% CI (1.32 – 3.65); Women: OR = 1.48, 

95% CI (1.02 – 2.16)]72. 

 Zhang et al.73 compared the prevalence of knee OA in Chinese participants in Beijing, 

China versus white participants who were part of the Framingham study in Massachusetts using 

prevalence ratios. Prevalence ratios are a method comparing crude prevalence values from two 

different populations and are calculated by dividing the crude prevalence of one population by the 

other. In men, there appeared to be no significant difference in knee OA prevalence. However, 

there was a higher prevalence of radiographic knee OA [prevalence ratio = 1.45, 95% CI (1.31 – 

1.60)], bilateral radiographic knee OA [prevalence ratio = 1.92, 95% CI (1.67 – 2.20)] and 

symptomatic knee OA [prevalence ratio = 1.43, 95% CI (1.16 – 1.74)] in Chinese women when 

compared to Caucasian women. 

Race is associated with differences in clinical outcomes including self-reported pain, self-

reported function, health-related quality of life (HRQOL), and spatio-temporal gait variables. The 

majority of the studies examining relationships between race and clinical outcomes compare 

Black Americans and white Americans, but a few studies examine differences between white and 

non-white participants. The significance of the racial differences varies with study design and 

sample type. However, it is important to identify racial differences in clinical outcomes because 

of the potential impact on treatment. 
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Self-Reported Pain 

Obesity and Self-Reported Pain  

Increased BMI is associated with a higher prevalence of knee pain. In the 2017-18 

NHANES survey, the prevalence of knee pain was 15% for people with a normal BMI and 21.3% 

for people in the overweight BMI category. In comparison, the prevalence of knee pain for the 

Obesity Class I, Class II, and Class III categories was 27.5%, 36.2% and 55.7% respectively74. 

This relationship has also been studied specifically in populations with diagnosed knee OA. A 

cross-sectional analysis of a subset of the Clearwater Arthritis Study revealed that overweight 

subjects with radiographic knee OA were 1.6 [95% CI (1.1 – 2.4)] times more likely to report 

knee pain than normal weight subjects whereas class III obese subjects were 7.8 [95% CI (2.8 – 

20.6)] times more likely to report pain75.  

While these statistics demonstrate a relationship between BMI and knee pain, other 

studies provide evidence that obesity is linked to greater severity of knee pain in subjects with 

knee OA. Raud et al.14 assessed self-reported pain in 391 individuals with knee OA and a BMI ≥ 

25 kg/m2. Pain over the last 24 hours was measured using a 10-point visual analog scale with 0 

indicating no pain and 10 indicating severe pain. Overweight individuals had a mean pain score 

of 4.3 (SD 2.4) while individuals in Class I obese and Class II/III obese categories had mean pain 

scores of 5.0 (SD 2.6) and 5.2 (2.3), respectively. The differences between overweight and Class I 

obese and between overweight and Class II/III obese were both significant (p = 0.036, p = 0.046).  

Results from these studies indicate that increased BMI is linked with greater knee pain in 

OA patients. Diet and exercise intervention trials demonstrate that weight loss is associated with 

reductions in knee pain. The Intensive Diet and Exercise for Arthritis study was a randomized 

controlled clinical trial designed to assess the effects of diet, exercise, and diet plus exercise 

interventions on mechanistic and clinical outcomes in overweight and obese participants with 
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knee osteoarthritis76. A secondary analysis of the data (n = 240) categorized participants by 

percentage weight loss: <5%, 5 – 10%, 10 – 20%, and ≥20%. Self-reported pain was one of the 

clinical outcomes and was assessed using the Western Ontario McMasters Universities 

Osteoarthritis Index (WOMAC) pain subscale. Participants were asked to rate their degree of pain 

for 5 daily living activities, and the total score ranges from 0 – 20 with higher scores indicating 

greater pain. There was a significant does response relationship between weight loss and self-

reported WOMAC pain (p = 0.01)77. Thus, weight loss is not only associated with decreased pain 

for individuals with knee OA; greater weight loss leads to larger reductions in pain.  

Christensen et al.78 used a randomized controlled trial to assess the effect of weight 

maintenance on symptoms of obese participants with knee OA. Participants who successfully lost 

at least 10% of their initial body weight in a previous 16-week intensive diet therapy intervention 

were randomized to a dietary support group (D), a knee-exercise program (E), or a no attention 

control group (C) for 1 year. In the previous intervention, the mean weight loss was 12.8 kg. 

After 1 year of the weight maintenance intervention, the D group maintained the greatest weight 

loss [11.0kg, 95% CI (9.0, 12.8)] in comparison to the E [6.2kg, 95% CI (4.4, 8.1)] and C groups 

[8.2kg, 95% CI (6.4, 10.1); p = 0.002). However, all three groups reported less knee pain, 

assessed using a 100mm visual analog scale, compared to baseline levels prior to the 16-week 

intensive diet intervention [D: -6.1, 95% CI (-11.1, -1.1), E: -5.6, 95% CI (-10.5, -0.6), C: -5.5, (-

10.5, -0.5)]. This indicates that significant weight reduction, rather than type of maintenance 

program, improves knee symptoms. The same participants were invited to participate in a 3-year 

randomized controlled trial where they were randomized to intermittent treatment (low energy 

diet, approximately 810 kcal/day, for 5 weeks every 4 months) or regular treatment (1-2 daily 

meal replacements). Weight increased by 0.68kg in the IN group and by 1.75 kg in the RE group 

[mean difference = -1.06kg, 95% CI (-2.75, 0.63)]. This represents successful weight 

maintenance since these values were less than 5% of baseline total weight reduction. Over the 3-
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year weight maintenance period, there were small reductions in knee pain measured with the 

Knee Injury and Osteoarthritis Outcome (KOOS) score. The IN group had an improvement of 1.7 

points and the RE group had an improvement of 1.9 points on the 0-100 scale79. These studies 

suggest that significant weight loss results in decreased knee pain and that these improvements 

are not lost during successful weight maintenance. 

Race and Self-Reported Pain  

 Cross-sectional studies report equivocal results regarding the association between race 

and self-reported pain, with significant differences often associated with other socioeconomic or 

health-related variables. Jones et al.22 conducted a cross-sectional study with 939 veterans ages 50 

to 79 years old. When measuring knee OA symptoms using WOMAC scores (range: 0 – 100), 

Blacks had a higher average score than whites indicating more severe knee OA symptoms (61.1 

vs. 55.6, p < 0.01)22. However, Ang et al. 26 assessed 596 male veterans stratified by joint space 

narrowing, the presence of osteophytes, and K/L grade, and after controlling for covariates 

including age, education, total household income, employment, marital status, and BMI, mean 

WOMAC pain scores were not significantly different between Black and white participants. The 

data from these studies point to contrary conclusions, however, the analysis by Ang et al.26 

stratified participants by radiographic OA evidence and only included males. Additionally, both 

samples only included veterans. 

 The Johnston Country Osteoarthritis Project conducted a cross-sectional analysis using 

participants enrolled in an ongoing population-based study on incidence of knee and hip OA. In 

the sub-sample (n = 540) with only knee OA, Black participants reported higher mean WOMAC 

pain scores (range: 0 – 20) than white participants [6.9 (SD 5.3) vs. 5.0 (SD 4.9), p <0.001] when 

controlling for the presence of moderate or severe radiographic OA, age, gender, and education 

level. When also controlling for BMI and depressive symptoms, however, the difference between 
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Black and white participants was not statistically significant 27.  These studies showed an 

observed racial difference with underlying mechanisms causing the disparity, in this case BMI 

and depressive symptoms. 

 Cruz-Almeida et al.28 conducted a cross-sectional analysis of participants between the 

ages of 45 and 85 years who self-identified as either African American (AA, n = 147) or non-

Hispanic white (NHW, n = 120). The purpose of the study was to examine the differences in 

clinical and experimental pain between these racial groups 28. When adjusted for age, BMI, and 

study site, the mean WOMAC pain scores were higher for African Americans (AA: 8.3 (SD: 4.8) 

vs. NHW: 6.1 (SD:3.6), p=0.001), but the difference was no longer significant when the data 

were adjusted for annual income level and education level28. As with the Johnston County 

Osteoarthritis Project study, this analysis provides evidence that variables other than race are 

contributing to the appeared racial differences. Moreover, these differences are not necessarily 

physiological. Environmental, educational, and socioeconomic factors can influence health 

outcomes and these factors are independently associated with race in the United States80–83.  

 The first longitudinal analysis of race on pain and disability in individuals with or at risk 

of knee OA utilized data from the Osteoarthritis Initiative (OAI). The study compared white and 

Black American (age; range 45 – 79 years) participants and found greater pain in the Black cohort 

when assessed using the WOMAC pain score [3.6, 95% CI (3.4, 3.8) vs 2.2, 95% CI (2.1, 

2.3)]; P < 0.0001), after adjusting for age, sex, education, marital status, BMI, depression, and K-

L grade. This disparity was found across 9 years of follow-up visits, with Blacks consistently 

reporting higher pain scores. Another important finding was that certain socioeconomic and 

clinical factors exacerbated the racial difference in self-reported pain. Blacks with annual 

household incomes of <$50,000 per year had higher mean WOMAC pain scores than both Blacks 

with an annual household income of ≥$50,000 per year and whites of all income levels. Similarly, 

Blacks with more depressive symptoms, defined as a score of ≥16 on the CES-D questionnaire, 
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had higher WOMAC pain scores than Blacks with scores of <16 on the CES-D and whites with 

all levels of depressive symptoms. Both of these differences were found across all follow-up 

visits25. 

 Overall, the evidence from cross-sectional studies is mixed, but these studies contained 

significant limitations including focusing on veterans or only assessing one geographic region. 

There is only one longitudinal study examining the relationship between race and self-reported 

pain, and it provides evidence that Blacks with knee OA report higher self-reported pain even 

after controlling for various demographic and clinical factors. Moreover, the study found that 

certain variables including annual income and depressive symptoms increase the disparity 

between Black and white participants25. 

Self-Reported Function 

Obesity and Self-Reported Function 

Physical function is the ability to perform basic activities of daily living84. Decreased 

function is another common consequence of knee OA and like pain, function also shares a 

relationship with obesity. The WOMAC function subscale is a common patient reported outcome 

measure that assesses self-reported function in individuals with knee OA. Raud et al.14 found 

level of obesity was associated with decreased function. On a normalized scale from 0 (best) – 

100 (worst), mean WOMAC function scores were 36.2 (SD 20.1), 39.5 (SD18.4) and 45.6 (SD 

18.4) for overweight, Class I obese, and Class II/III obese participants, respectively. However, 

only the difference between the overweight participants and the Class II/III obese participants 

was significant (p = 0.012). Creamer et al.15 analyzed potential factors associated with functional 

limitations in participants with symptomatic knee OA using multiple regression. BMI had a 

significant positive correlation with WOMAC function scores (r = 0.42). The mean WOMAC 

function score for non-obese participants (BMI < 30) was 34.2 (SD 22.6) while the mean 
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WOMAC function score for obese participants (BMI ≥ 30) was 50.2 (SD 19.1), a significant 

decrease in function (p = 0.002). Additionally, obesity and pain explained more of the variation in 

physical function than other variables, including structural changes15.  

Large prospective observational studies have also explored the relationship between 

obesity and physical function. Data from the Osteoarthritis Initiative (OAI) and the Multicenter 

Osteoarthritis Study (MOST) examined the relationship between change in body weight and knee 

pain in subjects with symptomatic function limiting knee OA. Baseline data for 1,410 subjects 

was compared to follow-up data collected 30-36 months later 16. Percentage change in body 

weight was calculated and used to determine if there was a dose-response relationship between 

percentage change in body weight and WOMAC Function scores. Participants were divided into 

5 groups >10% loss, 5 – 10% loss, 4.9% loss – 4.9% gain, 5 – 10% gain, >10% gain. The 

reference group was participants who were within 4.9% of their baseline body weight. After 

adjusting for covariates, the participants who gained ≥10% of baseline body weight had a mean 

increase of 5.4 [95% CI (2.0 – 8.7)] in their WOMAC function score (0-68) which indicates a 

decrease in self-reported function. The linear trend and cubic trends between body weight change 

and WOMAC Function scores were significant (p < 0.001). The significance of the cubic trend is 

most likely due to the flattening out of the trend line between the 3 middle categories (5 – 10% 

loss, 4.9% loss to 4.9% gain, and 5 – 10% gain)16. One interpretation of these findings is that 

weight losses or gains of more than 10% of total body weight are a threshold for significant 

change in WOMAC physical function scores.  

Christensen et al.85 explored the relationship between rapid diet-induced weight loss and 

function in adults with knee OA using a randomized controlled trial. Participants (n = 80) were 

randomly assigned to a low-energy diet (LED 813 kcal/day) or an 8-week conventional diet (1195 

kcal/day). The LED group also attended weekly dietary sessions while the conventional diet 

group received a booklet on weight loss practices. Knee OA symptoms were evaluated using the 
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WOMAC index where participants answered questions on a 100m visual analog scale. Each 

question was assessed using a 100mm VAS. The index scores are calculated by summing the 

responses for each question. For the WOMAC index, which includes 24 questions, scores range 

from 0 – 2400 mm with higher numbers representing worse symptoms. For WOMAC function, 

which is a subset of the WOMAC index that includes 17 questions, scores range from 0 – 1700 

mm with higher numbers representing worse pain. After 8 weeks, the LED group lost a mean of 

11.1% (SE 0.6%) body weight and the conventional diet lost a mean of 4.3% (SE 0.6%) body 

weight (mean difference = 6.8%, p < 0.0001). The WOMAC index scores decreased by 334.5mm 

for the LED diet group and 115.2mm for the conventional diet group (p = 0.005). The decreases 

in WOMAC function specifically were also statistically significant; WOMAC function scores 

decreased by 252.5mm (49.6) and 85.6 (51.9) for the LED and conventional diet groups, 

respectively. This translates to a 3% improvement in WOMAC index for every 1.0% body weight 

loss. Ultimately, results from both cross-sectional and prospective studies conclude that obesity as 

well as obesity severity are linked with decreased physical function for individuals with knee OA, 

and this RCT demonstrates that weight loss is associated with increases in physical function. 

Race and Self-Reported Function   

 The relationship between race and function in people with knee OA is not well-

established. In cross-sectional studies, Blacks have worse self-reported function scores compared 

to whites, but this relationship is not statistically significant when the data are adjusted for 

demographic and clinical variables27,28. Conversely, in a large longitudinal study using the OAI 

cohort, the relationship was significant throughout the entire 9-year study 25. In the Johnston 

Country Osteoarthritis Study, Black participants had a mean WOMAC function score of 22.8 

(SD: 17.8) while whites had a mean of 16.9 (SD:16.2), indicating that Blacks reported greater 

functional impairment (p <0.001) 27. Yet in regression models, the relationship between race and 

self-reported function became non-significant with the addition of BMI or depressive 
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symptoms25. This suggests that reported differences in function between Blacks and whites are 

due to the interaction between race and other variables including BMI and depressive symptoms. 

In a cross-sectional study by Cruz-Almeida et al.28 Black participants had a mean WOMAC 

function score of 27.1 (SD: 15.9) and white participants had a mean of 19.0 (SD: 12.5, p = 0.001). 

When adjusted for age, BMI, and study site, the difference remained significant (p = 0.001). 

However, when adjusted for education and income level, the difference was not statistically 

significant (p = 0.119) indicating that these two factors may be underlying mechanisms causing 

the observed disparity.  

 Despite the non-significant results of the cross-sectional studies, the longitudinal study by 

Vina et al.25 reached different conclusions. At baseline, Blacks had a mean WOMAC function 

score (0-68) of 12.2 [95% CI (11.6, 12.8)] compared to whites with a mean of 7.0 [95% CI (6.7, 

7.4)]. This difference remained for all follow-up visits although Blacks reported a greater 

improvement from baseline to 12-month follow-up than their white counterparts [B: -1.60, 95% 

CI (-2.08, -1.11) vs. W: -0.72, 95% CI (-0.95, -0.51)]. Even with this improvement, black 

participants consistently reported worse function overall with mean WOMAC function scores of 

10.6 [95% CI (10.0, 11.2)] and 6.3 [95% CI (6.0, 6.6)] for Blacks and whites respectively.  

 In cross-sectional studies, the relationship between race and self-reported function 

appears to be related to the underlying factors of education and income level27,28. However in the 

longitudinal study, Black participants consistently reported worse function than white participants 

throughout baseline and follow-up visits25. 

Health-Related Quality of Life 

Obesity and Health-Related Quality of Life  

 Obesity and knee OA are associated with poorer health-related quality of life (HRQOL). 

HRQOL is a multi-dimensional concept that includes physical, mental, emotional, and social 
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functioning86. It seeks to measure the impact of health status on a person’s ability to live a 

fulfilling life87. Alkan et al.88 compared 112 patients with knee OA to 40 sex- and age-matched 

controls. HRQOL was assessed in this study by using the Short Form-36 (SF-36) which measures 

8 domains of HRQOL. There domains can be divided into the Physical Component Summary and 

the Mental Component Summary, each encompassing 4 domains. The Physical Component 

Summary includes physical function, role limitations from physical problems, bodily pain, and 

general health while the Mental Component Summary includes vitality, social functionality, role 

limitations from emotional problems, and mental health. The scores are normalized to a score 

between 0 – 100 with a mean of 50 and lower scores indicating worse health states89. Alkan et 

al.88 reported that the knee OA patients had lower scores in all 8 domains compared to healthy 

controls. Wee et al.90 reported a similar relationship between obesity and HRQOL with obese 

participants scoring an average of 5.7 points lower on the Physical Component Summary and 3.1 

points lower on the Mental Component Summary.  

 Since both obesity and knee OA are associated with decreased HRQOL, the proportion of 

each that contributes to HRQOL deficits within populations of knee OA patients is not 

straightforward. Anandacoomarasamy et al.91 noted that obese subjects with knee OA had lower 

SF-36 scores than obese subjects without knee OA. However, obese subjects without knee OA 

still had lower SF-36 scores than age-matched controls. Thus, Anandacoomarasamy et al.91 

concluded that both knee OA and obesity are associated with lower HRQOL, but that effect on 

HRQOL is compounded when an individual has both conditions. This conclusion was supported 

by Losina et al.92 that analyzed U.S. Census data. They measured changes in HRQOL by 

calculating per-person quality-adjusted life-years lost due to different conditions. The average for 

the U.S. population ages 50 – 84 years old was 1.86 per-person quality-adjusted life-years lost for 

individuals with knee OA who were not obese. The number increases slightly to 2.46 per-person 

quality-adjusted life-years lost for individuals who are obese without knee OA. However, the per-
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person quality-adjusted life-years lost for individuals with both knee OA and who are obese is the 

highest value at 3.50 years. While obesity and knee OA are independently associated with 

decreased HRQOL, the two conditions together magnify the effect, resulting in even greater 

decreases in HRQOL. 

Race and Health-Related Quality of Life 

A cross-sectional study on veterans by Jones et al. 22 and a longitudinal study using the 

OAI cohort by Vina et al. 25 utilized the Short Form Health Survey (SF-12). Jones et al. 22 

assessed SF-12 Mental Component Summary and reported that Blacks had lower mean SF-12 

MCS scores than whites in their sample of older veterans with knee OA (B: 44.3, W: 41.5, p 

<0.01). Vina et al.25 assessed both SF-12 MCS and SF-12 PCS as potential covariates. At baseline 

Black participants had lower mean scores in both domains (SF-12 PCS: 44.76 (SD:10.2), SF-12 

MCS: 52.18 (SD: 9.5)) in comparison to whites (SF-12 PCS: 49.86 (SD: 8.4), SF-12 MCS: 53.94 

(SD:7.6)). However, no p-values were reported for the comparison, thus these differences may 

not be significant. Nonetheless, investigators hypothesize that one possible explanation for lower 

HRQOL reported by Black participants is greater pain and reduced function since those variables 

would likely affect HRQOL. 

 To elucidate the relationship between HRQOL in knee OA patients and associated 

factors, Han and Gellhorn93 used data from the OAI cohort for patients with symptomatic knee 

OA (n = 1013). A group-based trajectory model was used to identify temporal patterns in 

reported HRQOL which was measured using the KOOS HRQOL subscale. Over 8 years, three 

distinct HRQOL trajectories were defined: low, moderate, and high HRQOL. Subjects were 

assigned to the appropriate trajectory, and relative risk ratios were calculated for baseline factors 

possibly related to the different trajectory outcomes. Nonwhite race was associated with a 40% 

decreased chance of having a moderate HRQOL trajectory using the low HRQOL trajectory as 
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the reference group [RR=0.60, 95% CI (0.42 – 0.85); p=0.004). This disparity increased when 

comparing high and low HRQOL trajectories; nonwhite individuals were 55% less likely to have 

a high HRQOL trajectory [RR=0.45, 95% CI (0.30 – 0.66); p<0.001]. These analyses were 

performed using unadjusted data. Multivariate regression was used to determine hierarchically 

which baseline factors were associated with the high, moderate, and low HRQOL trajectories. 

The model always used the low HRQOL trajectory as a reference group. When it only included 

demographic factors, nonwhite race was still significantly associated with a decreased chance of 

the high HRQOL trajectory [RR=0.59, CI 95% (0.38 – 0.92); p = 0.019). However, the 

association became non-significant when lifestyle/psychosocial and pain/function measures were 

incorporated into the model. These results indicate that while there may be a relationship between 

race and HRQOL, other variables may be acting as effect modifiers. 

Spatio-temporal Gait Characteristics 

Obesity and Spatio-temporal Gait Variables 

 There are well-established differences when comparing the gait of obese individuals and 

normal weight individuals. Gait characteristics of obese individuals include slower preferred 

walking speeds, decreased step length, decreased cadence, increased stride width, and increased 

stance time17,18,94,95. Spyropoulus et al. 95 compared the kinematic gait characteristics of 12 obese 

and non-obese men at a self-selected walking pace. The self-selected walking pace of the obese 

individuals was significantly lower than the non-obese individuals (1.09 m/s vs. 1.64 m/s, p < 

0.001). Obese individuals also had shorter step length (1.25 m vs. 1.67 m, p < 0.001) and greater 

stride widths (0.16 m vs. 0.08m) than those of non-obese individuals. The authors concluded that 

differences in spatio-temporal gait characteristics between obese and non-obese individuals were 

most likely due to the excessive thigh adipose tissue. Another possible explanation is that the gait 
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differences such as shorter step length and greater stride width are the result of a slower preferred 

walking speed. 

A sample from the Baltimore Longitudinal Study of Aging of older adults who could 

walk unassisted (n = 164) were evaluated to identify distinguishing gait characteristics in obese, 

overweight, and normal weight adults 94. The subjects were asked to walk at their preferred and 

maximum walking speeds. Preferred walking speed decreased with increasing BMI 

classifications (normal, overweight, and obese). The normal weight group had an adjusted mean 

walking speed of 1.20 m/s (SD 0.03) compared to 1.13 m/s (SD 0.02) and 1.06 m/s (SD 0.03) for 

the overweight and obese groups (p <0.001). Higher BMI was associated with increased stride 

width and increased percentage stance time at preferred walking speed. The normal weight group 

had an adjusted mean stride width of 10.02 cm (SD 0.33) compared with 10.62 cm (SD 0.28) and 

12.40 cm (0.41) for the overweight and obese groups. The differences between the normal weight 

and obese group (p < 0.001) as well as the overweight weight and obese group were significant (p 

= 0.001). Percentage stance time was also significantly different between the normal weight and 

the obese group [63.26% (SD 0.20) vs. 64.50% (SD 0.25), p < 0.001] and between the overweight 

and obese group [63.70% (SD 0.17) vs. 64.50% (SD 0.25), p = 0.024]. Differences between obese 

and normal weight participants were still significant at maximum speed for stride width and 

percentage stance time. Comparatively, walking speeds between the BMI categories was were not 

significantly different at maximum walking speed. 

Few studies have specifically investigated the effect of obesity severity on gait 

characteristics. A study by Gill17 (n = 67) examined the effect of obesity class on gait and ability 

to navigate obstacles in the walking path . Gill measured gait parameters including speed, stance 

time, and swing time. Subjects with normal BMIs had higher walking velocities than all other 

BMI categories. Subjects with overweight/Class 1 obese BMIs had faster walking velocities than 

subjects in Class III (p <0.0001), but walking velocities were not significantly different between 
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overweight/Class I and Class II (p = 0.08) or between Class II and Class III (p = 0.12). Stance 

time and swing time had similar results with subjects with a normal BMI having significantly 

different values than the other groups. Subjects with normal BMIs had shorter stance times and 

longer swing times than all groups with higher BMIs. One other interesting aspect was the 

differences in variability. When assessed using the coefficient of variation, speed variation 

increased with higher BMI values. The overweight/Class I obesity group had significantly less 

speed variation than the Class II (p <0.0001) and Class III obesity groups (p <0.0001). 

Ling et al. 18 compared an overweight/Class I obesity group (n= 14) with a Class III 

obesity group (n = 11) with the goal of identifying gait characteristics unique to individuals with 

Class III obesity. Mean walking speed was significantly slower for the Class III group compared 

with the overweight/Class I group [0.92 m/s (SD 0.16) vs. 1.06 m/s (0.17)]. The Class III group 

also had greater mean stance width [21.72 cm (SD 8.79) vs. 13.39 cm (SD 5.19)] and lower mean 

step frequency [68.49 steps/min (SD 9.39) vs. 76.69 steps/min (SD 13.44)]. The authors 

concluded that Class III obesity gait can be differentiated from the overweight/Class I obesity 

gait. 

There are also well-established differences between the gait of healthy individuals and 

those with knee OA. The spatio-temporal gait characteristics of individuals with knee OA include 

decreased walking speed, reduced stride length, decreased cadence, increased step width, and 

increased double limb support time. These differences have been reported in numerous studies 

that compare participants with knee OA to healthy controls19,96–99. Wiik et al. found that 

participants with knee OA had slower walking speeds when compared with participants without 

known lower-limb joint disease (1.37 m/s, SD 0.23 cm vs. 2.00, SD 0.20 cm; p < 0.0001). 

Participants with knee OA also had shorter mean step lengths (79 cm, SD 12 cm vs. 99 cm, SD 

8cm; p < 0.0001) and broader mean stride widths (14 cm, SD 5 cm vs. 11 cm, SD 3cm; p = 

0.015). Chen et al.100 compared gait mechanics of between a knee osteoarthritis group, a healthy 
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elderly group, and a young control group. The knee osteoarthritis group had slower walking 

speeds than the other two groups (p < 0.01), but the healthy elderly group also had a slower 

walking speed than the young controls (p < 0.01). In the osteoarthritic group, the difference in 

gait speed was coupled with longer double-limb support time and lower cadence.  

One possible explanation for these changes in osteoarthritic gait mechanics is that 

individuals with knee OA alter their gait to reduce pain at the knee joint. Knee pain, the most 

common symptom of knee OA, has been associated with slower walking speeds in a large 

analysis of the OAI cohort. Decreases in walking speed can reduce forces throughout the gait 

cycle and thereby walking speed is a potential mechanism to reduce knee pain101–103. Zeni and 

Higginson 20 found that individuals with severe OA had average walking speeds of 1.03 m/s (SD 

0.26), significantly lower than healthy controls who had walking speeds of 1.22 m/s (SD 0.14, p = 

0.008). However when healthy controls and participants with moderate and severe OA were 

asked to walk as a controlled speed of 1.0 m/s, the only variable that was significantly different 

between groups was loading rate 20. This suggests that differences between osteoarthritic and 

normal gait are caused by changes in walking speed. 

Longitudinal studies have also tested the theory that gait is altered to reduce knee pain by 

using nonsteroidal anti-inflammatory drugs to alleviate knee pain in participants with knee 

OA104,105. When participants had decreased pain after taking the pharmaceuticals, they walked at 

faster speeds. With decreased pain, participants displayed few compensatory gait alterations. 

Another theory is that the differences in OA gait provide stability for an unstable knee joint. For 

example, increased double-limb support time reduces single-limb support time which in turn, can 

reduce compressive forces on a single knee. It also increases the base of support for a greater 

percentage of the gait cycle. Individuals with knee OA appear to make trade-offs between 

increased stability and decreased mechanical efficiency. 
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The spatio-temporal characteristics of obese and osteoarthritic gait are similar; both are 

associated with decreased walking speed, decreased stride length, decreased cadence, and 

increased stance time. However, Harding et al. 21 found that increased BMI affects knee OA 

patients differently than healthy adults. Higher BMI was associated with shorter stride length in 

the moderate knee OA subjects (p = 0.03), but not in the asymptomatic subjects. Isolating the 

impact of BMI versus the impact of osteoarthritis on gait can be difficult because obesity is a risk 

factor and a common comorbidity of knee OA. 

Race and Spatio-temporal Gait Variables 

 Race influences spatio-temporal gait variables in individuals with knee OA. The majority 

of studies examining this relationship assess differences in walking speed; walking speed is 

linked to health outcomes, including survival106. Sims et al.23 examined the racial differences in a 

sample of 175 overweight or obese adults (65 Black, 111 white) with radiographic knee OA. At 

freely chosen walk speed, walking speed did not differ between Black and white participants (B: 

1.07 m/s [SD: 0.19], W: 1.12 m/s [SD:0.19]). However, at fast walking speed, white participants 

walked significantly faster, an average speed of 1.56 m/s (SD: 0.30) compared to 1.44 m/s for 

Blacks (SD: 0.28, p <0.05). For other spatio-temporal variables, including stride length, cadence 

and support time, there were no significant differences between groups. 

 A cross-sectional study by Kirkness and Ren24 identified differences in the prevalence of 

slow walking (< 1.0 m/s) in a sample of 2,648 community-dwelling women from the OAI cohort. 

The women were 45 to 79 years old and 23% were Black. They all either had or were at risk of 

developing symptomatic knee OA. Mean walking speed was significantly slower in Black women 

compared with white women with speeds of 1.19 m/s and 1.33 m/s, respectively (p <0.001). 

Mixed-effects logistic regression models were used to determine racial differences in two walking 

speed categories: <1.0 m/s and ≥ 1.0 m/s 24. After adjusting for age, socioeconomic factors, 
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disease severity, prevalence of obesity and prevalence of other co-morbidities, Black women 

were 2.9 times more likely to have a walking speed less than 1.0 m/s compared to white women. 

These data suggest that Black women with knee OA, or who are risk of knee OA, have a greater 

likelihood of poor health outcomes compared to whites106. This study is limited by its cross-

sectional design. However, slower walking speed is more prevalent in Blacks with knee OA. 

Summary Statement 

 Knee OA is a prevalent and physically limiting disease. The global number of knee OA 

cases continues to rise as risk factors become increasingly common. The prevalence of obesity, 

the most significant modifiable risk factor for knee OA7, is now over 40% in the US population. 

Furthermore, obesity severity, specifically the prevalence of Class III obesity, has doubled in the 

last 20 years, with nearly 1 out of 10 individuals in the US with a BMI of over 40 kg/m2 12. 

Increasing BMI, particularly increasing obesity class, has been associated with worse clinical 

outcomes in the knee OA population. Individuals with knee OA that fall into a higher obesity 

class report higher levels of pain, lower levels of function, and decreased HRQOL14–16,88,91. These 

findings have been reported in both cross-sectional and longitudinal studies. Additionally, there is 

also limited evidence that obesity affects spatio-temporal gait variables differently in participants 

with knee OA than in those without knee OA21. As more people are categorized as class III obese, 

it becomes imperative to understand the full nature of the relationship between obesity severity 

and clinical outcomes. 

 Another complex risk factor for OA is race since it affects both prevalence and severity 

of symptoms. There is a higher prevalence of knee OA in Black woman, Black men, Chinese 

women7312. However, the majority of the literature on race and clinical outcomes focuses on 

Black participants compared to white participants. Blacks with knee OA report more pain and 

less function than their white counterparts22,25, but this relationship between race and these 
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outcomes often becomes non-significant when the data are adjusted for BMI, depressive 

symptoms, education level and income level27,28. Additionally, Blacks are more likely to have a 

walking speed of lower than 1.0 m/s which is a metric that has been related to poor health 

outcomes23,24. 

 There are pronounced limitations to the current literature regarding these two OA risk 

factors. First, few studies examine differences between obesity classes for clinical outcomes and 

spatio-temporal gait characteristics. Second, the majority of published studies combine class II 

obese and class III obese into a single category due to lower number of class III obese 

participants. This obscures any potential differences between the two categories and makes it 

difficult to determine whether a true dose-response relationship exists. Third, while many studies 

have examined differences in self-reported outcomes between Blacks and whites, few have 

objectively measured physical function. Self-reported outcomes are useful in large, population-

based studies, but all self-reported outcomes have notable limitations. Fourth, previous studies 

have reported conflicting results on the relationship between race and self-reported pain. Some 

results indicate that Blacks report higher levels of pain while other results suggest that covariates 

explain the observed racial differences. 

 The purpose of this cross-sectional analysis is to determine the influence of obesity and 

race on clinical outcomes which include self-reported pain, self-reported function, health-related 

quality of life (HRQOL), spatio-temporal gait variables and physical performance tasks.   
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METHODS 
 

Study Design 

The Weight-loss and Exercise for Communities with Arthritis in North Carolina (WE-

CAN) study is a two-arm parallel, randomized controlled, effectiveness trial that examined the 

effects of a dietary-induced weight-loss and exercise (D + E) intervention compared to a nutrition 

and health education attention control group (N + H) on patient reported outcomes including pain, 

function, mobility, and HRQOL. The trial design included many pragmatic characteristics such 

as: (1) large sample size (N = 823); (2) broad inclusion criteria; (3) patient-centered outcomes; (4) 

conducted in established community facilities rather than a referral or university center; (5) 

commonly available community-based staff to deliver the standardized treatment; (6) non-

physicians trained by our physicians to perform a knee exam based on American College of 

Rheumatology (ACR) clinical criteria; and (7) diverse means of communication with participants. 

Participants were randomized to the D + E or N + H groups for 18 months with follow-up visits 

conducted every 6 months. Participants were organized into waves based on when they were 

recruited; a new wave started the intervention approximately every 3 months. There was a total of 

10 waves with an average of 82 participants per wave. This design decreased time between 

participant enrollment and the start of the intervention.  

The intervention was delivered in three counties in North Carolina: Forsyth, Johnston, 

and Haywood. Forsyth County is in central north-west NC and includes the city of Winston-

Salem and the surrounding suburbs. Forsyth has a population of approximately 361,00; 66.6% of 

the population is white and 27.5% is Black107. The median household income is $51,569, and the 

per capita income is $30,769107. Johnston County is in central eastern NC and contains small 

cities and rural areas. The population is approximately 177,967; 78.8% of the population is white 

and 27.5% is Black108. The median household income is $59,865, and the per capita income is 

$27,924108. Haywood County, located in western NC, is the least populated of the 3 sites with a 

population of 59,183; 95.9% of the population is white and 1.4% of the population is Black109. 
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The median household income is $51,659, and the per capita income is $30,490109. Table 1 

describes each county and includes the number of intervention sites. Figure 1 depicts the location 

of each county on a map of North Carolina. Each county had a separate site for follow-up visits to 

maintain assessor blinding and prevent interactions between participants in different study arms. 

After an initial phone pre-screening, baseline visits were conducted in-person at one of the data 

collection sites by trained WE-CAN staff members. Participants read and signed an informed 

consent document then completed a series of questionnaires and physical performances tests. This 

analysis will examine the baseline data for all 823 WE-CAN participants110. 

 Table 1. Description of the three WE-CAN clinical and testing sites 
County 
Name 

Population Population 
Density 

Racial 
Demographics 

Median 
Household 
Income 

Per 
Capita 
Income 

Description Number of 
Intervention 
Sites 

Forsyth 361,000 859 
persons/mi2 

White: 66.6% 
 

Black: 27.5% 

$51,569 $30,769 Metropolitan 
area 

including the 
city of 

Winston-
Salem and 

the surround 
suburbs 

3 

Johnston 177,967 213 
persons/mi2 

White: 78.8% 
 

Black: 17.0% 

$59,865 $27,924 Non-
metropolitan 

with small 
cities and 

rural areas 

2 

Haywood 59,183 106 
persons/mi2 

White: 95.9% 
 

Black: 1.4% 

$51,659 $51,659 Non-
metropolitan 

with small 
cities and 

rural areas 

1 
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Figure 1: Location of WE-CAN Study Sites 
 

 

 

Participants 

The WE-CAN study sample consists of community-dwelling, ambulatory men and 

women who met broad inclusion criteria. All participants were overweight or obese (BMI ≥ 27 

kg/m2), age ≥ 50 years, met the American College of Rheumatology clinical criteria for knee OA 

including knee pain on most days of the week, and at least 2 of the following additional criteria: 

stiffness < 30 minutes/day; crepitus; bony tenderness; bony enlargement; no palpable warmth. 

Participants were excluded if they had significant co-morbid disease that posed a health risk or 

would impair the participant’s ability to complete the intervention, could not speak or read 

English, planning on leaving the area for ≥ 2 months, had significant cognitive impairment, or 

were unable to provide their own transportation to and from the intervention site110. 

 Various recruitment strategies were employed. Forsyth County used mailings, local 

newspaper ads, and Wake ONE (Wake Forest Baptist Health Patient Database). Researchers at 

Wake Forest University also utilized strong relationships with local aging service networks, 

senior centers, and churches. Participants were also recruited from a large database of older adults 
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who have signed consent to be contacted about future clinical trials. Johnston County used the 

Johnston County Health System (UNC Health System and patient database), primary care offices, 

local newspapers, radio/TV shows, the Seniors Guide, a Parks and Recreation Brochure, the 

newsletter for the Town of Clayton, and the Clayton Community Center. Haywood County used 

community talks, physician practices, local newspaper articles and/or advertisements, local 

orthopedic groups, and the Haywood Health and Fitness Center. Recruitment activities were 

monitored bi-weekly, and recruitment coordinators aimed to maximize the number of Black 

adults who enrolled in the study110. 

Outcomes 

Medical History 

Participants completed a 25-item health-related questionnaire about current and past 

tobacco/alcohol use, current status of comorbid conditions, surgical procedures including knee 

replacements and knee injections, and the number and reasons for any hospitalizations in the last 

year.  

Anthropometric Measurements 

Participant body weight was measured to the nearest 0.1 kilogram. Height was measured 

to the nearest 0.1 centimeters using a stadiometer. Measurement implements were periodically 

calibrated at each study site. BMI was calculated by dividing participants’ weight in kilograms 

(kg) by their height in meters squared (kg/m2). 

 Hip and waist circumferences were measured using a retractable, nylon measuring tape. 

The waist was defined as the halfway point between the lower border of the ribs and the iliac 

crest. The hips were defined as the widest point over the greater trochanters. WE-CAN staff 

members located these landmarks, and markers were placed at these locations to guide the 

position of the measuring tape. Circumferences were measured to the nearest 0.5 cm, rounding 

down. Two measurements were taken for each outcome, and if the values differed by more than 

1.0 cm, a third measurement was taken. The mean of the two closest measurements was used as 
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the final outcome. Test-retest was performed on all WE-CAN staff members responsible for waist 

and hip circumference measurements. The minimum requirement for test-retest performance was 

an ICC greater than or equal to 0.90 before WE-CAN staff could perform and record 

circumference measurements. 

Western Ontario McMasters Universities Osteoarthritis Index (WOMAC) 

 The WOMAC Osteoarthritis Index Version LK3.0 was used to assess self-reported pain, 

stiffness, and physical function. It is a 24-item questionnaire with 3 subscales: pain (5 items), 

stiffness (2 items), and physical function (17 items). The Likert version asks participants to 

indicate the pain, stiffness, or difficulty they experienced during activities of daily living in the 

last 48 hours due to their knee OA on a scale from 0 to 4 (none, mild, moderate, severe, extreme). 

The items for each sub-scale are totaled to calculate a summary score. The scores ranges are 0-20 

for pain, 0-8 for stiffness, and 0-68 for physical function with higher scores indicating greater 

dysfunction. The Osteoarthritis Research Society International (OARSI) recommends the 

WOMAC as a measure to assess health status in adults with knee OA111. Previous studies have 

validated the WOMAC as a multi-dimensional measure of health status. Bellamy et al.112 

performed a validation study of the WOMAC in a drug trial and reported internal consistencies 

(Cronbach’s alpha) of 0.86, 0.95, and 0.90 for the pain, physical function, and stiffness subscales 

respectively for the Likert version. In the same study, the test-retest reliability values (Kendall’s 

tau c) were 0.68 (pain), 0.68 (physical function), and 0.48 (stiffness). A validation study in 

arthroscopically assessed knee patients reported similar Cronbach’s alpha values of 0.83 (pain), 

0.96 (physical function), and 0.87 (stiffness). The intraclass correlation coefficients for test-retest 

reliability were 0.74 (pain), 0.92 (physical function), and 0.58 (stiffness)113. 

Intermittent and Constant Osteoarthritis Pain (ICOAP) 

 The ICOAP is designed to assess both constant and intermittent pain in individuals with 

knee OA. Constant pain is defined as pain that is always present but may vary in intensity, 

whereas intermittent pain is defined as pain that comes and goes. This 11-item questionnaire 
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contains 5 questions pertaining to constant knee pain and 6 pertaining to intermittent knee pain 

over the past week. The questions cover intensity, frequency, effect on quality of life, and 

emotional impact of both types of pain. Each item is scored 0-4 (not at all, mildly, moderately, 

severely, extremely). The scores are summed for all questions and then transformed to a score on 

a 0-100 scale with higher numbers indicating worse pain. The ICOAP has been validated as a 

measure of pain in patients with knee OA. The 11-item questionnaire had an internal consistency 

of 0.93 (Cronbach’s alpha) and a test-retest reliability of 0.85 (interclass correlation 

coefficient)114. 

36-Item Short Form Health Survey (SF-36) 

 The SF-36 is a generic and widely used measure of HRQOL. It consists of two norm-

based composite subscales, mental health and physical function, and eight domains: physical 

functioning, mental health, role-physical, role-emotional, bodily pain, general health, vitality, and 

social functioning. Each item is scored on a 0-100 scale and carries equal weight. Items scored 

are averaged to calculate subscale scores and domain scores with higher values representing more 

favorable health states. The SF-36 has been validated as a measure of HRQOL in many 

populations including older adults115–117. The SF-36 has also been tested for validity and 

reliability in knee OA populations. Kosinski et al.118 reported that item internal consistency tests 

were passed (91.4% - 97.1%) and internal-consistency reliability coefficients ranged from 0.75 – 

0.91 for the 8 domains. 

Center for Epidemiological Studies – Depression Scale - 10 (CES-D-10) 

The CES-D-10 assesses depressive symptoms over the last week. There are three items on 

depressed affect, five items on somatic symptoms, and two on positive affect. Each item is score 

0 – 3 (rarely or none of the time, some or a little of the time, moderately or much of the time, 

most or almost all the time). Scores for all items are summed with a final range of 0 – 30 with 

higher scores indicating worse depressive symptoms. For the CES-D-10, a score of 10 is the most 

commonly used cut-off for clinical depression, meaning that a score of ≥10 indicates that an 
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individual has significant depressive symptoms and is at high risk of being clinically depressed119. 

The 10-item questionnaire has been validated in multiple studies. The range for internal 

consistency is 0.80 – 0.88 (Cronbach’s alpha)120,121. 

Physical Performance Tests  

The 6-Minute Walk Test was used to assess mobility. Participants walked as far as they 

could in six minutes on an established indoor course. At all three testing sites, a walking course 

was set-up on a flat surface between two cones fifteen meters apart. A diagram of the set-up for 

the 6-Minute Walk Test can be found in Appendix D. Participants walked quickly and safely 

down one side of the course before turning tightly around the cone and walking back to their 

starting position. They continued to complete laps of the course until a WE-CAN staff member 

instructed them to stop. The final location of the participant on the course was marked with an 

additional cone, and the distance covered on the final lap was measured using a measuring wheel. 

Total distance to the nearest hundredth of a meter was calculated and recorded. No 

encouragement or indications of time left were given throughout the duration of the test. A chair 

was provided on the side of the course in case participants experienced chest pain, dizziness, or 

extreme knee pain. The 6-Minute Walk Test is correlated to symptom-limited maximal oxygen 

consumption (r = 0.53) with a test-retest reliability of 0.86 – 0.94122,123. 

The expanded Short Physical Performance Battery (SPPB) is a common way to assess 

lower extremity function in older adults. It consists of balance tests, gait speed tests, and chair 

stand tests. The balance tests included a side-by-side stand (0-1 points), a semi-tandem stand (0-1 

points), a tandem stand (0-2 points), and a single leg stand (time recorded). To receive the 

maximum score, participants must hold the side-by-side stand for 10 seconds and the semi-

tandem stand, tandem stand, and single leg stand for 30 seconds. The participant must complete 

each balance test successfully before moving on to the next one. If the participant was not able to 

complete a balance test, they moved on to the gait speed tests without completing the other 

subsequent balance tests. The gait speed tests included a 4-meter walk test (0-4 points) and a 4-
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meter narrow walk test which were completed at normal walking speed. For the 4-meter walk 

test, participants unable to complete the test received 0 points, a time of ≥ 8.7 seconds received 

1.0 point, 6.21 – 8.70 seconds received 2.0 points, 4.82 – 6.20 seconds received 3.0 points, ≤	4.82 

seconds received 4.0 points. For the 4-meter narrow walk test, participants had three trials to 

successfully walk between a course of two, 4-meter lines of tape placed 20 centimeters apart. The 

trial was considered successful if the participant did not step on the tape. The timing for both 4-

meter walk tests began when the participant lifted their foot to begin walking and stopped when 

the heel of the first foot completely crossed the 4-meter mark. The chair stand tests included a 

single chair stand test and a repeated chair stand test (0-4 points). Chairs used were straight-

backed armless chairs with seat heights between 17 and 18 inches and seat depths between 18 and 

19 inches. If participants were able to complete a single chair stand without using their arms, they 

proceeded to the repeated chair stand as long as they felt comfortable. The repeated chair stand 

measures the time it takes for a participant to complete 5 sit to stand movements as quickly as 

they can. The measured time begins when the WE-CAN staff member gives the start command 

and ends when the participant rises to a standing position on the 5th repetition. For the repeated 

chair stand test, 0 points were given if the time was > 60 seconds, 1.0 point for ≥ 16.70 seconds, 

2.0 points for 13.7 – 16.69 seconds, 3.0 points for 11.20 – 13.69 seconds, and 4.0 points for ≤ 

11.19 seconds.  

The scores from all of the tests were summed to calculate a summary score, a range of 0-

12, with higher scores indicating greater function of the lower extremities. The SPPB has been 

validated in patients with advanced knee OA124. Test-retest reliability on a sample of adults age 

65 – 75 years was 0.87125. 

Gait Analysis 

The GaitRite pressure pad mat measures spatio-temporal gait variables including walking 

velocity, stride length, swing time, stance time, base of support, and foot abduction. Participants 

walked over the 6.10 m mat at their usual, comfortable walking speed. They started from a point 
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2 m in front of the mat and walked to a point 2 m beyond the mat to exclude the first and last 

steps of each trial. Six trials were collected, and walking velocity was recorded. An average 

walking velocity range was calculated by adding and subtracting 3.5% from the mean walking 

velocity. Additional trials were collected until three full trials with walking velocities within the 

previously calculated range were recorded. Spatio-temporal gait outcomes from these three trials 

were averaged and used for analysis. All three sites planned to measure spatio-temporal gait 

characteristics. However, the GaitRite pressure pad mat at the Haywood site was on loan from 

Western Carolina University, and WE-CAN staff had limited access. Therefore, only 648 

participants, 79% of the full WE-CAN sample, completed gait analysis. For preferred walking 

speed, the GaitRite instrument has a one-week test-retest reliability of ≥ 0.92 for all spatio-

temporal gait measurements except base of support which has an intraclass correlation coefficient 

of 0.80126. Technical definitions for all GaitRite variables can be found in Appendix C. 

Data Management 

Study forms and questionnaires were either entered directly online using the study 

website or completed using paper forms. Paper forms had the participant ID number and acrostic 

written on every page and were completed using blue or black ink. WE-CAN research staff was 

responsible for entering all paper data collection forms on to the study website. Double data entry 

was used to check technician accuracy in data entry. 

Medical history, WOMAC, ICOAP, SF-36, CES-D-10 questionnaires were typically 

entered directly online by participants using a laptop. In some cases, paper forms were completed 

if participants requested paper forms or in the case of internet malfunction. Participants received 

verbal instructions prior to completing the questionnaires, and there was no time limit for 

completion. 

Anthropometric measurements and the 6 Minute Walk Test were recorded on a paper 

Physical Performance Test form. The SPPB was recorded on a separate paper form. Average 
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walking velocity range was recorded on the Physical Performance Test form, but all Gaitrite data 

were saved electronically using the Gaitrite program. 

Statistical Analyses 

Baseline BMI was used to classify participants into BMI categories: 27 - 34.9 kg/m2; 35 - 

39.9 kg/m2; and 40.0+ kg/m2. The category ranges were based on public health definitions of the 

BMI ranges for overweight/class I obese, class II obese, and class III obese. Next, participants 

were classified into race based on whether they identified as White/Caucasian or Black/African 

American. Other reported races were excluded from these analyses due to lack of power. Baseline 

characteristics were presented using means and 95% confidence intervals for continuous 

characteristics. ANOVAs were used to compare BMI categories and t-tests were used to compare 

racial groups. Discrete characteristics were presented as counts and percentages, with group 

comparisons performed using Chi-squared (𝜒2) tests. T-tests and Chi-squared (𝜒2) tests were 

performed using a Type I error rate of 0.05. For the BMI categories, post hoc pairwise 

comparisons were performed to determined which group or groups differed. All pairwise 

comparisons were performed using a Type I error rate of 0.0167 to account for multiple 

comparisons. Continuous characteristics were further compared to BMI values using Pearson 

correlation coefficients assuming a linear relationship between BMI and outcomes. 

A series of general linear models was used to examine the associations between race, 

BMI, and other covariates with WOMAC pain. Another series of general linear models examined 

the associations between the same covariates and WOMAC function. Covariates were selected 

because they were either OA risk factors or were identified in previous studies as possible 

covariates for WOMAC pain and WOMAC function. For both series, Model 1 included only 

race; Model 2 added age; Model 3 added gender; Model 4 added crepitus; Model 5 added 

education; Model 6 added BMI; Model 7 added depressive symptoms measured by CES-D-10 

score. Slopes and p-values were calculated to determine which covariates were significant 

predictors of WOMAC pain and WOMAC function scores using a Type I error rate of 0.05. 
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Continuous covariates, age BMI, and CES-D-10 score, were standardized, and slopes were 

calculated per unit of standard deviation. 
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RESULTS 

Participant Characteristics by BMI Category 

The purpose of this cross-sectional, observational analysis was to determine if BMI and 

race influence clinical outcomes and spatio-temporal gait characteristics in patients with knee 

OA. Mean BMI by group was 31.5 kg/m2, 37.3 kg/m2, and 46.4 kg/m2, for the overweight/class I 

obese, class II obese, and class III obese groups, respectively (p < 0.001). Hip and waist 

circumferences were also significantly different between all BMI groups (wider in the higher 

BMI groups, p < 0.001). Age was significantly different between class II obese and class III 

obese (p < 0.0001) and between overweight/class I and class III obese (p < 0.001) with the more 

obese groups being younger. Other significant differences between the overweight/class I obese 

and class III obese groups included: number of comorbidities (more numerous in class III obese, 

p = 0.0002), income level (lower in class III obese, p = 0.0001), percentage married/marriage-like 

(less common in class III obese, p = 0.0084), education level (fewer with a college education in 

class III obese, p = 0.0012), and percentage with diabetes (higher in class III obese, p = 0.0056). 

For the participant characteristics used in the general linear models, means, 95% CIs, and 

pairwise comparisons by BMI categories are summarized in Table 2. Means and 95% CIs for 

other participant characteristics are summarized in Table 3. 
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Table 2. Participant Characteristics by BMI Category with Pairwise Comparisons 

 Overall 

Overweight/ 
Class I Obese 

(BMI 27.0-34.9) 

Class II Obese 
(BMI 35.0-

39.9) 

Class III 
Obese 

BMI 40.0+ 

 

 

Variable N 

Mean  
(SD) 
or N 
(%)a N 

Mean 
(95% CI) 
or N (%)b N 

Mean 
(95% CI) 
or N (%)b N 

Mean 
(95% CI) 
or N (%)b 

Mean 
Differences or 
Odds Ratios 
(95% CI)c 

P-
valued 

Age (years) 823 64.6 
(7.8) 

389 66.1 (65.4, 
66.9) 

230 65.0 (64.0, 
66.0) 

204 61.2 (60.2, 
62.2) 

 <.001 

       Class III vs. Overweight/Class I  -4.9 (-6.2, -3.6) <.0001 

       Class III vs. Class II  -3.8 (-5.2, -2.4) <.0001 

       Overweight/Class I vs. Class II  1.1 (-0.1, 2.3) 0.08 

Male Gender 823 186 
(22.6) 

389 94 (24.2) 230 52 (22.6) 204 40 (19.6)  0.45 

       Class III vs. Overweight/Class I  0.76 (0.51, 1.16) 0.21 

       Class III vs. Class II  0.84 (0.53, 1.32) 0.45 

       Overweight/Class I vs. Class II  1.09 (0.74, 1.60 0.66 

BMI (kg/m2) 823 36.8 
(6.9) 

389 31.5 (31.1, 
31.8) 

230 37.3 (36.8, 
37.7) 

204 46.4 (45.9, 
46.9) 

 <.001 

       Class III vs. Overweight/Class I  14.9 (14.3, 15.4) <.0001 

       Class III vs. Class II  9.12 (8.50, 9.75) <.0001 

       Overweight/Class I vs. Class II  -5.8 (-6.3, -5.3) <.0001 

Education (Bachelors or more) 819 374 
(45.7) 

386 196 (50.8) 229 103 (45.0) 204 75 (36.8)  0.005 

       Class III vs. Overweight/Class I  0.57 (0.40, 0.79) 0.0012 

       Class III vs. Class II  0.71 (0.48, 1.04) 0.08 

       Overweight/Class I vs. Class II  1.26 (0.90, 1.75) 0.16 

Depressive Symptoms (CES-D-10) 818 5.5 
(5.0) 

385 4.7 (4.2, 5.2) 230 5.6 (5.0, 
6.3) 

203 6.7 (6.0, 
7.4) 

 <.001 

       Class III vs. Overweight/Class I  1.9 (1.1, 2.8) <.0001 

       Class III vs. Class II  1.1 (0.1, 2.0) 0.03 

       Overweight/Class I vs. Class II  -0.9 (-1.7, -0.1) 0.03 

Crepitus (Y/N) 823 713 
(86.6) 

389 335 (86.1) 230 199 (86.5) 204 179 (87.7)  0.86 

       Class III vs. Overweight/Class I  1.15 (0.70, 1.92) 0.58 

       Class III vs. Class II  1.12 (0.63, 1.95) 0.70 

       Overweight/Class I vs. Class II  0.97 (0.60, 1.55) 0.89 

Abbreviation: CES-D-10, Center for Epidemiological Studies – Depression Scale – 10. 
aMeans and standard deviations calculated for continuous variables; counts and percentages calculated for categorical variables. 
bMeans and 95% confidence intervals calculated for continuous variables; counts and percentages calculated for categorial variables. 
cMean differences are Group 1 – Group2 and are calculated for continuous variables; odds ratios calculated for categorical variables.  
dp-values for variables were calculated with ANOVAs and deemed significant at p < 0.05; p-values between obesity categories are 
pairwise comparisons and are significant at p < 0.0167. 
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Table 3. Participant Characteristics by BMI Category 

 Overall BMI 27.0-34.9 BMI 35.0-39.9 BMI 40.0+  

Variable N 
Mean (SD) 
or N (%)a N 

Mean (95% 
CI) or N 

(%)b N 

Mean (95% 
CI) or N 

(%)b N 

Mean (95% 
CI) or N 

(%)b 
P-

valuec 
Demographic Characteristics 

Married or Marriage-like 821 492 (59.9) 387 250 (64.6) 230 133 (57.8) 204 109 (53.4) 0.02 

Number in Household 820 2.1 (1.0) 387 2.0 (1.9, 2.1) 229 2.0 (1.9, 2.1) 204 2.2 (2.1, 2.3) 0.15 

Income (75k+) 793 232 (29.3) 377 132 (35.0) 219 62 (28.3) 197 38 (19.3) <.001 

Retired/Disabled (Y/N) 820 545 (66.5) 387  279 (72.1) 229 145 (63.3) 204 121 (59.3) 0.004 

Anthropometric Measurements 

Weight (kg) 823 100.9 (21.3) 389 86.7 (85.3, 
88.1) 

230 101.8 (100.0, 
103.6) 

204 126.9 (125.0, 
128.8) 

<.001 

Hip Circumference (cm) 821 124.3 (15.2) 388 113.9 (113.0, 
114.9) 

229 124.9 (123.7, 
126.2) 

204 143.2 (141.9, 
144.5) 

<.001 

Waist Circumference (cm) 821 114.5 (15.5) 388 104.3 (103.2, 
105.3) 

229 116.3 (114.9, 
117.7) 

204 131.8 (130.4, 
133.3) 

<.001 

Medically Related Characteristics 

Current Smoker (Y/N) 822 29 (3.5) 388 8 (2.1) 230 9 (3.9) 204 12 (5.9) 0.046 

Past Smoker (Y/N) 822 244 (29.7) 388 107 (27.6) 230 79 (34.3) 204 58 (28.4) 0.046 

Alcohol (Y/N) 822 463 (56.3) 388 243 (62.6) 230 127 (55.2) 204 93 (45.6) <.001 

Total Medications/Supplements 823 8.2 (5.0) 389 8.3 (7.8, 8.8) 230 8.1 (7.5, 8.8) 204 8.2 (7.5, 8.9) 0.93 

Diabetes (Y/N) 823 172 (20.9) 389 67 (17.2) 230 50 (21.7) 204 55 (27.0) 0.02 

Number of Comorbidities 822 2.0 (1.6) 389 1.9 (1.7, 2.0) 229 2.0 (1.8, 2.2) 204 2.4 (2.2, 2.6) 0.001 
aMeans and standard deviations calculated for continuous variables; counts and percentages calculated for categorical variables. 
bMeans and 95% confidence intervals calculated for continuous variables; counts and percentages calculated for categorial variables. 
cp-values were calculated with ANOVAs and indicate an overall significant difference between groups if p < 0.05. Pairwise 
comparisons and mean differences can be found in Appendix A. 

 
 
Participant Characteristics by Race  

The same demographic characteristics were also analyzed by race. Lack of statistical 

power excluded races other than white and Black. One participant who identified as multiple 

races was also excluded. Table 4 summarizes means and 95% CIs for demographic characteristics 

by race. Of the total WE-CAN sample, 232 participants (28.2%) identified as Black. The 

percentage of male participants was lower in Blacks than in whites, 15.5% vs. 25.1% (p = 0.003). 
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Black participants were significantly younger, mean age 62.8 years vs. 65.4 years, and had higher 

BMI values, 39.0 kg/m2 vs. 35.9 kg/m2, than white participants (p < 0.001). Black participants 

also had wider waist and hip circumferences (p <0.001). White participants were more likely to 

have a bachelor’s degree (p = 0.002), make more than $75,000k annually (p < 0.001), and drink 

alcohol (p < 0.001). White participants also took significantly more medications/supplements 

than Black participants (p = 0.007) despite Black participants reporting more comorbidities (p < 

0.001) and having double the percentage diagnosed with diabetes, 34.9% for Black participants 

vs. 15.3% for white participants (p < 0.001). Fewer Black participants were married or married-

like (p <0.001), but the number of people in the household was not significantly different (p = 

0.085). The percentages of current smokers (p = 0.178), past smokers (p = 0.178), retired/disabled 

(p = 0.820), and those reporting depressive symptoms (p = 0.110) were not significantly different 

between Black and white participants. 
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Table 4. Participant Characteristics by Race 

 Overall Race: Black Race: White  

Variable N 
Mean ± SD 
or n (%)a N 

Mean (95% CI) 
or n (%)b N 

Mean (95% CI) 
or n (%)b P-valuec 

Demographic Characteristics 

Age (yrs) 809 64.6 (7.8) 232 62.8 (61.8, 63.8) 577 65.4 (64.7, 66.0) <.001 

Male Gender 809 181 (22.4) 232 36 (15.5) 577 145 (25.1) 0.003 

Married or Marriage-like 807 482 (59.7) 231 91 (39.4) 576 391 (67.9) <.001 

Number in Household 806 2.1 (1.0) 231 2.2 (2.0, 2.3) 575 2.0 (2.0, 2.11) 0.09 

Education (Bachelors or more) 805 369 (45.8) 231 86 (37.2) 574 283 (49.3) 0.002 

Income (75k+) 780 230 (29.5) 222 35 (15.8) 558 195 (34.9) <.001 

Retired/Disabled (Y/N) 806 536 (66.5) 231 155 (67.1) 575 381 (66.3) 0.82 

Anthropometric Measurements 

BMI (kg/m2) 809 36.8 (6.9) 232 39.0 (38.1, 39.9) 577 35.9 (35.3, 36.4) <.001 

Weight (kg) 809 100.9 (21.4) 232 105.8 (103.1, 
108.6) 

577 98.9 (97.2, 100.6) <.001 

Hip Circumference (cm) 807 124.3 (15.2) 231 127.9 (125.9, 
129.8) 

576 122.8 (121.6, 124.1) <.001 

Waist Circumference (cm) 807 114.4 (15.5) 231 117.6 (115.6, 
119.6) 

576 113.2 (111.9, 114.4) <.001 

Medically Related Characteristics 

CES-D-10 (0-30) 804 5.4 (5.0) 230 5.9 (5.2, 6.5) 574 5.3 (4.8, 5.7) 0.13 

Crepitus (Y/N) 809 699 (86.4) 232 202 (87.1) 577 497 (86.1) 0.73 

Current Smoker (Y/N) 808 27 (3.3) 231 12 (5.2) 577 15 (2.6) 0.18 

Past Smoker (Y/N) 808 241 (29.8) 231 67 (29.0) 577 174 (30.2) 0.18 

Alcohol (Y/N) 808 456 (56.4) 231 90 (39.0) 577 366 (63.4) <.001 

Total 
Medications/Supplements 

809 8.2 (5.0) 232 7.5 (6.8, 8.1) 577 8.5 (8.1, 8.9) 0.007 

Diabetes (Y/N) 809 169 (20.9) 232 81 (34.9) 577 88 (15.3) <.001 

Number of Comorbidities 808 2.0 (1.6) 232 2.3 (2.1, 2.5) 576 1.9 (1.8, 2.0) <.001 

Abbreviation: CES-D-10, Center for Epidemiological Studies – Depression Scale – 10 
aMeans and standard deviations calculated for continuous variables; counts and percentages calculated for categorical 
variables. 
bMeans and 95% confidence intervals calculated for continuous variables; counts and percentages calculated for 
categorial variables. 
cp-values were calculated with ANOVAs and indicate an overall significant difference between groups if p < 0.05. 
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BMI Category and Clinical Outcomes 

 The higher BMI groups had significantly worse WOMAC function scores (23.4 vs. 26.2 

vs. 30.6, p < 0.001) (Figure 3), more depressive symptoms (4.7 vs. 5.6 vs. 6.7, p < 0.001), and 

worse performances on physical performance tests. Participants in the overweight/class I obese 

group walked an average of 408 m during the 6-minute walk test while those in the class II obese 

and class III obese groups walked an average of 365 m and 309 m, respectively (p < 0.001) 

(Figure 4). Increasing BMI category was also associated with lower scores on the SPPB (p < 

0.001), and slower 4m gait speed measured during the SPPB (p < 0.001). The mean score on the 

physical subscale of the SF-36 decreased (worsened) with each increase in BMI category (p < 

0.001), indicating worse physical HRQOL. The mental subscale of the SF-36 was the only 

clinical outcome that was not significantly different between any BMI groups (p = 0.362). Some 

clinical outcomes were only significantly different in the class III obese group. Compared to the 

other two categories, the class III obese group had significantly worse WOMAC pain (p = < 

0.0001, p = < 0.0001) (Figure 2) and higher levels of intermittent and constant pain measured by 

the ICOAP questionnaire (p = < 0.0001, p = 0.0001). Table 5 summarizes means, 95% CIs and 

pairwise comparisons of clinical outcomes by BMI category. Table 6 summarizes means, 95% 

CIs and pairwise comparisons of the physical performance test outcomes by BMI category. 
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Table 5. Clinical Outcomes by BMI Category 

 Overall BMI 27-34.9 BMI 35-39.9 BMI 40+   

Variable N 
Mean 
(SD)a N 

Mean 
(95% CI)b N 

Mean 
(95% CI)b N 

Mean 
(95% CI)b 

Mean 
Differences 
(95% CI)c 

P-
valued 

WOMAC Pain (0-20) 823 7.5 
(3.2) 

389 7.0 (6.7, 7.4) 230 7.4 (7.0, 7.8) 204 8.6 (8.1, 9.0)  <.001 

       Class III vs. Overweight/Class I  1.5 (1.0, 2.1) <.0001 

       Class III vs. Class II  1.1 (0.6, 1.7) 0.0002 

       Overweight/Class I vs. Class II  -0.4 (-0.9, 0.1) 0.13 

WOMAC Function (0-68) 823 25.9 
(11.7) 

389 23.4 (22.2, 
24.5) 

230 26.2 (24.7, 
27.6) 

204 30.6 (29.1, 
32.2) 

 <.001 

       Class III vs. Overweight/Class I  7.3 (5.4, 9.2) <.0001 

       Class III vs. Class II  4.5 (2.32, 6.6) <.0001 

       Overweight/Class I vs. Class II  -2.8 (-4.7, -1.0) 0.0031 

WOMAC Stiffness (0-8) 818 3.8 
(1.5) 

387 3.6 (3.4, 3.7) 229 3.8 (3.6, 
4.00) 

202 4.01 (3.9, 
4.3) 

 <.001 

       Class III vs. Overweight/Class I  0.5 (0.3, 0.7) <.0001 

       Class III vs. Class II  0.3 (0.0, 0.6) 0.04 

       Overweight/Class I vs. Class II  -0.2 (-0.5, 0.0) 0.07 

ICOAP Score (0-100) 810 31.8 
(17.8) 

382 28.6 (26.9, 
30.4) 

225 31.5 (29.2, 
33.8) 

203 38.0 (35.6, 
40.4) 

 <.001 

       Class III vs. Overweight/Class I  9.4 (6.4, 12.3) <.0001 

       Class III vs. Class II  6.5 (3.2, 9.8) 0.0001 

       Overweight/Class I vs. Class II  -2.8 (-5.7, 0.0) 0.0519 

SF-36 Physical (0-100) 823 35.1 
(9.3) 

389 37.3 (36.4, 
38.2) 

230 35.0 (33.8, 
36.1) 

204 31.0 (29.8, 
32.3) 

 <.001 

       Class III vs. Overweight/Class I  -6.2 (-7.8, -4.7) <.0001 

       Class III vs. Class II  -3.9 (-5.6, -2.2) <.0001 

       Overweight/Class I vs. Class II  2.3 (0.8, 3.8) 0.0023 

SF-36 Mental (0-100) 823 54.9 
(10.0) 

389 55.4 (54.4, 
56.4) 

230 54.8 (53.6, 
56.1) 

204 54.2 (52.8, 
55.5) 

 0.36 

       Class III vs. Overweight/Class I  -1.2 (-2.9, 0.5) 0.16 

       Class III vs. Class II  -0.7 (-2.6, 1.2) 0.47 

       Overweight/Class I vs. Class II  0.5 (-1.1, 2.8) 0.52 

Abbreviations: WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index; ICOAP, Intermittent and Constant 
Osteoarthritis Pain; SF-36, 36-Item Short Form Health Survey. 
aMeans and standard deviations calculated for continuous variables; counts and percentages calculated for categorical variables. 
bMeans and 95% confidence intervals calculated for continuous variables. 
cMean differences are Group 1 – Group2 and are calculated for continuous variables. 
dp-values for variables were calculated with ANOVAs and deemed significant at p < 0.05; p-values between obesity categories are 
pairwise comparisons and are significant at p < 0.0167. 
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Figure 3. WOMAC Function Scores by BMI Category 

 

The middle line in the plot represents the median values; the X represents the mean; and the 
boxes represent the interquartile range. The whiskers extend to the most extreme value within 
1.5 x the interquartile range. The dots represent values outside this range.  

Abbreviation: WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index. 
 

W
O

M
A

C
 F

un
ct

io
n

0

10

20

30

40

50

60

70

WOMAC Function and BMI

Overweight/Class I Obese Class II Obese Class III Obese

Figure 2. WOMAC Pain Scores by BMI Category 
 

 

The middle line in the plot represents the median values; the X represents the mean; and the 
boxes represent the interquartile range. The whiskers extend to the most extreme value within 
1.5 x the interquartile range. The dots represent values outside this range.  
Abbreviation: WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index. 
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Table 6. Physical Performance Test Outcomes by BMI Category 

 Overall BMI 27-34.9 BMI 35-39.9 BMI 40+   

Variable N 
Mean 
(SD)a N 

Mean 
(95% CI)b N 

Mean 
(95% CI)b N 

Mean 
(95% 
CI)b 

Mean 
Differences 
(95% CI)c 

P-
valued 

6-Minute Walk Distance (m) 819 372 (93) 387 408 (400, 
417) 

229 365 (354, 
376) 

203 309 (298, 
321) 

 <.001 

       Class III vs. Overweight/Class I         -99 (-113,  
-84.) 

<.0001 

       Class III vs. Class II         -56 (-72, -40) <.0001 

       Overweight/Class I vs. Class II         43 (29, 57) <.0001 

SPPB Total Score (0-12) 822 9.6 (2.1) 388 10.0 (9.8, 
10.2) 

230 9.5 (9.2, 9.7) 204 8.7 (8.5, 
9.0) 

 <.001 

       Class III vs. Overweight/Class I         -1.3 (-1.6, -1.0) <.0001 

       Class III vs. Class II         -0.8 (-1.1, -0.4) 0.0001 

       Overweight/Class I vs. Class II         0.5 (0.2, 0.9) 0.0012 

4m Walk Gait Speed (m/s) 819 0.89 (0.19) 386 0.94 (0.92, 
0.96) 

230 0.88 (0.85, 
0.90) 

203 0.80 (0.78, 
0.83) 

 <.001 

       Class III vs. Overweight/Class I         -0.14 (-0.17, -
0.11) 

<.0001 

       Class III vs. Class II         -0.07 (-0.11, -
0.04) 

<.0001 

       Overweight/Class I vs. Class II         0.06 (0.03, 0.09) <.0001 

Abbreviation: SPPB, Short Physical Performance Battery. 
aMeans and standard deviations calculated for continuous variables; counts and percentages calculated for categorical variables. 
bMeans and 95% confidence intervals calculated for continuous variables; counts and percentages calculated for categorial variables. 
cMean differences are Group 1 – Group2 and are calculated for continuous variables; odds ratios calculated for categorical variables. 
dp-values for variables were calculated with ANOVAs and deemed significant at p < 0.05; p-values between obesity categories are pairwise 
comparisons and are significant at p < 0.0167. 
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Figure 4. 6-Minute Walk Distance by BMI Category 

 

The middle line in the plot represents the median values; the X represents the mean; and the boxes 
represent the interquartile range. The whiskers extend to the most extreme value within 1.5 x the 
interquartile range. The dots represent values outside this range.  

 

Pearson correlation coefficients were calculated to determine whether a linear 

relationship existed between BMI and outcomes. BMI was significantly correlated with 6-minute 

walk distance (r = -0.49, p < 0.001); SPPB score (r = -0.31, p < 0.001); and SPPB 4m gait speed 

(r = -0.33, p < 0.001). WOMAC pain, WOMAC function, WOMAC stiffness, and ICOAP scores 

were also significantly (p < 0.001) positively correlated with BMI with r-values of 0.20, 0.24, 

0.24, and 0.21, indicating that higher BMI values are associated with worse pain and function. 

Similarly, higher (better) physical HRQOL values on the SF-36 were negatively correlated with 

BMI (r = -0.28, p < 0.001) whereas the mental subscale did not have a significant linear 

relationship with BMI (p = 0.352). Other notable findings include that number of comorbidities 

was positively correlated with BMI (r = 0.12, p < 0.001) while the number of medications and 

supplements was not significantly correlated with BMI (p = 0.799). Table 7 summarizes Pearson 

correlation coefficients between BMI and outcomes. 
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Table 7. Correlations with BMI: Participant Characteristics and 
Clinical Outcomes: 

Variable N Correlation P-value 
Participant Characteristics 

Age 823 -0.27 <.001 

Number Living in Household 820 0.05 0.178 

Number of Medications & Supplements 823 0.01 0.799 

Number of Comorbidities 822 0.12 <.001 

Clinical Outcomes 

WOMAC Pain 823 0.20 <.001 

WOMAC Function 823 0.24 <.001 

WOMAC Stiffness 818 0.15 <.001 

6-Minute Walk Distance 819 -0.49 <.001 

ICOAP Score 810 0.21 <.001 

SF36: Physical 823 -0.28 <.001 

SF36: Mental 823 -0.03 0.352 

SPPB Total 822 -0.31 <.001 

SPPB: 4m Walk 819 -0.33 <.001 

Abbreviations: WOMAC, Western Ontario and McMaster Universities 
Osteoarthritis Index; ICOAP, Intermittent and Constant Osteoarthritis Pain; 
SF-36, 36-Item Short Form Health Survey; SPPB, Short Physical 
Performance Battery. 

 
 
Race and Clinical Outcomes 

 Black participants had significantly worse values for the majority of clinical outcomes. 

Black participants had significantly higher WOMAC pain, a mean of 8.10 for Black versus 7.26 

for white participants (p < 0.001) (Figure 5). WOMAC function had a similar relationship with 

race; with WOMAC function scores of 27.7 for Black versus 25.1 for white participants (p = 

0.005) (Figure 6). However, WOMAC stiffness scores were not significantly different between 

the groups (p = 0.22). ICOAP scores also indicated greater self-reported pain in Black 

participants (p < 0.001). The worse self-reported clinical outcomes are paralleled by significantly 

worse outcomes on physical performance tests. Black participants walked an average of 

approximately 33 m less on the 6-minute walk test (p < 0.001) and scored lower on the SPPB (p < 
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0.001). Walking speed measured on the SPPB was slower for Black participants than white 

participants with means of 0.80 m/s and 0.92 m/s, respectively (p < 0.001). Despite having more 

pain, worse function, and poorer performances on the 6-minute walk (Figure 7) and SPPB, 

health-related HRQOL was not significantly different between Black and white participants on 

either the physical or mental subscale of the SF-36 (Physical: p = 0.758, Mental: p = 0.551). CES-

D-10 scores, depressive symptoms, were also not significantly different between groups (p = 

0.125). Table 8 summarizes means and 95% CIs for clinical outcomes by race. 

Table 8. Clinical Outcomes and Physical Performance Tests by Race 

 Overall Race: Black Race: White  

Variable N Mean (SD)a N Mean (95% CI)b N Mean (95% CI) b P-valuec 
WOMAC Pain (0-20) 809 7.5 (3.1) 232 8.1 (7.7, 8.5) 577 7.3 (7.0, 7.5) <.001 

WOMAC Function (0-68) 809 25.8 (11.8) 232 27.7 (26.2, 29.2) 577 25.1 (24.2, 26.1) 0.005 

WOMAC Stiffness (0-8) 804 3.8 (1.5) 230 3.9 (3.7, 4.1) 574 3.7 (3.6, 3.8) 0.22 

ICOAP Score (0-100) 796 31.5 (17.6) 227 35.4 (33.1, 37.6) 569 30.0 (28.6, 31.4) <.001 

SF-36 Physical (0-100) 809 35.1 (9.3) 232 35.3 (34.1, 36.5) 577 35.0 (34.3, 35.8) 0.76 

SF-36 Mental (0-100) 809 55.0 (10.0) 232 55.3 (54.0, 56.6) 577 54.8 (54.0, 55.6) 0.55 

6-Minute Walk Distance (m) 805 372 (93) 230 349 (337, 361) 575 382 (374, 389) <.001 

SPPB Total Score (0-12) 808 9.6 (2.1) 232 8.8 (8.5, 9.1) 576 9.9 (9.7, 10.0) <.001 

4m Walk Gait Speed (m/s) 805 0.89 (0.19) 231 0.80 (0.77, 0.82) 574 0.92 (0.91, 0.94) <.001 

Abbreviations: WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index; ICOAP, Intermittent and 
Constant Osteoarthritis Pain; SF-36, 36-Item Short Form Health Survey; SPPB, Short Physical Performance Battery. 
aMeans and standard deviations calculated for continuous variables; counts and percentages calculated for categorical 
variables. 
bMeans and 95% confidence intervals calculated for continuous variables. 
cp-values were calculated with ANOVAs and indicate an overall significant difference between groups if p < 0.05. 
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Figure 6. WOMAC Function Scores by Race 

 

 

The middle line in the plot represents the median values; the X represents the mean; and the 
boxes represent the interquartile range. The whiskers extend to the most extreme value within 
1.5 x the interquartile range. The dots represent values outside this range.  
Abbreviation: WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index. 
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Figure 5. WOMAC Pain Scores by Race 

 

 

The middle line in the plot represents the median values; the X represents the mean; and the 
boxes represent the interquartile range. The whiskers extend to the most extreme value within 
1.5 x the interquartile range. The dots represent values outside this range.  
Abbreviation: WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index. 
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Figure 7. 6-Minute Walk Distance by Race 
 

 
The middle line in the plot represents the median values; the X represents the mean; and the 
boxes represent the interquartile range. The whiskers extend to the most extreme value within 
1.5 x the interquartile range. The dots represent values outside this range.  

 

BMI and Gait  

 Overall walking velocity decreased with increasing BMI category. Walking velocity was 

1.08 m/s, 0.99 m/s, and 0.89 m/s for the overweight/class I obese, class II obese, and class III 

obese groups, respectively (p < 0.001). Other spatio-temporal gait characteristics that were 

significantly different between all BMI categories were mean stride length, mean stance time, and 

base of support. With increasing BMI category, mean stride length decreases (122.08 cm vs. 

114.91 cm vs. 106.72 cm, p < 0.001), mean stance time increases (0.75 s, 0.79 s, 0.84 s, p < 

0.001), and mean base of support widens (10.68 cm vs. 11.63 cm vs. 14.04 cm, p < 0.001). Other 

differences include greater foot abduction in the class III obese group (7.11 degrees vs. 8.03 

degrees, 10.16 degrees, p < 0.0001 and p = 0.0003) and decreased mean swing time in the 

overweight/class I obese group compared to the other two groups (0.39 s, 0.38 s vs. 0.37 s, p = 
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0.0009, p = 0.0031). A visual description of the spatio-temporal gait characteristics calculated can 

be found in Figure 8. Table 9 summarizes means, 95% CIs and pairwise comparisons for spatio-

temporal gait characteristics by BMI category. 

 

 
Figure 8. Spatio-temporal Gait Characteristics 
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  Pearson correlation coefficients were also calculated for spatio-temporal gait 

characteristics and BMI, and all spatio-temporal gait characteristics had significant linear 

relationships. The strongest correlation was base of support which was positively correlated with 

BMI and had an r-value of 0.44 (p < 0.001). Walking velocity and stride length were negatively 

correlated with BMI and had r-values of -0.41 and -0.40 respectively (p < 0.001). Stance time (r = 

Table 9. Spatio-temporal Gait Characteristics by BMI Category 

 Overall BMI 27-34.9 BMI 35-39.9 BMI 40+   

Variable N Mean (SD)a N 
Mean 

(95% CI)b N 
Mean (95% 

CI)b N 
Mean (95% 

CI)b 
Mean Differences (95% 

CI)c 
P-

valued 

Walking Velocity (m/s) 648 1.01 (0.21) 317 1.08 (1.06, 
1.10) 

173 0.99 (0.96, 
1.02) 

158 0.89 (0.86, 
0.92) 

 <.001 

       Class III vs. Overweight/Class I         -0.18 (-0.22, -0.14) <.0001 

       Class III vs. Class II         -0.10 (-0.14, -0.05) <.0001 

       Overweight/Class I vs. Class II         0.08 (0.04, 0.12) <.0001 

Stride Length (cm) 648 116.4 (18.0) 317 122.1 
(120.2, 
123.9) 

173 114.9 (112.4, 
117.4) 

158 106.7 (104.1, 
109.4) 

 <.001 

       Class III vs. Overweight/Class I         -15.4 (-18.6, -12.1) <.0001 

       Class III vs. Class II         -8.2 (-11.8, -4.5) <.0001 

       Overweight/Class I vs. Class II         7.2 (4.0, 10.3) <.0001 

Swing Time (s) 648 0.38 (0.04) 317 0.39 (0.38, 
0.39) 

173 0.38 (0.37, 
0.38) 

158 0.37 (0.37, 
0.38) 

 <.001 

       Class III vs. Overweight/Class I         -0.01 (-0.02, -0.01) 0.0009 

       Class III vs. Class II         -0.00 (-0.01, 0.01) 0.68 

       Overweight/Class I vs. Class II         0.01 (0.00, 0.02) 0.0031 

Stance Time (s) 648 0.79 (0.13) 317 0.75 (0.74, 
0.77) 

173 0.79 (0.77, 
0.81) 

158 0.84 (0.82, 
0.86) 

 <.001 

       Class III vs. Overweight/Class I         0.09 (0.06, 0.11) <.0001 

       Class III vs. Class II         0.05 (0.02, 0.08) 0.0005 

       Overweight/Class I vs. Class II         -0.04 (-0.06, -0.02) 0.0013 

Base of Support (cm) 648 11.8 (3.9) 317 10.7 (10.3, 
11.1) 

173 11.6 (11.1, 
12.2) 

158 14.0 (13.5, 
14.6) 

 <.001 

       Class III vs. Overweight/Class I         3.4 (2.7, 4.1) <.0001 

       Class III vs. Class II         2.4 (1.6, 3.2) <.0001 

       Overweight/Class I vs. Class II         -0.9 (-1.6, -0.3) 0.0071 

Foot Abduction (degrees) 648 8.1 (5.4) 317 7.1 (6.5, 
7.7) 

173 8.0 (7.2, 8.8) 158 10.2 (9.3, 
11.0) 

 <.001 

       Class III vs. Overweight/Class I         3.1 (2.0, 4.1) <.0001 

       Class III vs. Class II         2.1 (1.0, 3.3) 0.0003 

       Overweight/Class I vs. Class II         -0.9 (-1.9, 0.1) 0.06 
aMeans and standard deviations calculated for continuous variables; counts and percentages calculated for categorical variables. 
bMeans and 95% confidence intervals calculated for continuous variables. 
cMean differences are Group 1 – Group 2 and are calculated for continuous variables. 
dp-values for variables were calculated with ANOVAs and deemed significant at p < 0.05; p-values between obesity categories are pairwise comparisons and are significant at 
p < 0.0167. 
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0.32, p < 0.001) and foot abduction (r = 0.25, p < 0.001) had positive correlations with BMI while 

swing time (r = -0.12, p = 0.002) had a negative correlation. Table 10 summarizes Pearson 

correlation coefficients for spatio-temporal gait characteristics and BMI. 

 
Table 10. Correlations with BMI: Spatio-temporal Gait 
Characteristics 

Variable N Correlation P-value 
Walking Velocity 648 -0.41 <.001 

Stride Length 648 -0.40 <.001 

Swing Time 648 -0.12 0.002 

Stance time 648 0.32 <.001 

Support Base 648 0.44 <.001 

Foot Abduction 648 0.25 <.001 
 
 
Race and Gait  

 Black participants had a slower mean walking velocity, 0.92 m/s, compared to white 

participants, 1.05 m/s (p < 0.001). Black participants also had a shorter mean stride length 

(109.73 cm vs. 120.08 cm, p < 0.001), wider mean base of support (12.59 cm vs. 11.34, p < 

0.001), and greater mean foot abduction (9.02 degrees vs. 7.57 degrees, p < 0.001). Black 

participants had a longer mean stance time, 0.82 s, than white participants, 0.76 s (p < 0.001). 

However, mean swing time was not significantly different between groups (p = 0.222). Table 11 

summarizes means and 95% CIs for spatio-temporal gait characteristics by race. 
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Table 11. Spatio-Temporal Gait Characteristics by Race 

 Overall Race: Black Race: White  

Variable N Mean (SD)a N 
Mean  

(95% CI)b N 
Mean  

(95% CI)b P-valuec 
Walking Velocity (m/s) 635 1.01 (0.21) 220 0.92 (0.90, 0.95) 415 1.06 (1.04, 1.08) <.001 

Stride Length (cm) 635 116.5 (18.0) 220 109.7 (107.4, 
112.0) 

415 120.1 (118.4, 
121.8) 

<.001 

Swing Time (s) 635 0.38 (0.04) 220 0.38 (0.38, 0.39) 415 0.38 (0.38, 0.38) 0.22 

Stance Time (s) 635 0.78 (0.13) 220 0.82 (0.81, 0.84) 415 0.76 (0.75, 0.78) <.001 

Base of Support (cm) 635 11.8 (4.0) 220 12.6 (12.1, 13.1) 415 11.3 (11.0, 11.7) <.001 

Foot Abduction (degrees) 635 8.1 (5.4) 220 9.0 (8.3, 9.7) 415 7.6 (7.1, 8.1) 0.001 
aMeans and standard deviations calculated for continuous variables; counts and percentages calculated for categorical 
variables. 
bMeans and 95% confidence intervals calculated for continuous variables. 
cp-values were calculated with ANOVAs and indicate an overall significant difference between groups if p < 0.05. 

 
Predictors of WOMAC Pain 

 Black race was significantly associated with higher WOMAC pain scores in Models 1 

and 4 with p-values of 0.0007 and 0.0025, respectively. In Model 5, Black race (p = 0.0009) and 

no college education (p <0.0001) were associated with higher WOMAC pain scores. In Model 6, 

no college education (p < 0.0001) and BMI (p <0.0001) were the only covariates that remained 

significant. With the addition of BMI as a covariate, the relationship between race and WOMAC 

pain was no longer significant. In Model 7, depressive symptoms was a significant predictor of 

WOMAC pain (p < 0.0001), but this did not affect the significance of no college education (p < 

0.0001) or BMI (p < 0.0001). Table 12 summarizes slopes and p-values for models 1, 4, 5, 6, and 

7. Results from all models can be found in Appendix D. 
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Table 12. General Linear Models for WOMAC Pain 
 Model 1 Model 4 Model 5 Model 6 Model 7 
Covariates b p-value b p-value b p-value b p-value b p-value 
Race (Black) 0.26 0.0007 0.24 0.0025 0.20 0.0087 0.15 0.06 0.14 0.06 
Agea   -

0.03 
0.32 -

0.03 
0.39 0.01 0.81 0.04 0.29 

Gender (Female)   0.16 0.06 0.13 0.11 0.13 0.10 0.12 0.14 
No Crepitus   0.04 0.71 0.05 0.65 0.05 0.59 0.03 0.76 
College Education     0.36 <0.0001 0.32 <0.0001 0.28 <0.0001 
BMIa       0.16 <0.0001 0.15 <0.0001 
Depressive Symptoms 
(CES-D-10)a 

        0.19 <0.0001 

Abbreviations: WOMAC, indicates Western Ontario and McMaster Universities Osteoarthritis Index; CES-D-10, Center for 
Epidemiological Studies – Depression Scale – 10. 
aContinuous covariates were standardized, and slopes were calculated per unit of standard deviation. 

 
 
Predictors of WOMAC Function 

 In Model 1, Black race was significantly associated with higher WOMAC function scores 

with a p-value of 0.0053. When age, female gender, and crepitus were added in Model 4, Black 

race remained the only significant predictor (p = 0.0098). In Model 5, no college education 

became significant; both Black race and no college education were associated with higher 

WOMAC function scores with p-values of 0.03 and 0.0001, respectively. In Model 6, BMI (p < 

0.000) and no college education (p < 0.0001) were both associated with higher WOMAC function 

scores while Black race was no longer significant in the model. In Model 7, depressive symptoms 

(p < 0.0001), no college education (p < 0.0001) and BMI (p < 0.0001) were all associated with 

higher WOMAC function scores. However, with the addition of depressive symptoms to the 

model, age also became a significant predictor even though it was not significant in any of the 

previous models (p = 0.0166). Table 13 summarizes slopes and p-values for models 1, 4, 5, 6, and 

7. Results from all models can be found in Appendix D. 
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Table 13. General Linear Models for WOMAC Function 
 Model 1 Model 4 Model 5 Model 6 Model 7 
Covariates b p-

value 
b p-

value 
b p-value b p-value b p-value 

Race (Black) 0.22 0.0053 0.20 0.0098 0.17 0.0282 0.10 0.22 0.09 0.22 
Agea   -0.01 0.86 -0.002 0.96 0.05 0.16 0.08 0.0166 
Gender (Female)   0.11 0.18 0.09 0.30 0.09 0.28 -0.08 0.35 
No Crepitus   -0.02 0.83 -0.01 0.90 -0.001 0.99 -0.03 0.75 
College Education     0.34 <0.0001 0.29 <0.0001 0.25 0.0003 
BMIa       0.22 <0.0001 0.20 <0.0001 
Depressive Symptoms 
(CES-D-10) 

        0.22 <0.0001 

Abbreviations: WOMAC, indicates Western Ontario and McMaster Universities Osteoarthritis Index; CES-D-10, Center for 
Epidemiological Studies – Depression Scale – 10. 
aContinuous covariates were standardized, and slopes were calculated per unit of standard deviation. 
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DISCUSSION 

SUMMARY OF RESULTS 

 A higher BMI was associated with worse clinical outcomes including more pain, poorer 

function, shorter 6-minute walk distance, and reduced lower extremity function (SPPB). BMI was 

also associated with changes in spatio-temporal gait characteristics including slower mean 

walking velocity, decreased stride length, increased stance time, decreased swing time, wider 

base of support, and greater foot abduction. For WOMAC pain, intermittent and constant pain 

(ICOAP), and foot abduction, mean differences were only significantly different in the class III 

obese group.  

There are observed racial differences between Black and white participants with Black 

participants reporting more pain, poorer function, and worse outcomes on the 6-minute walk test 

and tests of lower extremity function (SPPB). Black participants also had significantly different 

spatio-temporal gait characteristics than white participants. Many of the racial differences in 

clinical outcomes and spatio-temporal gait characteristics were associated with differences in 

obesity level. Results from the general linear models suggest that BMI explains racial 

discrepancies for WOMAC pain and function. When BMI was added as a covariate, the 

relationship between race and WOMAC pain become non-significant. The same pattern was 

observed for WOMAC function. These results suggest that weight loss interventions targeted 

toward Black patients could reduce, if not eliminate, the racial differences in self-reported pain 

and function. Interestingly, lack of college education and depressive symptoms were both 

significant linear predictors of WOMAC pain and WOMAC function, suggesting that BMI alone 

does not account for all variability between races. This highlights the need to explore and address 

mental health and sociodemographic factors when developing interventions and treatments for 

OA clinical outcomes.  
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Influence of BMI on Clinical Outcomes 

 Higher BMI has been associated with worse clinical outcomes and distinctive spatio-

temporal gait characteristics in previous studies14–18,21. However, few studies included a 

significant portion of class III obese participants with BMIs over 40 kg/m2. Rogers et al.75 

demonstrated that class III obese participants were more likely to report knee pain [OR = 7.5, 

95% CI (2.5, 22.6)] compared with class I [OR = 2.0, 95% CI (1.2, 3.4)] and class II obese 

participants [OR = 3.9, 95% CI (1.8, 8.3)]. Study limitations included the examination of the 

likelihood of reporting knee pain but not the severity of knee pain. Raud et al.14 examined knee 

pain severity using a visual analog scale (0 none to 10 very severe) and found that pain level in 

the last 24 hours was not significantly different between class I and class II/III participants (5.0 

vs. 5.2, p = 0.75), although both groups differed from the overweight participants. In our results, 

mean WOMAC pain was higher in the class III obese group while the class I obese/overweight 

and class II obese groups did not significantly differ from each other. The same relationship, 

where class III obese distinguished itself from the other groups, was present for intermittent and 

constant pain measured by ICOAP scores. Raud et al. had 57 participants (15%) who were 

classified as class II/class III obese. Our sample had 230 participants in the class II obese group 

(28%) and 204 participants in the class III obese group (25%). Raud et al. was unable to 

distinguish pain levels between the different obesity class categories, but in our sample, with 

more participants in the class III obese category we were able to detect significant differences. 

From a clinical perspective, these results suggest that interventions that reduce BMI for the class 

III obese population should be a high priority as these patients may experience greater reductions 

in pain. From a mechanistic perspective, there is evidence that class III obese patients have higher 

levels of inflammatory markers. Nguyen et al.127 found that serum concentrations of C-reactive 

protein (CRP) increase with each increase in BMI category, with class III obese patients having 
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three times the level of CRP as class I obese patients. Inflammatory markers including CRP are 

associated with OA progression because they contribute to synovial inflammation and cartilage 

degradation. Class III obese patients may be experiencing greater levels of pain due to increased 

inflammation and may therefore benefit the most from a weight loss intervention.  

WOMAC function scores decreased with increasing BMI category and each BMI 

category was significantly different from the others. The physical performance test outcomes 

provide a more in-depth picture regarding function. The decrease in mean 6-minute walk distance 

between overweight/class I obese and class II obese was approximately 43m while the decrease in 

mean distance between class II obese and class III obese was approximately 56m. Bohannon and 

Crouch128 performed a systematic review on the minimal clinically important difference for 

change in 6-minute walk distance. Their review specifically examined adults with pathology and 

found that a difference ranging from 14m – 30.5m may be clinically important for this 

population. The decreases between BMI categories were much greater than the 30.5m threshold. 

This indicates that weight loss, leading to a reduction in BMI, could be a mechanism to improve 

function by a degree that is clinically important for patients with knee OA. 

Previous evaluations of the SPPB have noted a ceiling effect; many high functioning 

older adults are able to obtain the maximum or near maximum score of 124. However, De Stefano 

et al.5 found that in adults age ≥65 years (N = 2,911), SPPB score decreased with increasing 

obesity class. Class I obese participants had SPPB scores of 7.7 (SD: 0.1) while class II obese and 

class III obese participants had SPPB scores of 6.7 (SD: 0.1) and 5.9 (SD: 0.2), respectively. Our 

results found a similar relationship in older adults with knee OA. Overweight/class I obese 

participants had a mean score of 10.0 [95% CI (9.8, 10.2)], while class II obese participants and 

class III obese participants had mean scores of 9.5 [95% CI (9.2, 9.7)] and 8.7 [95% CI (8.5, 

9.0)], respectively. The mean SPPB values for each increase in BMI category were significantly 

lower, indicating worse functioning (p < 0.001). However, means in our sample were higher, 
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indicating better lower extremity function, for each BMI category in comparison to the results 

reported by De Stefano et al. A possible explanation is that De Stefano et al. examined an older 

population while still stratifying for obesity level. Older age has been associated with less 

stability and greater fall risk which corresponds to lower scores on the SPPB129,130. However, this 

is still surprising since participants in our sample are overweight/obese and meet the American 

College of Rheumatology criteria for knee OA. 

The ANOVA analyses and pairwise comparisons detected differences between BMI 

categories. The Pearson correlation coefficients supported the findings from these analyses, since 

all the clinical outcomes that had significant differences between BMI categories also had 

significant linear correlations with BMI. Interestingly, the mental subscale of SF-36 was not 

significant between BMI categories (p = 0.36) and did not have a linear relationship with BMI (p 

= 0.35). SF-36 means for all BMI categories (overweight/class I vs class II vs class III) were 

relatively close to 50 (55.4, 95% CI (54.4, 56.4), vs 54.8, 95% CI (53.6, 56.1), vs. 54.2, 95% CI 

(52.8, 55.5), p = 0.36), which is has been discussed as a normative value for SF-36 scores131. 

Conversely, depressive symptoms measured by the CES-D were significantly different with 

increasing BMI categories (overweight/class I vs class II vs class III) reporting more depressive 

symptoms (4.7, 95% CI (4.2, 5.2), vs 5.6, 95% CI (5.0, 6.3), vs. 6.7 95% CI (6.0, 7.4), p < 0.001). 

There was no difference in mental HRQOL between BMI categories, but depressive symptoms 

significantly increased. One possible explanation for these results is that the CES-D-10 is more 

sensitive to differences in BMI than the SF-36. However, the means for the CES-D-10 are below 

the cut-off for clinical depression which is a score of 10 on a scale from 0 – 30 with higher scores 

indicating more depressive symptoms119 which may be why there was no corresponding 

difference in mental HRQOL scores. 
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Influence of BMI on Spatio-temporal Gait Characteristics 

Analysis of spatio-temporal gait characteristics also demonstrated that class III obese 

participants were different from overweight/class I and class II obese participants. Characteristics 

of obese gait have been well defined, and some studies have reported the characteristics of class 

III obese gait specifically. Gill et al.17 (N = 67) examined differences in gait characteristics 

between normal BMI, overweight/class I obese, class II obese, and class III obese and found that 

with increasing BMI category, walking velocity decreased, swing time decreased, and stance time 

increased. Messier et al.8 sought to determine the effects of severe obesity on foot mechanics in a 

sample of 29 adult females. The severe obese group, mean BMI = 41.1 kg/m2, had greater 

forefoot abduction when compared to the normal weight group (BMI = 20.8 kg/m2). Our sample 

size was much larger with a greater percentage of participants within the class III obese group. 

Our results demonstrate that characteristics of obese and osteoarthritic gait, slower walking 

velocity (r = -0.41), shorter stride length (r = -0.40), wider base of support (r = 0.44), greater foot 

abduction (r = 0.25), longer stance time (r = 0.32) and shorter swing time (r = -0.12), had 

significant linear relationships with BMI. Wider base of support and foot abduction were only 

significant in the class III obese category which suggests that spatio-temporal gait changes were 

more pronounced in this group. Many of these gait changes are associated with increased 

stability. In a longitudinal population-based survey (N = 10,755), participants in the class III 

obese category were 50% more likely to report a fall than normal weight participants [OR = 1.5, 

95% CI (1.21, 1.85)]132. There is a need to target fall prevention for people in the class III obese 

category. However, weight loss interventions may also decrease fall risk for this group. 

Influence of Race on Clinical Outcomes  

 Previous studies found that Black participants reported worse WOMAC pain and 

WOMAC function scores than white participants22,25,27,28. Our results also found that Black 

participants reported greater intermittent and constant pain measured by the ICOAP questionnaire 
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[Black: 35.4, 95% CI (33.1, 37.6)] vs. white: 30.0, 95% CI (28.6, 31.4), p < 0.001]. More 

specifically, SPPB performance was compared between Black participants and non-Hispanic 

white participants (N = 267) in a study by Cruz-Almeida et al9. The mean score for Black 

participants was 9.3 (SD, 1.9) while the mean score for non-Hispanic white participants was 10.4 

(SD, 1.7). Mean SPPB scores were lower in our sample; Black participants scored an average of 

8.8 [95% CI (8.5, 9.1)] and white participants scored an average of 9.9 [95% CI (9.7, 10.0). One 

possible explanation for the lower mean scores in our sample is the higher mean BMI. In Cruz-

Almeida et al., the mean BMI for Black participants was 32.6kg/m2 (7.8) and the mean BMI for 

white participants was 29.9 kg/m2 (6.9). We also found a significant difference in the gait speed 

measure included in the SPPB with Black participants averaging 0.12 m/s slower on the 4m walk 

test (Black: 0.80 vs. White: 0.92, p < 0.001). The mean difference between Black participants and 

white participants for 6-minute walk distance in this study was 33 m which exceeds the clinically 

meaningful threshold of 30.5m3. These results indicate that function in Black participants is not 

just significantly lower than white participants but lower by a difference that is clinically 

meaningful.  

Influence of Race on Spatio-temporal Gait Characteristics 

 The most common finding in previous studies of racial differences in knee OA gait 

characteristics is slower mean walking speed. Kirkness and Ren et al.10 (N = 2,648) found that 

Black women with knee OA had a mean walking velocity of 1.19 m/s compared with white 

women who had a mean walking velocity of 1.33 m/s (p < 0.001). Sims et al.23 reported a 

difference in fast walking velocity with Black participants averaging 1.44 m/s and white 

participants averaging 1.56 m/s. Our results support these findings; Black participants walked 

0.09 m/s slower than white participants (p < 0.001). Unlike previous studies, there were many 

other significantly different spatio-temporal gait characteristics between Black and white 

participants in this sample including longer stride length (p < 0.001), increased stance time (p < 



 
 

64 

0.001), wider base of support (p < 0.001), and greater foot abduction (p < 0.001). However, these 

differences are also associated with increases in BMI. Since there is such a large difference in 

BMI between the Black and white participants, 39.0 kg/m2 for Black participants and 35.9 kg/m2 

for white participants (p < 0.001), BMI may be a confounding factor.  

 Although there are many significant differences in both clinical outcomes and spatio-

temporal gait characteristics between the racial groups, there were also many significant 

differences in demographic factors. One consequential disparity was the difference in number of 

medications/supplements taken by Black and white participants with Black participants taking 

fewer medications/supplements. Similar patterns have been reported in previous studies. 

Dominick et al.11 examined NSAID use in knee OA patients and found that NSAIDs were 

prescribed for fewer days for Black participants, mean 38 days, than white participants, mean 43 

days (p < 0.01). Another study examined 3,061 patients with OA diagnoses who were treated at a 

federal Veterans Affairs Medical Center. Opioids were prescribed less frequently to Black 

patients12. The higher self-reported pain reported by Black participants combined with the 

difference in number of medications and the differences in comorbidities (more numerous in 

Black participants) suggests a need to reevaluate knee OA management specifically in Black 

patients. 

Other demographic differences including income and education can impact clinical 

outcomes. In previous studies, racial differences have become non-significant when controlling 

for socioeconomic and demographic factors9,13. This highlights the need to consider the effect of 

socioeconomic and demographic factors on racial differences. Thus, college education and 

depressive symptoms were both included in the general linear models to examine their impact as 

covariates for WOMAC pain and WOMAC function. 
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Covariates of WOMAC Pain and WOMAC Function 

In addition to the numerous differences in demographic characteristics between racial 

groups, another complicating factor was the large difference in mean BMI, 39.0 kg/m2 for Black 

participants and 35.9 kg/m2 for white participants (p < 0.001). A cross-sectional study by Allen et 

al.27 compared pain and function between Black and white participants with knee OA. Linear 

regression models were used to examine these outcomes while adjusting for race, radiographic 

severity, age, gender, education, BMI, depressive symptoms, and WOMAC pain (only in the 

model for WOMAC function). Allen et al. found that BMI and depressive symptoms (CES-D) 

were both significant predictors of WOMAC pain (BMI: b = 0.19, p < 0.001, depressive 

symptoms: b  = 0.30, p = < 0.001) and WOMAC function scores (BMI: b = 0.24, p < 0.001, 

depressive symptoms: b = 0.30, p = < 0.001). However, when these covariates were added to the 

linear regression models, the relationship between Black race and both outcomes became non-

significant (WOMAC Pain: p = 0.20, WOMAC Function: p = 0.33). General linear models were 

used to perform a similar analysis on our sample. The association between Black race and 

WOMAC pain remained significant until BMI was added as a covariate in Model 6. This pattern 

was also observed for the association between Black race and WOMAC function. When BMI was 

added as a covariate, Black race was no longer a significant predictor of WOMAC function score 

(p = 0.22). This suggests that differences in mean BMI between Black and white participants may 

explain the differences in clinical outcomes, specifically WOMAC pain and WOMAC function. 

Other studies have sought to examine racial disparities within BMI groups. Vina et al.25 measured 

WOMAC pain and WOMAC function in a 9-year longitudinal study with Black (N = 778) and 

white participants (N = 3498). They found that obese (BMI > 30 kg/m2) Black participants 

reported worse baseline pain than obese white participants [Black: 4.1, 95% CI (3.9, 4.4) vs. 

white: 2.4, 95% CI (2.2, 2.5)]. The mean baseline BMIs for this study were 31.1 kg/m2 for Black 
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participants and 28.2 kg/m2 for white participants. Therefore, Vina et al. was not able to examine 

possible racial differences between class I, class II, and class III obese. 

In addition to BMI, lack of a college education was significantly associated with 

increases in both WOMAC pain and WOMAC function score in Model 5; it remained significant 

in Models 6 and 7 as well. These results contradict the findings of Allen et al.27  Education (< 12 

years) was not a significant covariate when BMI and depressive symptoms were added to their 

model. One notable difference between the current study and Allen et al. was the years of 

education used as a covariate; Allen et al. used < 12 years of education whereas we used lack of 

college degree which would correspond to approximately < 16 years of education. Having a 

college degree has been associated with higher rates of employment6, increased income7, and 

increased likelihood to have health insurance8. Thus, having or not having a college degree may 

encompass many socioeconomic factors that can influence access to health care and ultimately 

clinical outcomes such as pain and function. 

In our most complex model (Model 7), there was a significant relationship between 

depressive symptoms (CES-D-10) and both WOMAC pain and function. This mirrored the results 

of Allen et al. The mean CES-D-10 score for our sample was 5.5 (SD: 5.0) which is well below 

the cut-off for clinical depression of 10 on a scale from 0 – 30 with higher scores indicating more 

depressive symptoms14. This suggests a meaningful relationship between level of depressive 

symptoms, WOMAC pain, and WOMAC function, even if depressive symptoms do not meet the 

cut-off for clinical depression. The inclusion of a psychological covariate as a significant 

predictor of pain and function emphasizes the need to incorporate psychological and behavioral 

strategies when attempting to decrease pain and increase function in this population. It also 

highlights the possibility that other social and environmental factors may be contributing to the 

observed racial discrepancy. 
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Limitations 

 As a cross-sectional study, variables were analyzed at one time point. Descriptive 

statistics were calculated, but causation cannot be assessed.  

 Another limitation is that the gait characteristics in this study were limited to spatio-

temporal measures. Joint kinematics and kinetics were not assessed. The addition of kinetic and 

kinematic variables could provide information about potential mechanistic pathways connecting 

gait characteristics and clinical outcomes.  

 Racial comparisons were limited to Black and white participants. Previous, studies have 

shown that knee OA incidence varies in other races including Asian. Thus, there may be 

differences in clinical outcomes and gait characteristics in other races. Additionally, comparisons 

between ethnicity groups were not evaluated. 

 This study had broad inclusion criteria, as expected since WE-CAN is an effectiveness 

trial. Broad inclusion criteria increase the diversity of the sample. However, fewer, less stringent 

exclusion criteria introduce more potential confounders. This can make the results difficult to 

interpret since there are many differences in characteristics between groups that could influence 

differences in the outcomes.  

Conclusions 

 BMI and race have significant relationships with clinical outcomes and spatio-temporal 

gait characteristics. When participants were divided into groups by baseline BMI, the class III 

obese participants had significantly different characteristics compared to overweight/class I obese 

and class II obese participants. Differences in clinical outcomes included elevated pain levels, 

poorer function, and worse outcomes on physical performance tests. Differences in spatio-

temporal gait characteristics included slower walking velocity, decreased stride length, wider 

base of support, increased stance time, decreased swing time, and greater foot abduction. The one 

clinical outcome where class III obese participants were not significantly different from the other 
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obese classes was mental HRQOL. Based on these results, obesity class matters. Because they 

have more pain, less function, and worse outcomes on physical performance tests, it is important 

to develop interventions that target individuals who are class III obese. Weight loss interventions 

in particular may result in even greater benefit for these individuals. 

 When participants were divided by race, Black participants had more pain, poorer 

function, and worse outcomes on physical performance tests. Differences in spatio-temporal gait 

characteristics included slower walking velocity, decreased stride length, wider base of support, 

increased stance time, and greater foot abduction. There were no racial differences for physical 

and mental HRQOL scores. Many of the differences between Black and white participants were 

similar to the differences between BMI categories. Furthermore, Black participants had a 

significantly higher mean BMI, 39.0 kg/m2 [95% CI (38.1, 39.9)], than white participants, 35.9 

kg/m2 [95% CI (35.3, 36.4), p < 0.001]. These results indicate that BMI differences may be 

driving the observed racial differences, and results from the general linear models conclude that 

this is true. 

 We examined potential covariates in two series of general linear models to determine 

significant predictors of WOMAC pain and WOMAC function score. When BMI is added to the 

model, the relationship between race and WOMAC pain becomes non-significant. This suggests 

that BMI explains the racial differences observed in WOMAC pain. The same result was found 

for WOMAC function. In the most complex model for WOMAC pain, no college education and 

depressive symptoms were also significant predictors. The significant predictors for WOMAC 

function included no college education, depressive symptoms, and age. The significant influence 

of covariates like no college education and depressive symptoms emphasizes the effect of 

socioeconomic and demographic factors on self-reported measures of pain and function. BMI was 

associated with significant differences in clinical outcomes and spatio-temporal gait 

characteristics, particularly in the class III obese group. However, the observed differences 



 
 

69 

between Black and white participants are explained by BMI, socioeconomic, and demographic 

factors. These results suggest that weight loss interventions may reduce or eliminate the racial 

disparities in pain and function for individuals with knee OA. However, addressing gaps in other 

socioeconomic and demographic factors may also play a role in reducing racial differences in 

clinical outcomes.  
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APPENDIX A 
 

Supplemental Table 1. Pairwise Comparisons for Participant Characteristics by BMI Category 

 
Overweight/Class I Obese vs. 

Class II Obese 
Class III Obese vs. Class II 

Obese 
Class III Obese vs. 

Overweight/Class I Obese 

Variable 
Mean Difference 

(95% CI)a P-valueb 
Mean Difference 

(95% CI)a P-valueb 
Mean Difference 

(95% CI)a P-valueb 

Male Gender 0.09 (-0.30, 0.47) 0.66 -0.18 (-0.64, 0.28) 0.45 -0.27 (-0.68, 0.15) 0.21 

Married or Marriage-like 0.29 (-0.05, 0.62) 0.094 -0.18 (-0.56, 0.20) 0.36 -0.46 (-0.81, -0.12) 0.0084 

Number in Household -0.01 (-0.17, 0.15) 0.89 0.15 (-0.04, 0.33) 0.12 0.16 (-0.01, 0.32) 0.06 

Education (Bachelors or more) 0.23 (-0.10, 0.56) 0.16 -0.34 (-0.73, 0.04) 0.08 -0.57 (-0.92, -0.23) 0.0012 

Income (75k+) 0.31 (-0.05, 0.67) 0.16 -0.50 (-0.96, -0.04) 0.0324 -0.81 (-1.23, -0.40) 0.0001 

Retired/Disabled (Y/N) 0.40 (0.05, 0.75) 0.0234 -0.17 9-0.56, 0.22)  0.39 -0.57 (-0.93, -0.22) 0.0017 

Weight (kg) -15.10 (-17.36, -12.84) < 0.0001 25.05 (22.43, 27.66) < 0.0001 40.15 (37.80, 42.50) < 0.0001 

Hip Circumference (cm) -11.02 (-12.58, -9.47) < 0.0001 18.26 (16.47, 20.06) < 0.0001 29.29 (27.67, 30.90) < 0.0001 

Waist Circumference (cm) -12.04 (-13.80, -10.28) < 0.0001 15.54 (13.51, 17.57) < 0.0001 27.58 (25.76, 29.41) < 0.0001 

Crepitus (Y/N) -0.03 (-0.51, 0.44) 0.89 0.11 (-0.46, 0.67) 0.70 0.14 (-0.36, 0.65) 0.58 

Total Medications/Supplements 0.15 (-0.67, 0.97) 0.72 0.05 (-0.89, 1.00) 0.91 -0.10 (-0.95, 0.75) 0.82 

Depressive Symptoms (Y/N) -0.26 (-0.66, 0.13) 0.0332 0.40 (-0.03, 0.82) 0.0277 0.66 (0.27, 1.05) < 0.0001 

Diabetes (Y/N) -0.29 (-0.70, 0.12) 0.17 0.28 (-0.16, 0.72) 0.21 0.57 (0.17, 0.98) 0.0056 

Number of Comorbidities -0.17 (-0.43, 0.09) 0.21 0.35 (0.04, 0.65) 0.0264 0.52 (0.24, 0.79) 0.0002 
aMean differences are Group 1 – Group 2 and are calculated for continuous variables; mean differences for categorial variables were calculated 
using lox(x)-formed relationships. 
bp-values are for pairwise comparisons between obesity categories and are significant at p < 0.0167. 
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APPENDIX B 
 

Supplemental Table 2. General Linear Models for WOMAC Pain 

 
Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 

Covariate
s 

b p-
value 

b p-
value 

b p-
value 

b p-
value 

b p-value b p-value b p-value 

Race 
(Black) 

0.26 0.0007 0.25 0.0013 0.24 0.0025 0.24 0.0025 0.20 0.0087 0.15 0.06 0.14 0.06 

Agea   -0.04 0.29 -0.03 0.34 -0.03 0.33 -0.03 0.39 0.01 0.81 0.04 0.29 

Gender 
(Female) 

    0.16 0.06 0.16 0.06 0.13 0.11 0.13 0.10 0.12 0.14 

No 
Crepitus 

      0.04 0.71 0.05 0.65 0.05 0.59 0.03 0.76 

College 
Education 

        0.36 <0.0001 0.32 <0.0001 0.28 <0.0001 

BMIa           0.16 <0.0001 0.15 <0.0001 
Depressive 
Symptoms 
(CES-D-
10) 

            0.19 <0.0001 

Abbreviations: WOMAC, indicates Western Ontario and McMaster Universities Osteoarthritis Index; CES-D-10, Center for Epidemiological Studies – 
Depression Scale – 10. 
aContinuous covariates were standardized, and slopes were calculated per unit of standard deviation. 

 
 
 

Supplemental Table 3. General Linear Model for WOMAC Function 

 
Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 

Covariates b p-
value 

b p-
value 

b p-
value 

b p-
value 

b p-value b p-value b p-value 

Race 
(Black) 

0.22 0.0053 0.21 0.0065 0.20 0.0098 0.20 0.0098 0.17 0.0282 0.10 0.22 0.09 0.22 

Agea   -0.01 0.80 -0.01 0.86 -0.01 0.87 -0.002 0.96 0.05 0.16 0.08 0.0166 

Gender 
(Female) 

    0.11 0.18 0.11 0.18 0.09 0.30 0.09 0.28 0.08 0.35 

No Crepitus       -0.02 0.84 -0.01 0.90 -0.001 0.99 -0.03 0.75 

College 
Education 

        0.34 <0.0001 0.29 <0.0001 0.25 0.0003 

BMIa           0.22 <0.0001 0.20 <0.0001 
Depressive 
Symptoms 
(CES-D-10) 

            0.22 <0.0001 

Abbreviations: WOMAC, indicates Western Ontario and McMaster Universities Osteoarthritis Index; CES-D-10, Center for Epidemiological Studies – 
Depression Scale – 10. 
aContinuous covariates were standardized, and slopes were calculated per unit of standard deviation. 
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Appendix C 
 

Supplemental Table 4. Technical Definitions for Gaitrite Spatio-temporal Variables 
Gaitrite Spatio-Temporal Variables Definitions 
Velocity Distance traveled divided by ambulation time. 

Expressed in centimeters per second. 
Converted to meters per second. 

Stance Time Weight bearing portion of the gait cycle. Time 
elapsed between heel strike and toe off of the 
same foot. Expressed in seconds. 

Swing Time Time elapsed between toe off of the current 
footfall and heel strike of the next footfall of 
the same foot. Expressed in seconds. 

Heel Center Heel center of each footprint. Identified by 
calculating the centroid of the heel area 
trapezoid. 

Line of Progression The line connecting the heel centers of two 
consecutive footfalls of the same foot. 

Stride Length Measured on the line of progression between 
heel centers of two consecutive footfalls of 
the same foot. Expressed in centimeters. 

Base of Support The vertical distance from the heel center of 
one footprint to the line of progression formed 
by two footprints of the opposite foot. 
Expressed in centimeters. 

Food Abduction (Toe In/Toe Out) The angle between the line of progression and 
the midline of the footprint. Expressed in 
degrees. 
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APPENDIX D 
 

Medical History Form 
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Demographics Form 
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Western Ontario McMasters Universities Osteoarthritis Index (WOMAC) 
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Intermittent and Constant Osteoarthritis Pain (ICOAP) 
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SF-36 Questionnaire 
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Physical Performance Test (PPT) Form 

 
 
 



 
 

106 

 
 
 



 
 

107 

Short Physical Performance Battery (SPPB) Form 
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Center for Epidemiological Studies – Depression Scale - 10 (CES-D-10) 
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