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Associations of Comorbid Conditions and Transitions 
Across States of Knee Osteoarthritis in a Community- Based 
Cohort
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Jordan B. Renner,1 Louise B. Murphy,2  Leigh F. Callahan,1 Joanne M. Jordan,1 and Amanda E. Nelson1

Objective. To examine relationships between knee osteoarthritis (KOA) and obesity, diabetes mellitus (DM), and 
cardiovascular disease (CVD).

Methods. Associations of time- dependent obesity, DM, and CVD with KOA transition states over approximately 
18 years were examined among 4093 participants from a community- based cohort. Transition states were 1) no knee 
symptoms and no radiographic KOA (rKOA; Kellgren- Lawrence grade ≥2 in at least one knee), 2) asymptomatic rKOA, 
3) knee symptoms only, 4) symptomatic rKOA (sxKOA; rKOA and symptoms in same knee). Markov multistate models 
estimated adjusted hazard ratios (aHRs) and 95% confidence intervals (CIs) for associations between comorbid 
conditions and transitions across states, adjusting for baseline age, sex, race, education, enrollment cohort, birth 
year, and time- dependent knee injury history.

Results. At baseline, 40% of participants had obesity, 13% had DM, and 22% had CVD (mean age = 61 years; 
34% Black; 37% male). Compared with those without obesity, those with obesity had a higher hazard of worsening 
from no rKOA/no symptoms to asymptomatic rKOA (aHR = 1.7; 95% CI = 1.3- 2.2) and from knee symptoms to 
sxKOA (aHR = 1.7; 95% CI = 1.3- 2.3), as well as a lower hazard of symptom resolution from sxKOA to asymptomatic 
rKOA (aHR = 0.5 [95% = CI 0.4- 0.7]). Compared with those without CVD, those with CVD had a higher hazard of 
worsening from no rKOA/symptoms to knee symptoms (aHR = 1.5; 95% CI = 1.1- 2.1). DM was not associated with 
transitions of rKOA.

Conclusion. Prevention of obesity and CVD may limit the development or worsening of rKOA and symptoms.

INTRODUCTION

Osteoarthritis (OA), a leading cause of functional disability 
and the most common type of arthritis, is characterized by a pro-
gression in various transitions between radiographic features (ie, 
osteophytes [bone spurs] and joint space narrowing indicative of 
cartilage loss), joint pain, or both. Of all the joint sites affected 
by OA, the knee is one of the most common and consequential. 
Obesity has been long recognized as a key risk factor for knee OA 
(KOA) (1), and it also is a significant risk factor for cardiovascular 
disease (CVD) and a known risk factor for type 2 diabetes mellitus 
(DM). CVD and DM are frequently comorbid with KOA, and accu-
mulating evidence shows associations between both conditions 

and KOA (2– 5). Pathophysiological mechanisms, such as chronic 
inflammation, reduced physical activity, or common metabolic 
pathways, may link KOA with obesity, CVD, and DM (6). Determin-
ing the impact of common comorbid conditions of obesity, CVD, 
and DM on long- term KOA outcomes may help identify impor-
tant targeted strategies for OA and disability prevention, possibly 
well before the occurrence or progression of KOA. The impact of 
obesity, CVD, and DM, including combinations of these comorbid 
conditions, on the progression across the different states of KOA 
is not known.

KOA, obesity, CVD, and DM are common conditions in 
the population that can differ by sex and race. Compared 
with men, women are more likely to have KOA (7) and have 
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a higher prevalence of obesity (8) but are less likely to have 
CVD and DM (9). Compared with White individuals, Black indi-
viduals are more likely to have obesity (10), CVD (11), or DM 
(12) and are more likely to have both radiographic KOA (rKOA) 
and symptomatic rKOA (sxKOA) (13). Potentially, relationships 
of obesity, CVD, and DM with progression of KOA could vary 
by sex and race.

This study has two purposes. The first purpose was to exam-
ine the independent associations of obesity, CVD, and DM, sep-
arately and when two conditions were present (ie, obesity and 
CVD and obesity and DM), with transitions of KOA in a longitudi-
nal cohort with up to 18 years of follow- up time. To achieve this 
goal, we used Markov multistate models (MSMs) (14– 16) rather 
than a more traditional approach such as the Cox proportional 
hazards model because the multistate framework has the ability 
to model multiple event transitions between rKOA and sxKOA, 
recovery from pain, and death within a single statistical model, 
while simultaneously allowing covariate effects to vary for each 
transition. MSMs can address other important issues in longitu-
dinal studies, such as missing data and interval censoring with 
the event of interest known to occur in the interval between two 
follow- up visits but with unknown precise timing (17). This capa-
bility to model interval- censored events was of particular inter-
est because of the 6- year interval, on average, between visits in 
our study. The second purpose was to determine associations 
between these comorbid conditions and the transitions of KOA 
stratified separately by sex and race (White versus Black). Our 
hypothesis was that those with each comorbid condition (sep-
arately and concomitantly) would have higher hazards for transi-
tions of developing or worsening KOA or symptoms compared 
with those without the comorbid condition and that these associ-
ations would differ by sex and race.

PATIENTS AND METHODS

Study population. The study sample was from the John-
ston County OA Project (JoCoOA), a community- based pro-
spective cohort of civilian, noninstitutionalized participants in 
Johnston County, North Carolina. This study comprises Black 
and White men and women aged 45 years or older. Baseline data 
collection occurred from 1991 to 1997 for the original cohort (18) 
or from 2003 to 2004 for the enrichment cohort (19). Because OA 
is a slowly developing condition, follow- up data were collected 
every 6 years, on average, during 1999 to 2003 for the original 
cohort and during 2006 to 2011 and 2013 to 2015 for both the 
original and enrichment cohorts. The median follow- up times for 
the original and enrichment cohorts were 19.3 and 12.1 years, 
respectively. Using the National Death Index, vital status for all 
participants was assessed through December 31, 2015. Inclusion 
criteria were the availability of baseline covariates, knee X- rays, 
and mortality data, resulting in an initial study sample total of 4093 
participants for analysis.

Assessment of KOA and symptom outcomes. Knee 
radiographs were collected at each research clinic visit. During 
1991 to 1997, anteroposterior (AP) films were obtained with the 
participant standing with knees fully extended. Because of evi-
dence that posterioanterior (PA) views for OA assessment are 
superior for reproducibility in research studies (20,21), the knee 
radiography approach for JoCoOA was changed in 1999 to 
weight- bearing fixed flexion PA radiographs of both knees using 
the Synaflexer® positioning device; this method was used for 
all subsequent study visits. Agreement has been shown to be 
high between AP and PA reads in the JoCoOA for rKOA (agree-
ment = 89%; κ = 0.73) (22). At all study visits, participants were 
asked, “On most days, do you have pain, aching, or stiffness in 
your [right/left] knee?” Knee symptoms were considered present 
if the response was affirmative. At the participant level, if present 
in at least one knee, the following were defined: 1) rKOA based 
on a Kellgren- Lawrence grade of 2 or more or total knee replace-
ment (TKR); 2) knee symptoms based on self- report of knee pain, 
aching, or stiffness on most days; and 3) sxKOA based on the 
presence of rKOA or TKR and knee symptoms in the same knee.

Main effects: comorbid conditions. The three comor-
bidities were assessed at each study visit. Obesity was defined as 
a measured body mass index (BMI) of 30.0 kg/m2 or more. Other 
BMI categories were underweight (<18.5 kg/m2), normal (18.5 to 
<25 kg/m2), and overweight (25 to <30 kg/m2). DM was based 
on an affirmative response to a question about whether a doc-
tor, nurse, or health professional had told the participant whether 
they have now or have ever had “diabetes or high blood sugar.” 
Across the first three data collection time points, assessment of 
CVD status was consistent with National Health Interview Survey 
questions, progressively including more specific items with each 
subsequent study visit. At baseline, CVD was defined based on 
self- report of heart attack, other heart problems, or cerebrovascu-
lar accident. At the first follow- up visit, self- reports of angina and 
congestive heart failure were added to the CVD questions; by the 
second follow- up visit, peripheral vascular disease was included. 
All comorbidity indicators were analyzed as time dependent 
across visits for all participants; obesity could develop or revert 
for a participant over time, whereas DM and CVD were conditions 
that were managed as absent until they were reported by a partic-
ipant and could not revert once indicated.

Covariates. At baseline, age, sex, race, years of formal 
education, and birth year were collected via self- report. History 
of knee injury or fracture was based on an affirmative response to 
one of two questions, which changed with time to reflect the evo-
lution of these questions in other OA cohorts (23), as follow: “Has 
a doctor ever told you that you broke or fractured your [right/left] 
knee?” and “Other than a fracture, have you injured your [right/
left] knee enough to require a cane, cast, or crutch for two weeks 
or longer?”
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Statistical analysis. All analyses were conducted at the 
participant level (ie, individual- specific). The analysis considered 
intervals between data collected among the baseline and up to 
three follow- up time points (ie, one to three intervals per partici-
pant) or death. All participants, even those who only completed 
a baseline visit, were included because they could still transition 
to death. Intervals were analyzed using MSM with the following 
four transient states: 1) no rKOA or knee symptoms (state A), 2) 
asymptomatic rKOA (ie, rKOA without symptoms in the same 
knee; state B), 3) knee symptoms only (state C), and 4) sxKOA 
(state D) (Figure 1). The MSM modeled the difference in time from 
baseline (in years) to a transition event recorded during a follow- up 
visit; any additional transition event would contribute the added 
time as the difference from baseline. For example, a participant 
who starts in state A at baseline and transitions to state B at 
the first follow- up (5 years from baseline) would be recorded as 
experiencing this transition event (state A to state B) at 5 years; 
if they go on to transition again, this time from state B to state D, 
at the third follow- up visit (17 years from baseline), they would 
also be recorded as experiencing the state B to state D transition 
event at 17 years from baseline. If a participant missed an interim 
follow- up visit, the interval for such a participant was specified 
as being longer for analysis purposes, not ending until the next 
visit in which they participated. Death, which is an absorbing (ie, 
final) state from which no transitions can emerge, was included 
in models to differentiate being lost to follow- up (censored) versus 
being physically unable to transition because of death. Follow- up 
time to the final, absorbing state was calculated from baseline 

assessment until censoring, which took place when a participant 
was lost to follow- up or reached the end of study period (Decem-
ber 31, 2015). These transitions to the absorbing state were not 
a focus of this study; associations between rKOA, symptoms, 
CVD, and mortality have been previously reported for the JoCoOA 
(24). The three types of transitions studied were developing rKOA 
(either state A to state B or state C to state D), developing knee 
symptoms (state A to state C or state B to state D), and resolving 
knee symptoms (state C to state A or state D to state B). Other 
transitions (eg, diagonal transitions across no rKOA or knee symp-
toms to sxKOA) were uncommon and were excluded for parsi-
mony. The hazard ratios for a transition from one state to another 
were estimated on the basis of the Markovian assumptions that 
a future transition is contingent on the current state and that the 
risk of the transition is constant. Transitions in KOA and symp-
toms states are known to differ by age, and, thus, we relaxed the 
assumption using time- inhomogeneous (time- dependent) MSM 
piecewise exponential models in which age was partitioned into 
two intervals (45- 64 years and ≥65 years) (25). A constant haz-
ard, with an exponential distribution, was assumed within each of 
these two separate age intervals, meaning that estimates could 
change at the cutoff point of age 65. Hence, transition intensities 
were piecewise constant within these two age intervals. The mod-
els were fitted using the msm R package, which allows one to 
estimate Markov models with interval- censored transition times.

Independent associations for comorbid conditions with each 
knee state transition were estimated as adjusted hazard ratios 
(aHRs) and 95% confidence intervals (CIs), adjusting for the other 

Figure 1. Five- state progressive model for knee status among 4093 study participants. The numbers beside their corresponding transition 
arrows indicate the number of transition instances, not individuals, over the follow- up period. Transitions to death (the absorbing state) are 
included in models, but results of main effects on these transitions are not reported because they were not the aim of this study. Diagonal 
transitions across states were uncommon, and, thus, were excluded for parsimony. The transitions analyzed are in boldface arrows. rKOA, 
radiographic knee osteoarthritis; A, stage A (no rKOA or knee symptoms); B, stage B (asymptomatic rKOA); C, stage C (knee symptoms only); 
D, stage D (sxKOA); E, stage E (death); sxKOA, symptomatic rKOA.
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two comorbid conditions and seven relevant baseline demograph-
ics (continuous age and dichotomous sex, race [African Ameri-
can versus White], and education [<12 years versus ≥12 years], 
time- dependent history of knee injury or fracture, enrollment 
cohort [original or enrichment], and mean- centered birth year [to 
account for calendar effects]). Given the extensive associations 
involving obesity, the main effects model was conducted with the 
following two different comparisons for the obesity variable: 1) 
obesity versus no obesity (Model 1A) and 2) overweight versus 
normal BMI and obesity versus normal BMI (Model 1B). Estimates 
were calculated for the overall sample and separately by sex and 
race. Effects by sex and race were analyzed in Model 1A only 
because Model 1B failed to converge. Finally, because some par-
ticipants may have more than one comorbid condition, we exam-
ined coexisting comorbid conditions involving obesity (ie, obesity 
plus DM and obesity plus CVD). Both models were adjusted for 
baseline values of birth year, study cohort, age, sex, race, and 
education and for time- dependent knee injury. For the model of 
obesity and DM, we also adjusted for CVD and the grouping on 
the basis of the cross- classification of BMI status and DM status. 
For the model of obesity and CVD, we additionally adjusted for 
DM and the grouping on the basis of the cross- classification of 
BMI status and CVD status.

RESULTS

From the initial study sample of 4182 participants with knee 
radiographs and mortality data, 89 (2.1%) were missing at least 

one baseline covariate (Figure 2). Under complete case analysis 
considering all relevant covariates of interest, the final analytic 
sample comprised 4093 participants with baseline and up to three 
follow- up assessments, which occurred every 6 years, on aver-
age. Of those 4093 participants, 1629 (39.8%) did not complete 
any follow- up visits and were censored at the end of follow- up 
(December 31, 2015). At baseline, the sample had a mean age of 
61 years (SD = 10.5); 37% of participants were men, 34% were 
Black, and 36% had less than 12 years of education (Table 1). A 
smaller number of participants completed the final third follow- up 
visit compared with baseline; approximately one- tenth did not par-
ticipate, half had died by this visit, and one- quarter belonged to the 
enrichment cohort, which had not yet completed a third follow- up 
visit, by study design. Approximately one- fifth of participants 
reported a knee injury or fracture at baseline, which increased to 
approximately one- third by the end of the follow- up period. Over 
the follow- up period, those with a normal BMI range decreased 
from 23% to 14%, whereas those with obesity increased from 
40% to 51%. The frequency of both DM and CVD more than dou-
bled over time (from 13% to 30% for DM and from 22% to 48% 
for CVD). Proportions of transition states changed from baseline 
to third follow- up for no rKOA or knee symptoms (45% to 29%), 
asymptomatic rKOA (10% to 36%), knee symptoms only (27% to 
9%), and sxKOA (17% to 26%).

Associations between KOA state transitions and 
individual comorbidities. Results of each comorbid condi-
tion’s (ie, obesity, DM, and CVD) main effect on the transitions 
between states of KOA are given in Table 2, shown separately 

Figure 2. Johnston County Osteoarthritis Project participants with data available for analyses (n = 4093). BMI, body mass index; CVD, 
cardiovascular disease; DM, diabetes mellitus; KOA, knee osteoarthritis; MSM, Markov multistate model; T0, baseline time point for Original 
Cohort; T1*, baseline time point for Enrichment Cohort.
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as comparisons of obesity versus no obesity (normal BMI and 
overweight; Model 1A) and overweight versus normal and obesity 
versus normal (Model 1B), respectively.

For Model 1A, those with obesity or those who developed 
obesity (compared with those without obesity) had a higher haz-
ard of developing rKOA, regardless of whether symptoms were 
already present (onset of asymptomatic rKOA among those who 
were previously without symptoms or rKOA [state A to state B: 
aHR = 1.71; 95% CI = 1.33- 2.18] and onset of symptomatic 
rKOA among those with knee symptoms only [state C to state 
D: aHR = 1.71; 95% CI = 1.28- 2.27]). Individuals with obesity 
also had a lower hazard of resolving knee symptoms if rKOA was 
already present (state D to state B: aHR = 0.50; 95% CI = 0.35- 
0.70). Having or developing DM was not associated with any of 
the modeled transitions. Those with CVD or those who developed 
CVD (compared with those without CVD) had a higher hazard of 
developing knee symptoms (onset of knee symptoms only [state 
A to state C: aHR = 1.53; 95% CI = 1.12- 2.09]).

For Model 1B, obesity effects on the hazard of the previ-
ously mentioned transitions were stronger when compared with 
those with a normal BMI. Those with obesity (compared with those 
with a normal BMI) had a higher hazard of developing asympto-
matic rKOA among those without rKOA or knee symptoms (state 
A to state B: aHR = 2.17; 95% CI = 1.58- 2.99) and a higher hazard 

of developing sxKOA among those with knee symptoms already 
present (state C to state D: aHR = 3.68; 95% CI = 2.00- 6.76). 
Those who were overweight (compared with those with a normal 
BMI) also had an increased hazard of developing rKOA whether 
or not knee symptoms were already present (state A to state B 
and state C to state D). Among those without rKOA (compared 
with those with normal BMI), those with obesity had a significantly 
lower hazard (aHR = 0.64; 95% CI = 0.45- 0.91) of resolving knee 
symptoms (state C to state A). Similar to Model 1A, having or 
developing DM was not associated with any of the transitions, and 
those who had or developed CVD (compared with those without 
CVD) had a significantly higher hazard of developing knee symp-
toms (state A to state C: aHR = 1.52; 95% CI = 1.12- 2.08).

Associations between KOA state transitions and 
individual comorbidities by sex and race. Results stratified 
by sex are shown in Table 3. The result of obesity increasing the 
hazard of developing rKOA with (state A to state B) or without 
(state C to state D) knee symptoms present was statistically sig-
nificant among women. The lower hazard of resolving knee symp-
toms with rKOA already present (state D to state B) for individuals 
with obesity was similar among women and men. For both sexes, 
no associations were observed between having or developing DM 
and any of the modeled transitions. The result of CVD increasing 

Table 1. Descriptive characteristics of 4093 Johnston County Osteoarthritis Project participants with complete data

Characteristics

Study Visit

Baseline  
(1991- 1997 

or 2003- 2004; 
n = 4093)

First Follow- Up (1999- 2003 
or 2006- 2011; (n = 2421; 

6.0 ± 1.2 Years From 
Baseline)

Second Follow- Up  
(2006- 2011 or 2013- 2015; 
n = 1436; 12.2 ± 1.5 Years 

From Baseline)

Third Follow- Up 
(2013- 2015; n = 552; 
18.4 ± 1.5 Years From 

Baseline)a

Demographic/clinical
1991- 1997 cohort, n (%) 3060 (74.8) 1829 (75.6) 1104 (76.9) 552 (100)
Age, years, mean ± SD 61.0 ± 10.5 65.8 ± 9.8 69.9 ± 8.4 73.3 ± 7.0
Male sex, n (%) 1501 (36.7) 815 (33.7) 465 (32.4) 186 (33.7)
Black, n (%) 1402 (34.3) 770 (31.8) 439 (30.6) 156 (28.3)
<12 years education, n (%) 1459 (35.6) 727 (30.0) 311 (21.7) 80 (14.5)
Knee injury, n (%) 776 (19.0) 666 (27.5) 422 (29.4) 176 (31.9)

Comorbid conditions, n (%)
BMI categories (kg/m2)

Underweight (BMI < 18.5 
kg/m2)

41 (1.0) 18 (0.7) 10 (0.7) 2 (0.4)

Normal (18.5 ≤BMI<25.0) 925 (22.6) 433 (17.9) 210 (14.6) 78 (14.1)
Overweight 

(25.0≤BMI<30.0)
1487 (36.3) 846 (34.9) 482 (33.6) 191 (34.6)

Obese (BMI ≥ 30.0 kg/m2) 1640 (40.1) 1124 (46.4) 734 (51.1) 281 (50.9)
DM 538 (13.1) 459 (19.0) 366 (25.5) 163 (29.5)
CVD 899 (22.0) 787 (32.5) 599 (41.7) 263 (47.6)

Transition states, n (%)
KOA and symptoms

No rKOA or symptoms 1852 (45.2) 940 (38.8) 505 (35.2) 160 (29.0)
Asymptomatic rKOA 417 (10.2) 373 (15.4) 376 (26.2) 196 (35.5)
Knee symptoms only 1115 (27.2) 547 (22.6) 178 (12.4) 52 (9.4)
sxKOA 709 (17.3) 561 (23.2) 377 (26.3) 144 (26.1)

Abbreviation: BMI, body mass index; CVD, cardiovascular disease; DM, diabetes mellitus; KOA, knee osteoarthritis; rKOA, radiographic KOA; 
sxKOA, symptomatic KOA.
a All third follow- up visits are from the original cohort (1991- 1997) because the enrichment cohort could not have had their third follow- up visit 
by December 31, 2015. 
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the hazard of only developing knee symptoms (state A to state C) 
was statistically significant among men.

Results stratified by race are shown in Table 4. Having obesity 
increased the hazard of only developing knee symptoms (state A 

to state C) among White individuals but not Black individuals. Sim-
ilarly, for both races, having obesity increased the hazard of devel-
oping rKOA with (state A to state B) or without (state C to state D) 
knee symptoms present and decreased the hazard of resolving 

Table 3. aHRs and 95% CIs for comorbid conditions, individually, on modeled transition states comparing obesity with no obesity over the 
full Follow- up period, by sex (n = 4093)

Type of 
Transition

State  
Transitions

Obesity (Vs No obesity) 
[n (Vs n) for Transitions; aHR 

(95% CI)]a

DM (Vs No DM)  
[n (Vs n) for Transitions; 

aHR (95% CI)]a

CVD (Vs No CVD)  
[n (Vs n) for Transitions; 

aHR (95% CI)]a

Women
Developing 

rKOA
No rKOA or knee symptoms → 

asymptomatic rKOA
74 (vs 79); 2.02 (1.45- 2.80) 32 (vs 121); 0.98 (0.61- 1.57) 51 (vs 102); 1.17 (0.80- 1.72)

Knee symptoms only → sxKOA 98 (vs 36); 1.81 (1.28- 2.58) 30 (vs 104); 0.67 (0.39- 1.15) 60 (vs 74); 0.77 (0.53- 1.11)
Developing knee 

symptoms
No rKOA or knee symptoms → 

Knee symptoms only
107 (vs 118); 1.29 (0.92- 1.82) 41 (vs 184); 1.12 (0.68- 1.86) 80 (vs 145); 1.33 (0.91- 1.95)

Asymptomatic rKOA → sxKOA 65 (vs 38); 0.96 (0.60- 1.53) 29 (vs 74); 0.97 (0.55- 1.73) 51 (vs 52); 1.10 (0.69- 1.73)
Resolving knee 

symptoms
Knee symptoms only → no 

rKOA or knee symptoms
95 (vs 123); 0.75 (0.53- 1.06) 51 (vs 167); 1.00 (0.59- 1.67) 78 (vs 140); 0.80 (0.55- 1.15)

sxKOA → asymptomatic rKOA 84 (vs 40); 0.47 (0.31- 0.71) 35 (vs 89); 0.78 (0.45- 1.35) 56 (vs 68); 1.26 (0.83- 1.91)
Men

Developing 
rKOA

No rKOA or knee symptoms → 
asymptomatic rKOA

43 (vs 65); 1.36 (0.93- 1.99) 25 (vs 83); 0.92 (0.50- 1.66) 28 (vs 80); 0.83 (0.48- 1.44)

Knee symptoms only → sxKOA 37 (vs 23); 1.27 (0.78- 2.07) 15 (vs 45); 0.63 (0.31- 1.29) 16 (vs 44); 0.65 (0.35- 1.20)
Developing knee 

symptoms
No rKOA or knee symptoms → 

knee symptoms only
36 (vs 48); 1.17 (0.72- 1.90) 9 (vs 75); 0.39 (0.13- 1.12) 35 (vs 49); 2.17 (1.24- 3.81)

Asymptomatic rKOA → sxKOA 23 (vs 16); 0.84 (0.44- 1.61) 7 (vs 32); 0.87 (0.33- 2.31) 10 (vs 29); 0.72 (0.27- 1.94)
Resolving knee 

symptoms
Knee symptoms only → no 

rKOA or knee symptoms
44 (vs 46); 0.82 (0.51- 1.32) 21 (vs 69); 0.85 (0.47- 1.55) 38 (vs 52); 1.29 (0.76- 2.18)

sxKOA → asymptomatic rKOA 35 (vs 26); 0.58 (0.33- 1.00) 15 (vs 46); 0.85 (0.40- 1.82) 23 (vs 38); 1.12 (0.57- 2.19)
Abbreviation: aHR, adjusted hazard ratio; CI, confidence interval; CVD, cardiovascular disease; DM, diabetes mellitus; rKOA, radiographic knee 
osteoarthritis; sxKOA, symptomatic knee osteoarthritis; vs, versus.
a Model is adjusted for baseline values of birth year, study cohort, age, race, and education and time- dependent obesity, DM, CVD, and knee 
injury. 

Table 4. aHRs and 95% CIs for comorbid conditions, individually, on modeled transition states comparing obesity with no obesity over the 
full follow- up period, by race (n = 4093)

Type of 
Transition

State  
Transitions

Obesity(Vs No Obesity)  
[n (Vs n) for Transitions;  

aHR (95% CI)]a

DM(Vs No DM)  
[n (Vs n) for Transitions; 

aHR (95% CI)]a

CVD(Vs No CVD)  
[n (Vs n) for Transitions; 

aHR (95% CI)]a

White
Developing 

rKOA
No rKOA or knee symptoms → 

asymptomatic rKOA
74 (vs 116); 1.64 (1.22- 2.19) 39 (vs 151); 1.11 (0.70- 1.75) 57 (vs 133); 1.03 (0.71- 1.50)

Knee symptoms only → sxKOA 88 (vs 47); 1.63 (1.18- 2.26) 24 (vs 111); 0.86 (0.50- 1.48) 48 (vs 87); 0.67 (0.45- 1.00)
Developing 

knee 
symptoms

No rKOA or knee symptoms → 
knee symptoms only

103 (vs 128); 1.47 (1.07- 2.01) 31 (vs 200); 0.95 (0.55- 1.62) 86 (vs 145); 1.72 (1.20- 2.47)

Asymptomatic rKOA → sxKOA 53 (vs 38); 1.05 (0.66- 1.65) 21 (vs 70); 0.74 (0.38- 1.45) 38 (vs 53); 1.23 (0.73- 2.07)
Resolving 

knee 
symptoms

Knee symptoms only → (A) no 
rKOA or knee symptoms

89 (vs 123); 0.76 (0.54- 1.06) 44 (vs 168); 1.05 (0.63- 1.75) 78 (vs 134); 1.03 (0.71- 1.48)

sxKOA → asymptomatic rKOA 72 (vs 51); 0.54 (0.36- 0.80) 29 (vs 94); 0.69 (0.39- 1.23) 50 (vs 73); 1.26 (0.80- 1.98)
Black

Developing 
rKOA

No rKOA or knee symptoms → 
asymptomatic rKOA

43 (vs 28); 1.79 (1.13- 2.85) 18 (vs 53); 0.68 (0.36- 1.30) 22 (vs 49); 1.14 (0.67- 1.92)

Knee symptoms only → sxKOA 47 (vs 12); 2.05 (1.07- 3.92) 21 (vs 38); 0.57 (0.30- 1.11) 31 (vs 28); 0.84 (0.48- 1.47)
Developing 

knee 
symptoms

No rKOA or knee symptoms → 
knee symptoms only

40 (vs 38); 0.86 (0.49- 1.51) 19 (vs 59); 0.84 (0.42- 1.67) 29 (vs 49); 0.99 (0.52- 1.91)

Asymptomatic rKOA → sxKOA 35 (vs 16); 0.66 (0.34- 1.25) 15 (vs 36); 1.16 (0.54- 2.47) 23 (vs 28); 0.80 (0.41- 1.54)
Resolving 

knee 
symptoms

Knee symptoms only → no 
rKOA or knee symptoms

50 (vs 46); 0.70 (0.41- 1.17) 28 (vs 68); 0.75 (0.41- 1.38) 38 (vs 58); 0.73 (0.44- 1.21)

sxKOA → asymptomatic rKOA 47 (vs 15); 0.46 (0.24- 0.90) 21 (vs 41); 0.99 (0.49- 2.03) 29 (vs 33); 1.21 (0.67- 2.19)
Abbreviation: aHR, adjusted hazard ratio; CI, confidence interval; CVD, cardiovascular disease; DM, diabetes mellitus; rKOA, radiographic knee 
osteoarthritis; sxKOA, symptomatic knee osteoarthritis; vs, versus.
a Model is adjusted for baseline values of birth year, study cohort, age, sex, and education and time- dependent obesity, DM, CVD, and knee injury. 
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knee symptoms with rKOA already present (state D to state B). 
For either racial group, having or developing DM was not asso-
ciated with any transitions. The presence of CVD increased the 
hazard of developing knee symptoms (state A to state C) among 
White participants but not Black participants.

Associations between KOA state transitions and 
coexisting comorbidities. Finally, coexisting comorbid con-
ditions involving obesity were considered (Supplementary Table). 
The combination of obesity and DM was associated with the 
hazard of developing asymptomatic rKOA (state A to state B). 
Notably, those with both obesity and DM had a lower hazard 
(aHR = 0.42; 95% CI = 0.19- 0.93) of resolving knee symptoms 
with rKOA already present (state D to state B). Having both obe-
sity and CVD (compared with those without CVD and a normal 
BMI) was associated with developing rKOA (state A to state B 
and state C to state D) and both developing (state A to state C) 
and resolving knee symptoms without rKOA (state C to state A).

DISCUSSION

In this longitudinal analysis of a community- based cohort, mul-
tivariable results suggest several relationships between obesity 
and CVD and knee state transitions that were independent of 
relevant demographic and clinical factors. Associations were not 
observed for DM and transitions of KOA. This study provides 
novel findings of differences in the associations by sex and race 
as well as the combined impact of two comorbidities (obesity and 
DM or obesity and CVD) on knee state transitions. Additionally, 
this research adds to our understanding of comorbid conditions 
and state transitions at joint sites, which we previously reported for 
the hip (26) and hand (27).

Specifically, both obesity and an overweight status were 
associated with worsening of rKOA, which aligns with extensive 
evidence of a higher BMI, principally obesity, being a major risk 
factor for KOA (28– 32). By examining state transitions in KOA and 
symptoms, the present study extends prior knowledge by show-
ing a link of obesity and overweight status with a worsening of 
rKOA, irrespective of the presence of baseline knee symptoms. 
Associations were attenuated and not statistically significant for 
obesity and overweight status with developing knee symptoms. 
These results suggest that a higher BMI may have more of an 
influence on the joint structure than pain mechanisms at the knee; 
potentially, obesity and overweight status contribute to articular 
changes at the knee, either by mechanical overload or by meta-
bolic factors (33). Although obesity played less of a role in devel-
oping knee symptoms than in developing rKOA, resolving knee 
symptoms was inversely associated with obesity, suggesting 
that individuals with obesity are much less likely to experience an 
improvement in knee symptoms compared with those who have 
a normal weight. Maintaining a normal weight may be advanta-
geous for resolving knee symptoms, which could subsequently 

improve other knee- related factors associated with symptoms 
such as physical function and quality of life.

In analyses of other comorbid conditions, DM was not inde-
pendently related to knee transitions, whereas CVD was inde-
pendently associated with developing knee symptoms among 
those without rKOA at baseline. Of note, CVD was not associated 
with developing rKOA (asymptomatic or symptomatic). Collec-
tively, prior studies and the present results may indicate a complex 
interrelationship of obesity, CVD, and knee pain/OA, which may 
be driven by low physical activity and disability. This study demon-
strated the effects of these conditions on KOA, but KOA also may 
influence these conditions directly or indirectly via reduced phys-
ical activity. In models with two coexisting comorbid conditions 
(ie, obesity and DM and obesity and CVD), effects were generally 
stronger; these associations were likely driven by obesity, but the 
presence of DM or CVD also contributed. Largely, these results 
support interventions to prevent or manage comorbid conditions 
to mitigate the development of knee symptoms and OA, which 
could ultimately impact mobility and other health outcomes.

Considering the paradoxical protective association of obesity 
and progression of KOA in observational studies due to collider 
bias, we considered whether this bias may be present in the results 
of our study. If we were not observing an effect from obesity or 
overweight status on most of the transitions, we would be con-
cerned about the potential for collider bias. However, our results 
demonstrate an effect. Considering that our analyses may be prone 
to attenuating the BMI effect, we noted that we continue to observe 
an effect of BMI even after adjusting for DM or CVD, which may 
indicate that collider bias is doubtful. Additionally, post hoc directed 
acyclic graphs showed that obesity could be on the causal path-
way to developing DM or CVD, but KOA leading to DM or CVD is 
questionable, further suggesting that collider bias is unlikely.

In analyses stratified by sex, obesity was statistically associ-
ated with a higher hazard of developing rKOA regardless of knee 
symptom presence in women, but the estimate was lower and 
not statistically significant in men. Among men, CVD was associ-
ated with a higher hazard of developing knee symptoms without 
rKOA. Overall, differences by race were few. For both White and 
Black participants, obesity was associated with a higher hazard 
of developing rKOA and a lower hazard of resolving knee symp-
toms. The only dissimilarity was that obesity and CVD were both 
associated with a higher hazard of developing knee symptoms 
among White participants but not Black participants. Because a 
larger percentage of Black participants had baseline knee symp-
toms compared with White participants, the sample available for 
knee symptom transitions was smaller, which may partly explain 
the differences between groups and the less precise estimates 
among Black participants.

Strengths of this study include the credible assessment of 
rKOA and joint symptoms, long (up to 18 years) follow- up, com-
munity basis, inclusion of Black as well as White men and women, 
and use of a relatively novel analytical approach that can model 
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several transitions and accommodate the cohort’s interval cen-
soring. There were several limitations as well. First, there was self- 
report of two conditions (CVD and DM), although, compared with 
the medical record, self- report of DM has high positive predictive 
values, and self- report of some CVD risk factors has shown mod-
erate to good sensitivity (34,35). Second, there was a limited sam-
ple size for analyses by sex and race. Stratified analyses of the sex 
and race subgroups (ie, White women, White men, Black women, 
and Black men) were not conducted because of smaller sample 
sizes, particularly among Black men. Third, sample sizes were too 
small to conduct analyses of coexisting comorbid conditions (ie, 
obesity and DM and obesity and CVD) by sex and race. Fourth, 
comprehensive data on all aspects of treatment strategies (eg, 
diet, exercise interventions, rehabilitation, and medications) were 
not available for all participants at all follow- up points and were 
not included in the models. Fifth, analyses were conducted at the 
person level, and thus examinations of unilateral/bilateral disease 
or Kellgren- Lawrence grade severity were not conducted, as they 
require a different analytical approach at the joint level. Also, this 
analysis examined structure and pain but did not include func-
tion, another important aspect of KOA. Examining KOA transition 
states in physical function will be a topic of future study in the 
JoCoOA. Finally, there was some cohort attrition, with an approxi-
mately 30% loss to follow- up after their baseline visits that was not 
attributed to mortality. Although some participants could not be 
contacted (17%) or declined to continue participation in the study 
(44%), many of those lost to follow- up had moved out of the study 
area (20%) or became physically or mentally unable to participate 
(18%). Given the possibility of unobservable characteristics con-
tributing to this missingness, these data could be missing not at 
random. Because of the extreme complexity in simultaneously 
implementing both the MSM methods using the msm R package 
and advanced imputation methods assuming a missing- not- at- 
random mechanism for multiple variables, estimates in this report 
are based on data with complete case information.

In summary, our results suggest that obesity and CVD are risk 
factors associated with transitions across rKOA and knee symptom 
states that are independent of relevant demographic and clinical 
factors. Despite simultaneous adjustment of all three comorbid-
ities, these associations persisted, which suggests independent 
effects of these conditions on KOA and knee symptom state 
transitions. Potential differences by sex and race require further 
examination in additional populations. For public health messaging 
and clinical care, these study results support advising individuals 
with obesity and who are overweight to modify weight, particu-
larly among those with other comorbid conditions such as DM and 
CVD, in order to prevent the development of KOA and knee symp-
toms and perhaps to encourage knee symptom resolution.

ACKNOWLEDGMENTS

The authors thank the participants and staff of the Johnston County 
Osteoarthritis Project for their diligent work on this study.

AUTHOR CONTRIBUTIONS

All authors were involved in drafting the article or revising it critically 
for important intellectual content, and all authors approved the final version 
to be published. Dr. Golightly had full access to all of the data in the study 
and takes responsibility for the integrity of the data and the accuracy of 
the data analysis.
Study conception and design. Golightly, Alvarez, Arbeeva, Cleveland, 
Schwartz, Renner, Murphy, Callahan, Jordan, Nelson.
Acquisition of data. Renner, Jordan.
Analysis and interpretation of data. Golightly, Alvarez, Arbeeva, 
Cleveland, Schwartz, Renner, Murphy, Callahan, Jordan, Nelson.

REFERENCES
 1. Urban H, Little CB. The role of fat and inflammation in the patho-

genesis and management of osteoarthritis. Rheumatology 2018;57 
Suppl 4:iv10– 21.

 2. Louati K, Vidal C, Berenbaum F, Sellam J. Association between dia-
betes mellitus and osteoarthritis: systematic literature review and 
meta- analysis. RMD Open 2015;1:e000077.

 3. Williams MF, London DA, Husni EM, Navaneethan S, Kashyap SR. 
Type 2 diabetes and osteoarthritis: a systematic review and meta- 
analysis. J Diabetes Complications 2016;30:944– 50.

 4. Hoeven TA, Kavousi M, Clockaerts S, Kerkhof HJ, van Meurs JB, 
Franco O, et al. Association of atherosclerosis with presence and 
progression of osteoarthritis: the Rotterdam Study. Ann Rheum Dis 
2013;72:646– 51.

 5. Kim HS, Shin JS, Lee J, Lee YJ, Kim MR, Bae YH, et al. Association 
between knee osteoarthritis, cardiovascular risk factors, and the 
Framingham Risk Score in South Koreans: a cross- sectional study. 
PLoS One 2016;11:e0165325.

 6. Le Clanche S, Bonnefont- Rousselot D, Sari- Ali E, Rannou F, Borderie 
D. Inter- relations between osteoarthritis and metabolic syndrome: A 
common link? [Review]. Biochimie 2016;121:238– 52.

 7. Silverwood V, Blagojevic- Bucknall M, Jinks C, Jordan JL, Protheroe 
J, Jordan KP. Current evidence on risk factors for knee osteoarthritis 
in older adults: a systematic review and meta- analysis. Osteoarthritis 
Cartilage 2015;23:507– 15.

 8. Hales CM, Carroll MD, Fryar CD, Ogden CL. Prevalence of obesity 
among adults and youth: United States, 2015– 2016. NCHS Data 
Brief 2017;288:1– 8.

 9. Benjamin EJ, Muntner P, Alonso A, Bittencourt MS, Callaway 
CW, Carson AP, et al. Heart disease and stroke statistics- 2019 
update a report from the American Heart Association. Circulation 
2019;139:E56– 528.

 10. Ogden CL, Fakhouri TH, Carroll MD, Hales CM, Fryar CD, Li XF, 
et al. Prevalence of obesity among adults, by household income and 
education -  United States, 2011– 2014. MMWR Morb Mortal Wkly 
Rep 2017;66:1369– 73.

 11. Lloyd- Jones D, Adams R, Carnethon M, de Simone G, Ferguson 
TB, Flegal K, et al. Heart disease and stroke statistics– 2009 update: 
a report from the American Heart Association Statistics Committee 
and Stroke Statistics Subcommittee. Circulation 2009;119:480– 6.

 12. Spanakis EK, Golden SH. Race/ethnic difference in diabetes and 
diabetic complications. Curr Diab Rep 2013;13:814– 23.

 13. Dillon CF, Rasch EK, Gu QP, Hirsch R. Prevalence of knee osteo-
arthritis in the United States: arthritis data from the Third National 
Health and Nutrition Examination Survey 1991– 94. J Rheumatol 
2006;33:2271– 9.

 14. Andersen PK, Abildstrom SZ, Rosthoj S. Competing risks as a multi- 
state model. Stat Methods Med Res 2002;11:203– 15.

 15. Commenges D. Multi- state models in epidemiology. Lifetime Data 
Anal 1999;5:315– 27.

 25785745, 2021, 8, D
ow

nloaded from
 https://acrjournals.onlinelibrary.w

iley.com
/doi/10.1002/acr2.11287 by U

niversity O
f N

orth C
arolina, W

iley O
nline L

ibrary on [09/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



STATE TRANSITIONS OF KNEE OSTEOARTHRITIS |      521

 16. Meira- Machado L, de Una- Alvarez J, Cadarso- Suarez C, Andersen 
PK. Multi- state models for the analysis of time- to- event data. Stat 
Methods Med Res 2009;18:195– 222.

 17. Commenges D. Inference for multi- state models from interval- 
censored data. Stat Methods Med Res 2002;11:167– 82.

 18. Jordan JM, Helmick CG, Renner JB, Luta G, Dragomir AD, Woodard J, 
et al. Prevalence of knee symptoms and radiographic and symptomatic 
knee osteoarthritis in African Americans and Caucasians: the Johnston 
County Osteoarthritis Project. J Rheumatol 2007;34:172– 80.

 19. Allen KD, Chen JC, Callahan LF, Golightly YM, Helmick CG, Renner 
JB, et al. Associations of occupational tasks with knee and hip oste-
oarthritis: the Johnston County Osteoarthritis Project. J Rheumatol 
2010;37:842– 50.

 20. Kothari M, Guermazi A, von Ingersleben G, Miaux Y, Sieffert M, Block 
JE, et al. Fixed- flexion radiography of the knee provides reproduc-
ible joint space width measurements in osteoarthritis. Eur Radiol 
2004;14(9):1568– 73.

 21. Le Graverand MP, Vignon EP, Brandt KD, Mazzuca SA, Piperno M, 
Buck R, et al. Head- to- head comparison of the Lyon Schuss and 
fixed flexion radiographic techniques: long- term reproducibility in 
normal knees and sensitivity to change in osteoarthritic knees. Ann 
Rheum Dis 2008;67:1562– 6.

 22. Nelson AE, Renner JB, Shi XA, Shreffler JH, Schwartz TA, Jordan 
JM. Cross- sectional comparison of extended anteroposterior and 
posteroanterior fixed flexion positioning to assess radiographic oste-
oarthritis at the knee: the Johnston County Osteoarthritis Project. 
Arthritis Care Res 2010;62:1342– 5.

 23. Felson DT, Niu J, Yang T, Torner J, Lewis CE, Aliabadi P, et al. 
Physical activity, alignment and knee osteoarthritis: data from MOST 
and the OAI. Osteoarthritis Cartilage 2013;21:789– 95.

 24. Cleveland RJ, Alvarez C, Schwartz TA, Losina E, Renner JB, Jordan 
JM, et al. The impact of painful knee osteoarthritis on mortality: a 
community- based cohort study with over 24 years of follow- up. 
Osteoarthritis Cartilage 2019;27:593– 602.

 25. Perez- Ocon R, Ruiz- Castro JE, Gamiz- Perez ML. A piecewise 
Markov process for analysing survival from breast cancer in different 
risk groups. Stat Med 2001;20:109– 22.

 26. Alvarez C, Cleveland RJ, Schwartz TA, Renner JB, Murphy LB, 
Jordan JM, et al. Comorbid conditions and the transition among 
states of hip osteoarthritis and symptoms in a community- based 
study: a multi- state time- to- event model approach. Arthritis Res 
Ther 2020;22:12.

 27. Scherzer ZA, Alvarez C, Renner JB, Murphy LB, Schwartz TA, 
Jordan JM, et al. Effects of comorbid cardiovascular disease and 
diabetes on hand osteoarthritis, pain, and functional state tran-
sitions: the Johnston County Osteoarthritis Project. J Rheumatol 
2020;47:1541– 9.

 28. Blagojevic M, Jinks C, Jeffery A, Jordan KP. Risk factors for onset 
of osteoarthritis of the knee in older adults: a systematic review and 
meta- analysis. Osteoarthritis Cartilage 2010;18:24– 33.

 29. Grotle M, Hagen KB, Natvig B, Dahl FA, Kvien TK. Obesity and oste-
oarthritis in knee, hip and/or hand: an epidemiological study in the 
general population with 10 years follow- up. BMC Musculoskelet 
Disord 2008;9:132.

 30. Jiang L, Tian W, Wang Y, Rong J, Bao C, Liu Y, et al. Body mass 
index and susceptibility to knee osteoarthritis: a systematic review 
and meta- analysis. Joint Bone Spine 2012;79:291– 7.

 31. Mork PJ, Holtermann A, Nilsen TI. Effect of body mass index and 
physical exercise on risk of knee and hip osteoarthritis: longitudi-
nal data from the Norwegian HUNT Study. J Epidemiol Community 
Health 2012;66:678– 83.

 32. Reijman M, Pols HA, Bergink AP, Hazes JM, Belo JN, Lievense AM, 
et al. Body mass index associated with onset and progression of 
osteoarthritis of the knee but not of the hip: the Rotterdam Study. 
Ann Rheum Dis 2007;66:158– 62.

 33. Kulkarni K, Karssiens T, Kumar V, Pandit H. Obesity and osteoarthri-
tis. Maturitas 2016;89:22– 8.

 34. Dey AK, Alyass A, Muir RT, Black SE, Swartz RH, Murray BJ, 
et al. Validity of self- report of cardiovascular risk factors in a 
population at high risk for stroke. J Stroke Cerebrovasc Dis 
2015;24:2860– 5.

 35. Jackson JM, DeFor TA, Crain AL, Kerby TJ, Strayer LS, Lewis CE, 
et al. Validity of diabetes self- reports in the Women’s Health Initiative. 
Menopause 2014;21:861– 8.

 25785745, 2021, 8, D
ow

nloaded from
 https://acrjournals.onlinelibrary.w

iley.com
/doi/10.1002/acr2.11287 by U

niversity O
f N

orth C
arolina, W

iley O
nline L

ibrary on [09/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


