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Objective: Both obesity and synovitis are independently associated with knee osteoarthritis (KOA) pro-
gression. We examined whether synovitis mediates the relationship between body mass index (BMI) and
KOA radiographic progression in the Osteoarthritis Initiative (OAI) cohort.
Design: We conducted a case-control study within the OAIL Cases (n = 315) were right knees with an
increase of >1 Kellgren-Lawrence from baseline to 48 months of follow-up. Controls (n = 315) were right
knees with no KL change. Cases and controls were matched by age, sex, race, and baseline KL. MRI
Osteoarthritis Knee Score (MOAKS) at baseline and at 2 years was used for a semi-quantitative scoring (0
—3) of effusion-synovitis and Hoffa-synovitis. Conditional logistic regression estimated associations
between BMI and synovitis with KOA progression. Mediation analysis was used to assess the mediating
effects of synovitis.
Results: The mean age of participants was 61 years, 70.8% were women, and 87% were White. KOA
progression was associated with higher BMI (adjusted OR 1.05; 95%CI 1.01—1.09) and effusion-synovitis
relative to no effusion-synovitis (adjusted OR 2.2; 95%CI 1.6—3.1). Associations between effusion-syno-
vitis worsening and KOA progression were more pronounced among obese individuals (OR 34.1; 95%CI
42-274.8; P = 0.001) compared to normal weight (OR 3.2; 95%CI 0.8—12.8, P=0.096) individuals.
Effusion-synovitis at 2 years, but not at baseline, mediated the relationship between BMI and KOA
progression over a 4-year period.
Conclusions: We found that effusion-synovitis worsening mediated the association between BMI and
KOA progression and was associated with increased risk of KOA progression, particularly among obese
individuals.

© 2022 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Introduction

Osteoarthritis (OA) is the most common rheumatic musculo-
skeletal disease, and affected 303 million people globally in 2017". It
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is a chronic disease that can affect any joint, but usually affects the
knee, hands, hip and spine. Its growing prevalence is attributed to
the aging population as well as an increase in risk factors leading to
OA?. Its variable clinical outcomes have a significant impact on the
individual patient, including pain and disability>. OA is responsible
for activity restrictions, especially walking, and leads to poor
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quality of life®. The economic burden of OA on patients and society
is considerable. In 2015 in the United States (US), annual total
healthcare costs and lost wages among adults with OA relative to
those without OA were $1778 and $189 per person, respectively,
resulting in estimated national excess costs of $45 billion and $1.7
billion, respectively®. There is a lack of treatments that can prevent
or slow the progression of OA.

Risk factors of OA can be separated into general health (age,
gender, genetics, metabolic syndrome, obesity, diet), and joint-
related (history of injury or surgery, malalignment, abnormal
loading of the joints, synovial inflammation)>. Body mass index
(BMI) is a risk factor for knee OA (KOA)’. Obese individuals have
1.5—2 times greater risk of developing knee OA and of KOA pro-
gression than individuals with normal BMI®’. Obesity is also
associated with rapid KOA progression (total knee replacement
over a 2-year follow-up)®. Variations in weight also affect KOA
progression, as weight gain is strongly associated with increased
progression of cartilage degeneration in individuals with risk fac-
tors for OA®, and weight loss in obese and overweight people have
reduced cartilage degeneration'’.

Although OA was believed to be a wear and tear disease with
cartilage destruction increasing evidence indicates that low-grade
synovial inflammation (synovitis), contributes to OA progres-
sion'"'2, Synovial inflammation or effusion was present in 46% of
people with symptomatic KOA'3. Synovitis can occur prior to inci-
dent radiographic OA'#, and effusion-synovitis 1—2 years prior to
diagnosis is significantly associated with 1.8—2.5 times risk of
subsequent OA development'>'® and accelerated KOA'”~'°, Syno-
vial inflammation in OA is also associated with more severe pain
and joint dysfunction'®.

A recent study found that overweight or obese BMI status was
significantly associated with a greater prevalence and severity of
synovial inflammation imaging biomarkers (e.g., effusion-synovitis,
size and intensity of infrapatellar fat pad signal abnormality, and
synovial proliferation score)?’; however, whether synovitis medi-
ates the association of BMI and OA is unclear. The aim of this study
was to examine the extent to which synovitis may mediate the
radiographic progression of knee OA observed among those with
higher body weight to provide a better understanding of pathways
explaining the relationship between BMI and KOA.

Material and methods
Database and subject selection

The study utilized data from the Osteoarthritis Initiative (OAI)
cohort (https://oai.nih.gov), which is sponsored by the US National
Institutes of Health (NIH) and fully available in (https://oai.nih.gov),
and details have been published elsewhere?!. Briefly, the OAI is a
longitudinal, multicenter study of 4,796 participants with or at risk
for symptomatic knee OA, aged 45—79 years at enrollment. It aimed
at identifying biomarkers of development and progression of
symptomatic knee OA. Approximately 24% of the OAI participants
were normal weight, 39% were overweight, and 37% were obese.
Approximately 29% of participants with normal BMI, 49% of over-
weight, and 62% of obese had Kellgren-Lawrence (KL) >1 at
baseline.

We conducted a case-control study to control for known risk
factors for knee OA radiographic progression (age, sex, race, and
baseline KL score). The primary outcome was knee OA radiographic
progression, defined by an increase in the knee X-ray of >1 KL score
from baseline to 48 months follow-up. There were 3,284 subjects
with right knee radiographic data available at baseline and at 48
months follow-up were selected. We excluded subjects with KL
score 4 at baseline. Participants with total knee replacement were

included as OA progressors if their KL was <4 at baseline and they
had an increase of >1 KL score before surgery. From 3,105 subjects,
315 right knees had an increase of >1 KL score from baseline to 48
months follow-up. Control right knees were randomly selected by
individually matching for age, sex, race, and baseline KL score. A
total of 630 right knees were included in our study: cases (n = 315)
had KOA radiographic progression, and controls (n = 315) did not
have radiographic progression (Supplementary Fig. 1).

Weight was measured in kilograms, using a calibrated balance
beam scale, with participants without shoes. Height was measured
in millimeters, using a stadiometer, with participants without
shoes. Body mass index (BMI; kg/m?) was calculated as weight in
kilograms divided by the square of the height in meters. BMI was
entered in the models as a continuous variable or as a categorical
variable as follows: normal weight, BMI <24.9 kg/m?; overweight,
BMI 25—29.9 kg/m?); and obese, BMI >30 kg/m?. Waist circum-
ference, a measure of central adiposity, was assessed using a tape
measure over bare skin, with the participant standing.

Imaging and image analysis of the knee

Radiographic progression

Fixed flexion knee radiographs and radiographic KL grades®’
were provided in the OAI database. Subjects with baseline KL
grades of 4 were excluded. Knee osteoarthritis radiographic pro-
gression was defined by an increase in the knee X-ray of >1 KL
score from baseline to 48 months follow-up.

Knee MRI

The OAI 3 Tesla MRI knee protocol includes the following se-
quences: coronal intermediate-weighted”> 2D turbo spin-echo
(TSE), sagittal 3D dual-echo in steady state (DESS) with water
excitation that can be reformatted on the coronal and axial planes,
coronal T1-weighted 3D fast low-angle shot (FLASH), sagittal IW 2D
TSE fat-saturated, and sagittal 2D multi-echo spin-echo (MESE).
Sagittal intermediate-weighted fat-suppressed turbo spin echo
(TR/TE, 3200/30 ms; FA = 180°) and axial reformatted water-exci-
tation dual-echo in steady state (TR/TE, 16.3/4.7 ms; FA = 25°) se-
quences were also used in this study.

Effusion-synovitis and Hoffa-synovitis at baseline and 2 years
follow-up were graded by a fellowship-trained musculoskeletal
radiologist with seven years of experience, blinded to the subject’
clinical information, according to the MRI Osteoarthritis Knee Score
(MOAKS)**. Effusion-synovitis was reported as high signal intensity
(fluid-equivalent) within the joint cavity on the axial reformatted
3D DESS WE MR sequence excluding periarticular cysts and
ganglia: Grade 0 = none (physiological), grade 1 = small (fluid
continuous in the retropatellar space), grade 2 = medium (slight
convexity of the suprapatellar bursa) and grade 3 = large (evidence
of capsular distension). Hoffa-synovitis was reported as diffuse
high-signal intensity within the fat pad on the mid-slices of the
sagittal IW 2D TSE fat-saturated MR sequence. The score was based
on size: 0 = normal, 1 = mild, 2 = moderate, 3 = severe. All images
were analyzed using Osirix DICOM Viewer®.

To assess for both intra- and interobserver variability, twenty
cases were randomly selected and after more than six months had
passed, effusion-synovitis and Hoffa's fat pad synovitis was inde-
pendently scored by a second musculoskeletal radiologist (11 years
of experience) and again by the initial musculoskeletal radiologist.
We obtained an interobserver agreement of 100% (P < 0.001) for
effusion-synovitis and 94% (P < 0.001) for Hoffa synovitis. The
intra-observer agreement was 93% (Cohen's Kappa = 0.93,
P < 0.001) for effusion-synovitis and 94% for Hoffa synovitis
(Cohen's Kappa = 0.94, P < 0.001).
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The corresponding radiographic osteoarthritis knee scores
(Kellgren-Lawrence) previously available in the OAI study were
used for group stratification according to the following grade scale:
grade 0 = none (absence of osteoarthritis), grade 1 = doubtful
(doubtful joint space narrowing), grade 2 = minimal (definite
osteophytes and possible joint space narrowing), grade
3 = moderate (multiple osteophytes, definite joint space narrowing
and slight sclerosis), and grade 4 = severe (large osteophytes,
marked narrowing of joint space, severe sclerosis, deformity of
bone ends)**%.

Statistical analysis

The SPSS Statistics version 26 software was used to perform the
statistical analyses. We obtained p-values with 95% confidence in-
tervals. Descriptive statistics are given as means and standard de-
viation (SD) or percentages. Differences between case and control
baseline characteristics were assessed with Student's t-test
continuous variables and chi-square tests for categorical variables.
Paired t-test and McNemar's chi-square were used to assess the
differences between continuous and categorical characteristics,
respectively, at baseline and after 2 years. Conditional logistic
regression analysis was performed to analyze the association of
BMI, synovitis, and synovitis progression with KOA radiographic
progression, controlling for prior knee injury.

To estimate the proportion of the total effect of BMI on KOA
radiographic progression mediated by synovitis, a mediation
analysis was conducted via the PROCESS macro for SPSS using
5,000 bootstrap samples (SPSS, Inc., Chicago, IL, USA)*®. Logistic
regression models were fit to estimate the total effect, direct effect,
and indirect effect, controlling for prior knee injury®’. The under-
lying model of our analyses is illustrated in Supplementary Fig. 2. In
this framework, the total effect represents the effect of the expo-
sure (BMI) on the outcome (KOA radiographic progression) con-
trolling for knee injury. The direct effect is the effect of BMI on KOA
radiographic progression, controlling for synovitis and knee injury
(pathway C). The indirect effect is the effect of synovitis on KOA
radiographic progression in response to one unit increase of BMI,
controlling for knee injury (through pathway A and B). Using these
estimates, we calculated the estimated proportion mediated of the
total effect of BMI on KOA radiographic progression through sy-
novitis when natural direct effect and natural indirect effect were in
the same direction.

In sensitivity analyses, we performed sex stratified analyses to
examine differences between men and women. We also performed
stratified analyses for KOA radiographic progression by synovitis
worsening and BMI category. To assess whether results differed
among those with advanced KL, we repeated analyses among those
with KL 0/1 and 2/3, separately. To account for potentially non-
linear associations of BMI with synovitis and KOA, we repeated

All Cases Controls P
N=315 N =315

Age (years) 60.9 + 8.3 60.9 + 8.3 60.9 + 8.3 0.99
Sex women (%) 70.8 70.8 70.8 0.99
Race (%)

White/Caucasian 87 87 87 0.99

Black/African American 12.7 12.7 12.7

Others 0.3 0.3 0.3
Education

High school graduate (%) 115 12.2 11 0.50

Some college (%) 233 25.6 20.8

College graduate (%) 223 20.2 244

Some graduate school (%) 8.8 9.1 8.4

Graduate degree (%) 341 33 354
Income

Less than $10 K (%) 24 23 2.4 0.97

$10 K to > $25 K (%) 83 9 7.6

$25 K to < $50 K (%) 253 254 25.1

$50 K to < $100 K (%) 40.0 39.8 40.2

$100 K or greater (%) 241 235 247
Injury in right knee (%) 25.2 279 22.5 0.14
BMI (kg/m?) 28.63 +4.8 29.1 +4.7 282 +49 0.014
BMI

Normal weight (%) 249 21 28.9 0.045

Overweight (%) 37.1 375 36.8

Obesity (%) 379 41.5 343
Abdominal circumference (cm) 10243 + 12.80 103.91 + 12.83 100.95 + 12.62 0.004
Diabetes Mellitus (%) 5.1 4.4 5.7 0.59
Kellgren-Lawrence

KL O (%) 36.8 36.8 36.8 0.99

KL 1 (%) 30.2 30.2 30.2

KL 2 (%) 25.1 25.1 25.1

KL 3 (%) 7.9 7.9 7.9

ol
Table | Osteoarthritisand Cartilage

Baseline characteristics of the study participants
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All Cases Controls P
(N = 315) (N =315)
Effusion-synovitis
Presence (%) 49.8 59.6 40.1 <0.001
Score 0 50.2 40.4 59.9 <0.001
Score 1 439 48.7 39.2
Score 2 5.6 10.3 1
Score 3 0.3 0.3 0
Hoffa-synovitis
Presence (%) 51.9 61.9 42 <0.001
Score 0 48.1 38.1 58 <0.001
Score 1 439 48.1 39.8
Score 2 7 11.9 2.2
Score 3 1 19 0

-
Table Il Osteoarthritisand Cartilage

MRI characteristics of the study participants

mediation analyses using a categorical indicator of BMI (normal
weight vs overweight or obese).

Results
Demographics of the control and case groups

Of the 630 individuals in our sample, there were n = 315 cases
with KOA radiographic progression, and n = 315 controls that did
not have KOA radiographic progression. The mean age (SD) of
participants was 61 + 8 years, 70.8% were women, and 87% were
White (Table I). Baseline knee KL score was as follows: 36.8% grade
0, 30.2% grade 1, 25.1% grade 2% and 7.9% grade 3. There were no
statistically significant differences in age, sex, race, or baseline
history KL scores between cases and controls. There were no

statistically significant differences in education, income, or diabetes
between groups. Medical history of injury in the right knee was
slightly more frequent in cases (27.9% vs 22.5%; P = 0.14) and a
greater proportion of controls were diabetic (5.7% vs 4.4%),
although not statistically significant.

BMI was obtained at the baseline visit. One-fourth (24.9%) of
individuals were normal weight (BMI <24.9 kg/m?), 37.1% were
overweight (BMI 25—29.9 kg/m?) and 37.0% were obese (BMI
>30 kg/m?). Average BMI was 28.63 + 4.8 kg/m?. Compared with
controls, cases had higher BMI (29.1 + 4.7 vs 28.2 + 4.9, P < 0.05),
and were more likely to be obese (41.5% vs 34.3%) than controls
(P < 0.05). Abdominal circumference (102.43 + 12.80) was higher in
cases than in controls (103.91 + 12.83 vs 100.05 + 12.62, P < 0.05).
Of interest, differences in BMI category were apparent in women
(45% obese cases vs 34% obese controls), but not in men (34% obese
cases vs 35% obese controls) (Supplementary Tables 1 and 2).

Effusion-synovitis and Hoffa-synovitis in cases and controls

Effusion-synovitis was present in 49.8% of our sample, with a
mean (SD) score of 0.56 + 0.6, (range 0—3) and 51.9% had Hoffa
synovitis with a score of 0.61 + 0.66 (range 0—3). At baseline, cases
had a higher prevalence of both effusion-synovitis and Hoffa-sy-
novitis than controls (59.6% vs 40.1%, P < 0.01, for effusion-synovitis
and 61.9% vs 42%, P < 0.01, for Hoffa-synovitis respectively: Table II).
When stratified by sex, cases had a greater prevalence of synovitis
effusion compared to controls in men, whereas both effusion-sy-
novitis and Hoffa-synovitis were different in women (Supplemen-
tary Table 3). The prevalence of synovitis did not vary by baseline KL
score (Supplementary Table 4).

Effusion-synovitis and Hoffa-synovitis scores are not associated
with BMI

Recent work showed that being overweight or obese was

significantly associated with a greater prevalence and severity of

synovial inflammation imaging biomarkers®. Therefore, we

Measure of synovitis Indirect effect Direct effect Mediation
Coefficient (95%CI) Coefficient (95%Cl) %
All individuals (N = 619)
Effusion-synovitis 0.0004 (—0.0082, 0.0095) 0.0453 (0.0106, 0.0801) 1
Hoffa-synovitis 0.0013 (-0.0075, 0.0106) 0.0448 (0.0102, 0.0794) 2
Women (N = 446)
Effusion-synovitis 0.0005 (—0.0083, 0.0097) 0.0486 (0.0104, 0.0867) 1
Hoffa-synovitis —0.0013 (-0.0134, 0.0112) 0.0526 (0.0139, 0.0913)
B. Direct and indirect effects of BMI on KOA radiographic progression through synovitis by KL
Measure of synovitis Indirect effect Direct effect Mediation
Coefficient (95%CI) Coefficient (95%CI) %
KL 0—1 (N = 413)
Effusion-synovitis —0.0013 (-0.0119, 0.0078) 0.0475 (0.0052, 0.0897)
Hoffa-synovitis 0.0034 (—0.0049, 0.137) 0.0432 (0.0011, 0.0853) 7

KL 2—-3 (N = 206)
Effusion-synovitis
Hoffa-synovitis

—0.0090 (—0.034, 0.0132)
—0.0208 (—0.0503, 0.006)

0.057 (-0.0069, 0.1207)
0.0711 (0.0061, 0.136)

Coefficients and 95% Cls for product-of-coefficients mediation analysis for the association of BMI on KOA radiographic progression by effusion- or Hoffa-synovitis with
knee injury as a covariate. The SPSS PROCESS macro was used to test the mediating effects. *P < 0.05.

|
Table Il Osteoarthritis and Cartilage

A. Direct and indirect effects of BMI on KOA radiographic progression through synovitis
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determined the synovitis scores per BMI category. As shown in
Supplementary Table 5, there were no statistically significant dif-
ferences between BMI categories with respect to the prevalence or
severity of synovial inflammation. Of interest, the overweight group
was the category with higher presence of synovitis compared to
normal and obese weight. These results were obtained in both men
and women groups and baseline KL score (data not shown). Also,
there were no statistically significant correlations between BMI and
abdominal circumference and synovitis scores (data not shown).

Mediation of the association of BMI with KOA radiographic
progression by synovitis

We first performed conditional logistic regression to determine
the associations of BMI and baseline synovitis with KOA radio-
graphic progression. The odds of KOA radiographic progression was
higher for every kg/m? increase in BMI (adjusted OR 1.05; 95% CI
1.01-1.09, P = 0.006), controlling for prior knee injury, similar
among those with KLO-1 (adjusted OR 1.052; 95% CI 1.052—-1.101,
P = 0.03) and KL2-3 at baseline (adjusted OR 1.057; 95% CI
0.98—1.13, P = 0.112). Moreover, the odds of KOA radiographic
progression was higher among those with effusion-synovitis rela-
tive to no effusion-synovitis (adjusted OR 2.2; 95% CI 1.5—3.1,
P < 0.001) and Hoffa-synovitis relative to no Hoffa-synovitis
(adjusted OR 2.2; 95% CI 1.6—3, P < 0.001), controlling for prior knee
injury. Findings were similar when stratifying according to KL at
baseline (effusion-synovitis relative to no effusion-synovitis in KLO-
1 [adjusted OR 2.01; 95% CI 1.35—3.1, P = 0.001] vs KL2-3 [adjusted
OR 2.57; 95% CI 1.38—4.77, P = 0.003], and Hoffa-synovitis relative
to no Hoffa-synovitis in KL2-3 [adjusted OR 1.9; 95% CI 1.35-2.9,
P=0.001] vs KL2-3 [adjusted OR 2.67; 95% CI 1.47—4.95, P = 0.001])

In the mediation analysis, effusion-synovitis or Hoffa synovitis
at baseline did not mediate the relationship between BMI and KOA
radiographic progression (Table III). Similar results were observed
when we repeated the analyses in women and stratified by KL score
at baseline (Table IIIB).

Effusion-synovitis and Hoffa-synovitis changes between baseline
and 2 years

We then measured the effusion-synovitis and Hoffa-synovitis at
2 years to determine whether the synovitis worsening was asso-
ciated with radiographic progression at 4 years and if it mediated
the relationship between BMI and KOA radiographic progression.
Of the 630 participants at baseline, 568 had MRI available at 2 years
since recruitment (Table IV). The MRIs showed effusion-synovitis in
64.1% of our sample, with a score of 0.88 + 0.81 (range 0—3), and
60% had Hoffa synovitis with a score of 0.79 + 0.76 (range 0—3).
After 2 years, 91.55% of cases (increased from 59.5% at baseline) had
effusion-synovitis, while effusion-synovitis prevalence did not
change in controls (around 40% in both baseline and at 2 years).
Similar worsening was observed in Hoffa synovitis.

Worsening of the synovial inflammation at 2 years was signifi-
cantly more pronounced in cases than controls (Table V), and when
stratified by KL score at baseline (Supplementary Table 6). When
stratified by sex, both women and men had similar worsening,
although the worsening of Hoffa-synovitis was more evident in
men (Supplementary Table 7).

Association of BMI with worsening of synovitis and KOA
radiographic progression

We then determined if worsening of synovitis at 2 years was
associated with BMI. As shown in Table VI, there were no statisti-
cally significant associations between BMI categories with

Baseline 2 Years P
(N =568) (N =568)
Effusion-synovitis
Presence (%) 49.8 64.1 <0.001
Score 0 50.2 359 <0.001
Score 1 43.9 435
Score 2 5.6 171
Score 3 0.3 3.5
Hoffa-synovitis
Presence (%) 51.9 60 <0.001
Score 0 48.1 40 <0.001
Score 1 43.9 44
Score 2 7 13.6
Score 3 1 2.5
BMI 28.58 + 4.8 287 +5 0.016
Abdominal circ (cm) 102.32 + 12.80 103.7 + 12.9 <0.001

Table IV Osteoarthritisand Cartilage

MRI characteristics between baseline and at 2 years

prevalence and severity of synovial inflammation at 2 years. Similar
results were obtained in both men and women groups (data not
shown). A greater proportion of overweight and obese developed
worsening synovitis compared to normal weight, but this was not
statistically significant (Table VI).

The odds of KOA radiographic progression was higher among
those with effusion-synovitis worsening relative to no effusion-
synovitis worsening (adjusted OR 9.9; 95% CI 5.6—17.5, P < 0.001)
and Hoffa-synovitis relative to no Hoffa-synovitis (adjusted OR
17.8; 95% Cl 7.8—40.6, P < 0.001), controlling for prior knee injury.
We then stratified KOA radiographic progression by synovitis
worsening and BMI category. The association between effusion-
synovitis and Hoffa-synovitis worsening and KOA radiographic
progression was more pronounced among obese individuals

Cases Controls P
(N = 284) (N = 284)
Effusion-synovitis
Presence (%) 91.5 37.6 <0.001
Score 0 8.5 63.4 <0.001
Score 1 50.7 36.3
Score 2 338 04
Score 3 7 0
Hoffa-synovitis
Presence (%) 89.7 31.3% <0.001
Score 0 113 68.7 <0.001
Score 1 57 31
Score 2 26.8 04
Score 3 49 9
Worsening of effusion-synovitis (%) 57.4 10.6 <0.001
Worsening of Hoffa-synovitis (%) 46.1 5.6 <0.001
BMI (kg/m2) at 24 m 293 +5.1 282+.49 0015

Abdominal circ (cm) at 24 m 1052 + 134 102.1 + 134 0.004

Table V Osteoarthritisand Cartilage

MRI characteristics of the study participants after 2 years
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Normal weight Overweight Obese P
n =145 N =213 N =210
Effusion-synovitis at 2y
Presence (%) 64.3 67.9 69.5 0.561
Score 0 38.6 35.2 34.8 0.459
Score 1 46.2 43.2 41.9
Score 2 13.8 183 18.1
Score 3 14 33 5.2
Hoffa synovitis at 2y
Presence (%) 58.6 67.5 64.0 0.197
Score 0 44.8 35.7 41.0 0.137
Score 1 42.8 47.9 41.0
Score 2 124 141 13.8
Score 3 0 23 4.2
Worsening effusion-synovitis 29.7% 33% 37.8% 0.265
Worsening Hoffa synovitis 23.4% 24.1% 29.2% 0.366

T

MRI characteristics of the study participants after 2 years (2y) by BMI category

(adjusted OR 34.1; 95% CI 4.2—274.8; P = 0.001 and adjusted OR
65.3; 95% CI 1.9-2181.2; P = 0.001 respectively), while it was not
significant in the normal weight category (Table VII). Approxi-
mately 93% of the individuals who were obese and had effusion-
synovitis of Hoffa-synovitis progression at 2 years, developed KOA
radiographic progression at 4 years (Supplementary Table 8).

Mediation of the association of BMI with KOA radiographic
progression by synovitis progression

Finally, we determined whether synovitis progression mediated
the association between BMI and KOA radiographic progression.
Mediation analysis showed that effusion-synovitis worsening at 2
years mediated the relationship between BMI and KOA radio-
graphic progression among all participants. Effusion synovitis
worsening mediated approximately 51% of the relationship be-
tween BMI and KOA radiographic progression. Of interest, there
were greater magnitudes of effect with more advanced disease (i.e.,
higher KL), and synovitis-effusion worsening mediated 72% in the
group with knee KL2-3 at baseline (Table VIII). Hoffa synovitis
worsening at 2 years mediated 27% of the relationship, however the
indirect effect was not statistically significant (Table VIII). When
stratifying by sex and BMI category, the mediation of effusion-sy-
novitis worsening was significant in women and obese individuals
(Table VIII and Supplementary Fig. 9).

Discussion

This study examined the mediating effect of synovial inflam-
mation with the association between BMI and KOA radiographic
progression. Effusion-synovitis or Hoffa synovitis at baseline did
not mediate the relationship between BMI and KOA radiographic
progression. However, effusion-synovitis worsening at 2 year-
follow-up mediated the relationship between BMI and KOA radio-
graphic progression over a 4-year period. A mediation model seeks
to identify and explain the mechanism or process that underlies an
observed relationship. Our mediation model suggests that the BMI
influences the synovitis, which in turn influences knee OA
progression.

BMI is a well-known risk factor for radiographic KOA®. Our
findings of associations between BMI and radiographic KOA are
consistent with prior reports. Although in our study, only women
and not men with KOA radiographic progression had higher BMI
and abdominal circumference compared to controls. Prior studies
have reported that overweight and obesity are essential in OA
pathogenesis and progression®?®, and the association of BMI with
progression was stronger in women?’, Women are more seriously
impacted by KOA*° due to differences in knee anatomy, previous
knee injury, hormonal influences®!, and differences in cartilage
health even before the onset of clinical knee disease>2.

Our study also confirmed that subjects with KOA radiographic
progression were more likely to have effusion-synovitis or Hoffa
synovitis'>. Both effusion-synovitis and Hoffa synovitis were
shown to be associated with KL grade, joint space width, joint
space narrowing, and total subchondral bone marrow lesion vol-
ume>>. Of interest, the prevalence of Hoffa-synovitis prevalence
was similar between participants with or without knee injury>*,
After stratification by sex, effusion-synovitis differed between
cases and controls in both women and men, whereas Hoffa-sy-
novitis differed only in women. In prior studies, the association
with KOA radiographic progression was stronger for effusion-sy-
novitis than for Hoffa-synovitis'>. This could be explained by the
reduced sensitivity of Hoffa-synovitis as a measure of synovial
inflammation>°.

Increasing evidence indicates that OA involves all the joint tis-
sues, including the synovial membrane '3, Synovial inflammation
is present in the OA joint and has been associated with radiographic
and pain progression'®2’73% Of interest, several studies have
shown that synovium of obese individuals have increased macro-
phage infiltration, marked fibrosis, and higher levels of TLR4 gene
expression than non-obese individuals*®. The expression of in-
flammatory cytokines (IL-6) in serum, and adipocytokines (leptin)
in the synovial fluid were also found to be positively correlated
with BMI, and it differed significantly between obese and non-
obese subjects*!. Synovial fluid also has higher levels of B-tryptase
produced by mast cells in obese individuals®>. In addition, studies
performed in animal models with diet-induced obesity and
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Worsening BMI OR (95%CI) P
Effusion-synovitis
All (N = 566) 9.9 5.6—17.5 <0.001
Normal (N = 145) 3.2 0.8-12.8 0.096
Overweight (N = 212) 113 2.6—48.58 0.001
Obese (N = 209) 34.1 4.2-274.8 0.001
Hoffa-synovitis
All (N = 562) 17.8 7.8—40.6 <0.001
Normal (N = 144) 65.2 0.21-19668 0.151
Overweight (N =212) 93 2.8-424 0.004
Obese (N = 209) 65.2 1.9-2181.2 0.02
ol
Table VI Osteoarthritis and Cartilage

Risk of KOA radiographic progression in subjects with worsening
synovitis relative to no worsening synovitis per BMI category

surgically induced OA also showed an increase of pro-inflammatory
macrophages*? and proinflammatory mediators IL-18, IL-6 and TNF
in the synovium®?, promoting OA.

Despite data on the synovial changes in obese individuals, only
one study reported that overweight and obesity were associated
with greater prevalence and severity of synovitis®’. In our study,
though, there were no statistically significant associations between
BMI categories with prevalence and severity of synovial inflam-
mation at baseline or at 2-year follow-up. Differences in synovitis
quantification could explain this discrepancy. The study by Kant-
hawang et al.?® also used MOAKS to evaluate effusion-synovitis in

the knee but the investigators added other grading systems (two
for effusion-synovitis, two for Hoffa's fat pad synovitis, and two for
synovial proliferation score) as independent markers of joint
inflammation.

While we did not observe any mediation by baseline synovitis,
there was evidence to suggest that effusion-synovitis worsening at
2 years mediated the relationship between BMI and KOA radio-
graphic progression. As in previous studies***>, worsening in sy-
novitis scores was associated with KOA radiographic progression.
We observed that obesity dramatically increased the risk of KOA
progression radiographic in patients with worsening synovitis.
Approximately 93% of the individuals who were obese and had
effusion-synovitis of Hoffa-synovitis progression at 2 years, devel-
oped KOA progression at 4 years. Our results are consistent with a
recent report that showed that being overweight with Hoffa-sy-
novitis or effusion-synovitis was associated with greater odds of
incident radiographic KOA in women“®. In that study, the authors
studied whether the relationship between BMI and KOA differed by
effusion/synovitis status“®. We now describe additional informa-
tion, and our mediation model proposes that BMI also influences
worsening synovitis, which in turn influences knee OA progression.
Of interest, a prior study described that progression of synovitis
was 18% in the weight gain group vs 7% in the stable weight sub-
group (OR 2.88; 95%CI 1.39—5.94)". Future research with larger
sample size and longer follow-up should explore whether losing
weight, specifically in obese OA individuals with synovitis, delays
the KOA progression. Although some reports did not show signifi-
cant improvement in synovitis score by MRI after weight loss*®,
these studies did not evaluate changes in synovial composition or
inflammation.

Notable strengths of this study include the size of the study
population, and its population-based design from the OAI cohort,
with has an extensive characterization of participants. However,

Measure of synovitis Indirect effect Direct effect Mediation
Coefficient (95%CI) Coefficient (95%CI) %
All individuals (N = 560)
Effusion-synovitis 0.0308 (0.0076, 0.0585) 0.036 (—0.0031, 0.075) 51
Hoffa-synovitis 0.0206 (—0.0036, 0.0477) 0.0503 (0.0118, 0.089) 27
Women (N = 396)
Effusion-synovitis 0.0293 (0.0041, 0.0584) 0.0365 (—0.0064, 0.794) 44
Hoffa-synovitis 0.0153 (—0.0087, 0.0430) 0.0534 (0.0116, 0.0952) 21
Men (N = 164)
Effusion-synovitis 0.0380 (—0.0239, 0.1161) 0.0324 (—0.0624, 0.127) 54
Hoffa-synovitis 0.0527 (—0.0325, 0.1746) 0.0223 (-0.078, 0.122) 66
B. Direct and indirect effects of BMI on KOA radiographic progression through synovitis worsening by KL
Measure of synovitis Indirect effect Direct effect Mediation
Coefficient (95%CI) Coefficient (95%CI) %
KL 0—1 (N = 372)
Effusion-synovitis 0.029 (-0.02, 0.066) 0.055 (0.0023, 0.10) 35
Hoffa-synovitis 0.0238 (-0.007, 0.057) 0.0559 (0.0079, 0.104) 30
KL 2—3 (N = 190)
Effusion-synovitis 0.0332 (0.0013, 0.081) 0.0114 (-0.0537, 0.076) 72
Hoffa-synovitis 0.015 (-0.025, 0.067) 0.0407 (—0.025, 0.106) 26

Coefficients and 95% Cls for product-of-coefficients mediation analysis for the association of BMI on KOA radiographic progression by effusion or Hoffa synovitis
worsening with knee injury as a covariate. The SPSS PROCESS macro was used to test the mediating effects. *P < 0.05.

>

Table Vil

Osteoarthritisand Cartilage

A. Direct and indirect effects of BMI on KOA radiographic progression through synovitis worsening
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there are a few limitations. While there is strong evidence to sup-
port a correlation between MRI assessed synovitis and histology*°,
MOAKS grading system, a semi-quantitative MRI scoring tool, was
used in non-contrast MRI to assess effusion-synovitis and Hoffa
synovitis. Quantitative MRI grading of the synovitis of the entire 4
years of follow up would have been useful to better understand the
relationship between BM], synovitis, and OA progression. Although
KL gradings are generally not a very sensitive measure of progres-
sion, the relationship between BMI and KOA by effusion/synovitis
status was similar in knees with both baseline KLO-1 and KL2-3,
although the mediation effect was more evident in KL2-3. The
lower prevalence of OA in men may explain the lack of statistical
significance of some analyses that showed clinically meaningful
percentages of mediation. Additionally, in case-control studies,
matching may contribute to selection bias, potentially biasing es-
timates towards the null®’. Given the observational nature of this
study, residual confounding may be possible. However, we had a
substantial number of participants with MRI at 2 years, and we
were able to match on key confounders and control for prior knee
injury.

In conclusion, our data show that effusion-synovitis worsening
at 2 year-follow-up mediated the relationship between BMI and
KOA radiographic progression over a 4-year period. Further studies
are needed to determine whether synovitis mediates the rela-
tionship between BMI and KOA pain progression and to identify
risk factors of synovitis progression in obese individuals.
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