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Bidirectional association identified between synovitis and
knee and hand osteoarthritis: a general population-based
study
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Summary

Background Synovitis has long been considered a common and modifiable inflammatory feature of osteoarthritis
(OA), but current disease-modifying anti-inflammatory treatments appear ineffective in OA clinical trials. Elucidating
the temporal relationship between synovitis and OA could provide insight into the role of synovitis in OA.

Methods We conducted a prospective cohort study based on the baseline and three-year follow-up data from the
Xiangya Osteoarthritis (XO) Study. We assessed bidirectional associations between ultrasound-detected synovitis
and radiographic and symptomatic OA at knee and hand sites using generalized estimating equations.
Additionally, we performed bidirectional Mendelian randomization (MR) analyses to test these hypotheses
utilising whole-genome sequencing data in the XO population. Age, sex, body mass index, smoking, alcohol
consumption, educational level, physical activity, and joint injury history were adjusted for these analyses.

Findings A total of 2211, 2420, 2280, and 2600 participants were enrolled for analyses of radiographic knee OA
(RKOA), symptomatic knee OA (SKOA), radiographic hand OA (RHOA) and symptomatic hand OA (SHOA),
respectively. The baseline synovitis (i.e., with synovitis vs. without synovitis) was associated with the incident RKOA
(76/277 vs. 557/3674 knees), SKOA (49/387 vs. 287/4213 knees), RHOA (171/358 vs. 686/3664 hands) and SHOA
(35/689 vs. 76/4327 hands), with adjusted odds ratio (aORs) of 2.2 (95% CI 1.7-3.1), 2.0 (1.3-2.9), 3.4 (2.7-4.4), and
2.4 (1.5-3.8), respectively. The baseline RKOA (with OA vs. without OA: 409/1246 vs. 481/3758 knees), SKOA (200/
576 vs. 675/4356 knees), RHOA (192/778 vs. 410/3723 hands), and SHOA (41/162 vs. 548/4285 hands) were also
associated with the incident synovitis, with aORs of 3.4 (95% CI 2.9-4.1), 2.7 (2.1-3.4), 2.3 (1.8-2.9) and 1.9 (1.2-2.8),
respectively. These bidirectional associations were stronger when more active synovitis was compared with the
reference group (all P < 0.05). MR analyses further supported bidirectional associations that synovitis significantly
increased the odds of incident OA at both sites and vice versa (all ORs ranged from 1.2-1.7).

Interpretation Our population-based cohort study found novel evidence of a bidirectional association between
synovitis and OA, which was further validated through MR analysis and suggested that the bidirectional
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association is likely causal. Our findings indicated that synovitis is both a risk factor and a consequence of the OA

rather than solely a risk factor.
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Research in context

Evidence before this study

Synovitis has long been considered a common and modifiable
inflammatory feature of osteoarthritis (OA), but current
disease-modifying anti-inflammatory treatments appear
ineffective in OA clinical trials. Determining the temporal
relationship between synovitis and OA may help clarify the
role of synovitis in OA. We searched PubMed for studies using
terms including (“synovitis” or “synovial hypertrophy” OR
“effusion” OR “Power Doppler signal”) AND (“osteoarthritis”)
for articles relating to the association between synovitis and
OA. We searched the databases from inception to May 9,
2024. However, to date, there is a paucity of evidence about
the bidirectional association between synovitis and OA at any
joint site.

Introduction

Osteoarthritis (OA) is the most common joint disease
worldwide and affects more than 595 million people
(approximately 7.6% of the world’s population), with a
particularly high prevalence among individuals over 65
years."” OA is a leading cause of chronic pain and
disability. The risk of OA continues to increase, with a
growing tendency to affect younger individuals.’ This
condition significantly impacts both individuals and
society, leading to reduced quality of life, the necessity
for arthroplasty, and substantial economic burdens.”
Despite its formidable impact, there are currently no
established disease-modifying OA drug (DMOAD)
treatments capable of improving both structural and
patient-centred outcomes.

Synovitis has long been recognized as an inflam-
matory feature common in OA and considered
modifiable. It has been associated with clinical
symptoms and involvement in tissue degradation in
OA.* There is an expectation that targeting synovitis
alleviates symptoms and prevents the structural pro-
gression of the disease.” However, disease-modifying
anti-inflammatory treatments (e.g., methotrexate,

Added value of this study

To our knowledge, this study is the first to assess the
bidirectional association between synovitis and OA. Based on
data from a general population-based cohort study, we found
a significant temporal association of synovitis, especially in
more active synovitis, with knee and hand OA, and vice versa.
Mendelian randomization analyses further supported the
bidirectional associations between synovitis and OA.

Implications of all the available evidence

Our novel findings that synovitis may occur before and after the
occurrence of OA imply that synovitis is either a risk factor of
the OA or a sequel of the disease. This bidirectional association
may supplement the prevailing view that synovitis is merely a
'risk factor’ for OA and partially explain the lack of efficacy of

disease-modifying anti-inflammatory treatments in OA.

hydroxychloroquine, etanercept, and adalimumab)
have not provided clinically significant pain relief or
subsequent structural remodeling above placebo in
OA randomised controlled trial (RCTs).”* To date, it
remains unclear whether OA increases the risk of
incident synovitis. Therefore, it is crucial to reevaluate
the nature of synovitis in OA and reconsider its suit-
ability as a potential treatment target. Elucidating the
temporal bidirectional relationship between synovitis
and OA (i.e., synovitis increases the risk of OA, and
vice versa) may shed light on the natural history of OA
and provide insights into the failure of current
disease-modifying anti-inflammatory drugs in OA
treatment. However, to date, there is a paucity of evi-
dence about the bidirectional association between sy-
novitis and OA at any joint site.

To address this knowledge gap, we conducted pro-
spective cohort studies investigating the associations
between baseline synovitis status and incident OA over
three years of follow-up, as well as baseline OA status
and incident synovitis over the same period. Addition-
ally, we verified this bidirectional association using a
Mendelian randomization (MR) approach.
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Methods

Study population

Participants were recruited from the Xiangya Osteoar-
thritis (XO) Study, a population-based prospective
cohort study of the natural history and associated risk
factors for the development of OA.”* All individuals
aged 50years or older were randomly selected from
rural mountainous villages in Longshan County, Hunan
Province, China (NCT04033757). Specifically, to select
the initial 14 communities, we first adopted a sampling
method of probability proportionate to population size.
All the villages in the selected communities were then
listed randomly. Village-to-village recruitment began in
the first village in the first community until the number
of participants in that community met the pre-
determined quota. Eventually, 25 rural mountainous
villages in Longshan County were included in the XO
Study. Among 4742 randomly selected individuals, 4080
(86.04%) consented to participate at baseline. This study
consists of three sub-cohorts (i.e., sub-cohorts I, II, and
II), initiated in 2015 (n = 1469), 2018 (n = 1271) and
2019 (n = 1340), respectively. The diagram of examina-
tion cycles shows the baseline and follow-ups for each
sub-cohort of the XO Study (Appendix p 12). Included in
the current study are participants who underwent
baseline examinations (i.e., radiographs, ultrasound,
and symptoms) and completed the three-year follow-up
assessment.

The Ethics Committee of Xiangya Hospital, Central
South University (201510506) reviewed and approved
the XO Study, and written informed consent was ob-
tained from all participants.

Assessment of knee and hand synovitis

Knee and hand ultrasound examinations were per-
formed in the XO Study starting from 2017 (the second-
year follow-up of sub-cohort I), 2018 (the baseline of
sub-cohort II), and 2019 (the baseline of sub-cohort III),
which constitute the baseline of our current study
(Appendix p 12). An experienced ultrasonographer (TI7;
over ten years of experience in musculoskeletal ultra-
sonography) conducted ultrasound examinations ac-
cording to the protocol recommended by the Outcome
Measures in Rheumatology (OMERACT) group.’ Details
of the ultrasound examination are provided in the
Appendix (pp 3-4). Bilateral knees and hands were
evaluated using ultrasound.

For knee synovitis, the maximal synovial thickness
was measured in millimeters along the longitudinal
axis. The presence of synovitis was defined as synovial
thickness >4 mm, following criteria of the European
Alliance of Associations for Rheumatology (EULAR)
study."” Hand synovitis was estimated by gray-scale sy-
novitis, which combines synovial hypertrophy and
effusion. It was assessed using a validated semi-
quantitative grading scale ranging from 0 to 3.° Hand
synovitis was defined as the presence of gray-scale
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synovitis (score >2) in at least one joint of each hand.*
Power Doppler signal (PDS) indicated the presence of
flow signals within synovial areas, reflecting the in-
flammatory activity of synovitis. We divided the activity
of synovitis into three categories for both the knee and
hand joints: control (no synovitis), synovitis without
PDS, and synovitis with PDS. Incident knee or hand
synovitis was defined as meeting the above definitions at
the three-year follow-up but not at baseline.

The intra- and inter-rater reliability were moderate to
excellent for ultrasound-detected knee synovitis (intra-
class correlation coefficients [ICC] of 0.99, 95% CI
0.98-1.00; ICC of 0.94, 95% CI 0.87-0.97), PDS within
knee synovitis (Kappa of 1.00, 95% CI 1.00-1.00; Kappa
of 0.82, 95% CI 0.66-0.97), and substantial for hand
grey-scale synovitis (Kappa of 0.67, 95% CI 0.63-0.72;
Kappa of 0.61, 95% CI 0.55-0.67).*'"" The intra- and
inter-rater reliability for PDS within hand synovitis was
not evaluated because only one subject had PDS in the
reliability sample. Details of the reliability of ultrasound
assessment are presented in the Appendix (pp 3-4).

Assessment of knee OA or hand OA

Participants underwent bilateral knee (weight-bearing
semi-flexed postero-anterior tibiofemoral and supine
skyline patellofemoral radiographs) and hand (poster-
oanterior view) radiographs at baseline and follow-up
visits. Using a modified Kellgren/Lawrence (KL)
scoring atlas (scale ranging from 0 to 4) for radiographic
knee OA (RKOA) and radiographic hand OA (RHOA),"
one reader (TY; a radiologist with over ten years of
experience) evaluated and graded the radiographs of
bilateral knee (i.e., tibiofemoral and patellofemoral
joints) and hand joints (i.e., carpometacarpal 1, meta-
carpophalangeal 1-5, proximal interphalangeal 1-5 and
distal interphalangeal 2-5 joints). The definition of
RKOA was the presence of a KL grade of >2 in either the
tibiofemoral or patellofemoral joint, both of which are
key components of the knee joint and can develop OA."
RHOA was defined as the presence of a KL grade of >2
in any hand joint."” The intra- and inter-rater reliability
were moderate to excellent for the identification of knee
KL grade (Kappa of 0.91, 95% CI 0.88-0.95; Kappa of
0.76, 95% CI 0.62-0.91) and for the diagnosis of RHOA
(Kappa of 0.91, 95% CI 0.83-0.99; Kappa of 0.71, 95%
CI 0.45-0.96)."*'* Details of the reliability of radiograph
assessment are presented in the Appendix (p 5).

The presence of knee symptoms was determined by
participants responding ‘yes’ to the question, “On most
days, do you have pain, aching, or stiffness in your
knee?” for each knee at both baseline and follow-up
visits.” Symptomatic knee OA (SKOA) was defined as
having RKOA plus self-reported symptoms in the same
knee.”” Similarly, hand symptoms were ascertained by
noting the participant’s response to the question, “On
most days, do you have pain, aching, or stiffness in your
left/right hand?” If the participants answered ‘yes’ to the
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question, they were shown a homunculus and asked to
indicate which joint(s) were symptomatic. Symptomatic
hand OA (SHOA) was defined as having both RHOA
and self-reported symptoms in the same joint.'® Incident
radiographic or symptomatic OA of the knee and hand
joints was defined as meeting the above definitions at
the three-year follow-up but not at baseline.

Whole-genome sequencing (WGS)

A total of 2980 samples that passed quality control
(including concentration, sample integrity, and purity)
were included in the subsequent whole-genome
sequencing. DNA was purified from blood samples
obtained during the initial assessment. The DNA sam-
ples were sequenced to an average depth of 38.4 x (with
a minimum depth of 21.8 x ) and an average coverage of
99.2% (with a minimum coverage of 98.7%). This
resulted in identifying 54 916 001 high-quality single-
nucleotide polymorphisms (SNPs) and insertion-
deletion markers. Details of the WGS procedures are
provided in the Appendix (pp 6-8).

Covariates assessment
Demographic and lifestyle information, including age,
sex, smoking habits, alcohol consumption, education

Xiangya Osteoarthritis Study

Prospective cohort study

level and joint injury history, was collected through
face-to-face interviews by trained professionals. A his-
tory of knee or hand injury was considered present if it
resulted in limitation of knee or hand function for at
least one week. Participant’s height and weight were
measured by trained personnel, and their body mass
index (BMI) was calculated as weight (kg) divided by the
square of height (m?).

Statistical analysis

The overview of study design is depicted in Fig. 1. Cat-
egorical variables were presented as percentages, and
continuous variables were expressed as means with
standard deviation (SD). We conducted logistic re-
gressions to examine the associations of age (50-59 years,
60-69 years, >70 years) and sex with radiographic and
symptomatic OA. Then, we examined the relations of the
presence of synovitis at baseline (compared with the
group without synovitis) to the incident radiographic and
symptomatic OA of the knee (or hand) joints over three
years of follow-up, respectively. Both crude odds ratio
(OR) and multivariable-adjusted OR (aOR) with their
95% confidence interval (CI) were obtained using
generalized estimating equations (GEE). The GEE
method was used to account for the correlation between
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Fig. 1: Overview of study design. The genetic variants (a) are associated with the exposure, (b) are independent of the confounders, and (c)
influence the outcome only through the exposure. RKOA, radiographic knee osteoarthritis; SKOA, symptomatic knee osteoarthritis; RHOA,
radiographic hand osteoarthritis; SHOA, symptomatic hand osteoarthritis.
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two knees (or hands) within the same individuals as
they are not independent observational units. In the
GEE models, we used a logit link and an exchangeable
working correlation matrix structure. We used the
same approach to examine the relation of the presence
of the knee (or hand) OA at baseline (compared with
the group without OA) to the risk of incident synovitis
over three years of follow-up. In these analyses, we
excluded individuals with baseline synovitis or OA. The
variables in the multivariable-adjusted model included
age (continuous variables), sex (male, female), BMI
(continuous variables), smoking status (non-smokers,
ex-smokers, current smokers), alcohol consumption
(non-drinkers, ex-drinkers, current drinkers), educa-
tional level (educated or non-educated), physical activ-
ity (low or moderate, high) and knee or hand injury
history (yes or no).

We further investigated whether OA has a stronger
bidirectional relationship (greater OR value) with syno-
vitis exhibiting positive inflammatory activity, an indi-
cator of severity. Participants were categorized into three
groups based on different inflammatory activity status,
control (i.e., without synovitis), synovitis without PDS,
and synovitis with PDS. We then examined the bidi-
rectional associations of the inflammatory activity of
synovitis with the incidence of RKOA, SKOA, RHOA,
and SHOA using separate GEE models. However, the
analysis of the association between the inflammatory
activity of hand synovitis at baseline and the incidence of
hand OA could only be performed on RHOA, as the
sample size for incident SHOA was limited in the PDS
group. In addition, we did not evaluate the bidirectional
associations between the presence of synovitis and the
severity of OA, as few participants progressed from no
OA to severe OA during the three-year follow-up. All
statistical analyses were conducted using SAS V.9.4
(SAS Institute, Cary, NC, USA). A P value < 0.05 (two-
sided) was considered statistically significant.

MR analysis

We obtained the WGS data from the XO Study and
conducted several genome-wide association studies
(GWASs) to obtain instrumental variables and GWAS
summary statistics for subsequent MR analyses. Quali-
fied individuals were included in the GWAS analysis,
and the SAIGE method was implemented to efficiently
control for potential case—control imbalance and sample
relatedness while simultaneously adjusting for cova-
riates.”” Separate one-sample MR analyses were then
performed to investigate the potential bidirectional
causal association between synovitis and OA. The core
assumptions for the MR analysis were checked (details
for GWAS, MR analysis, and validation of the core as-
sumptions are provided in the Appendix, pp 6-10). The
MR estimates were presented as the ORs with their 95%
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CIs and were interpreted as OA risk per unit increase in
the log odds of synovitis, and vice versa.'®

Role of the funding source

The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.

Results

Characteristics of the study population

A flow chart depicting the participant selection
process is shown in Fig. 2. A total of 2211 participants
(contributing 3951 knees) and 2420 participants
(contributing 4600 knees) from three sub-cohorts were
included in analyses of the associations between
baseline knee synovitis and the risk of incident RKOA
or SKOA, respectively (Table 1). Among the partici-
pants eligible for incident RKOA analysis, the mean
age was 62.7 years (SD = 8.4), the mean BMI was
24.0 kg/m” (SD = 3.4), and 53.8% were female. Among
the participants eligible for incident SKOA analysis, the
mean age was 63.3 years (SD = 8.5), the mean BMI was
24.0 kg/m> (SD = 3.4), and 55.2% were female
(Table 1). A total of 1581 participants were excluded
from the RKOA analysis and 1372 from the SKOA
analysis. However, no statistically significant differ-
ences in characteristics were found between the
included and excluded individuals, except for age
(Appendix pp 14-15, P > 0.05).

Among 3591 individuals (7182 hands) enrolled at the
baseline visit, 2280 participants (contributing 4022
hands) were included in analyses of the association be-
tween baseline hand synovitis and incident RHOA, and
2600 participants (contributing 5016 hands) were
included in analyses of incident SHOA. Among the
participants eligible for incident RHOA analysis, the
mean age was 62.8 years (SD = 8.3), the mean BMI was
24.1 kg/m* (SD = 3.5), and 58.1% were female. Among
the participants eligible for incident SHOA, the mean
age was 63.7 (SD = 8.6) years, the mean BMI was 24.1
(SD = 3.5) kg/m?, and 57.5% were female (Table 1). A
total of 1512 participants were excluded from the RHOA
analysis and 1192 participants from the SHOA analysis.
However, no statistically significant differences in
characteristics were found between the included and
excluded individuals, except for age (Appendix pp
14-15, P > 0.05).

Over the three-year follow-up, incident RKOA
occurred in 19.8% of individuals, SKOA in 9.6%, RHOA
in 27.5%, and SHOA in 3.1%, respectively. The risk of
RKOA, SKOA, and RHOA increased with age (all P for
trend <0.01), while the odds of SHOA peaked in the
60—69 age group and then decreased after age 70.
Compared with men, women had a higher risk of
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3792 individuals participated in the 2017-2019 survey of the Xiangya Osteoarthritis Study 3792 individuals participated in the 2017-2019 survey of the Xiangya Osteoarthritis Study
Participants excluded Participants excluded
33 history of rheumatoid arthritis 33 history of rheumatoid arthritis
37 no knee ultrasound 37 no knee ultrasound examination
examination
#3722 $ 3722
Participants with 7444 knees remained Participants with 7444 knees remained
J®2149 1214 ™ 840 J® 951
Knees excluded Knees excluded Knees excluded Knees excluded
30 knees without X-ray atbaseline o A 159 knees without X-ray or 28 knees without X-ray atbaseline o / 5 139 knees without X-ray or
2119 knees with RKOA or knee symptoms assessment at baseline 812 knees with synovitis or symptoms assessment at baseline
replacement at baseline 1055 knees with SKOA or knee without ultrasound assessment at 812 knees with synovitis or without
replacement at baseline baseline ultrasound assessment at baseline
5295 6230 6604
knees (from 2950 participants) knees (from 3264 participants) knees (from 3557 participants) knees (from 3495 participants)
without RKOA at baseline (2017-2019) without SKOA at baseline (2017-2019) without synovitis at baseline (2017-2019) without synovitis at baseline (2017-2019)
J®1504 1340 1600 1561
Knees excluded Knees excluded Knees excluded Knees excluded
e 1436 knees lost at follow-up 1545 knees lost at follow-u| 5 1508 knees lost at follow-up
1224 knees lost at follow-up. Three-year € L P Three-year s
(from 679 participants) “— followup | (from748 pa‘mclpant.s) (from 830 p‘amclpants) — follow-up | (from809 p.artlapam's)
120 knees without X-ray at 194 knees without X-ray or 55 knees without ultrasound 53 knees without ultrasound
follow-up (from 60 participants) YIS SR atfollow-up assessment at follow-up (from 31 asse;sment at follow-up (from 30
(from 96 participants) participants) participants)
{f* 3951 4600 ED 4932
Knees (from 2211 participants) were included Knees (from 2420 participants) were included in Knees (from 2696 participants) were included Knees (from 2656 participants) were included
in the analysis of the association between the analysis of the association between baseline in the analysis of the association between in the analysis of the association between
baseline knee synovitis and the risk of incident  knee synovitis and the risk of incident SKOA baseline RKOA and the risk of incident knee baseline SKOA and the risk of incident knee
RKOA after 3 years follow-up (2020-2022) after 3 years follow-up (2020-2022) synovitis after 3 years follow-up (2020-2022) synovitis after 3 years follow-up (2020-2022)

c d

3792 individuals participated in the 2017-2019 survey of the Xiangya Osteoarthritis Study 3792 individuals participated in the 2017-2019 survey of the Xiangya Osteoarthritis Study
Participants excluded Participants excluded
34 No hand ultrasound examination 34 No hand ultrasound examination
7 Unclear ultrasound images 7 Unclear ultrasound images
86 Mutilated hand 86 Mutilated hand
32 History of rheumatoid arthritis. 32 History of rheumatoid arthritis
22 Severe hand injury 22 Severe hand injury
12 Fusion of hand joints 12 Fusion of hand joints
8 Hand deformity 8 Hand deformity
Participants with 7182 hands remained Participants with 7182 hands remained
¥ 1820 LV 662 ] ¥ 1257 (W 1325
Hands excluded Hands excluded Hands excluded X Hands excluded
157 hands without X-ray at 272 hands without X-ray or 157 hands without X-w at baseline 272 hands without X-ray or symptoms
baseline symptoms assessment at baseline 1100 hands with synovitis or assessment at baseline
1663 hands with RHOA at baseline 390 hands with SHOA at baseline without ultrasound assessment at 1073 hands with synovitis or without
baseline ultrasound assessment at baseline
CEE
Hands (from 3018 participants) Hands (from 3388 participants) Hands (from 3300 participants) without Hands (from 3250 participants)
without RHOA at baseline (2017-2019) without SHOA at baseline (2017-2019) synovitis at baseline (2017-2019) without synovitis at baseline (2017-2019)
3§ 1425 3 1391
Hands excluded Hands excluded Hands excluded Hands excluded
1214 hands lost at follow-up Three-year 1475 hands Iost. at follow-up 1347 hands los.t .at follow-up Three-year 1314 hands Ios.l .at follow-up
(from 686 participants) — follow-up \——— (from 774 participants) (from 759 participants) — follow-up > (from 741 participants)
126 hands without hand X-ray 29 hands without X-ray or 78 hands without ultrasound 77 hands without ultrasound
at follow-up (from 52 symptoms assessment at assessment at follow-up assessment at follow-up
participants) follow-up (from 14 participants) (from 45 participants) (from 44 participants)
3 4446
Hands (from 2280 participants) were included Hands (from 2600 participants) were included in Hands (from 2496 participants) were included in Hands (from 2465 participants) were included in
in the analysis of association between baseline the analysis of association between baseline the analysis of association between baseline the analysis of association between baseline
hand synovitis and incident RHOA after 3 hand synovitis and incident SHOA after 3 years RHOA and incident hand synovitis after 3 years SHOA and incident hand synovitis after 3 years
years follow-up (2020-2022) follow-up (2020-2022) follow-up (2020-2022) follow-up (2020-2022)

Fig. 2: Flow chart of participants in the study according to onset of RKOA and SKOA (A), knee synovitis (B), RHOA and SHOA (C), and
hand synovitis (D). RKOA, radiographic knee osteoarthritis; SKOA, symptomatic knee osteoarthritis; RHOA, radiographic hand osteoarthritis;
SHOA, symptomatic hand osteoarthritis.
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Participants without RKOA®

Participants without SKOA”

Participants without RHOA®

Participants without SHOA®

Participants (knees or hands), n

Women, n (%)

2211 (3951 knees)
1189 (53.8%)

2420 (4600 knees)
1336 (55.2%)

2280 (4022 hands)
1325 (58.1%)

2600 (5016 hands)
1496 (57.5%)

Age, years (mean + SD) 627 + 8.4 633 + 85 62.8 + 83 637 + 8.6
BMI, kg/mZ (mean = SD) 24.0 £ 3.4 24.0 + 3.4 241 35 241 £ 35
Smoking status (%)
Non-smoker 62.0 63.5 65.3 65.4
Ex-smoker 4.6 4.5 4.2 4.4
Current smoker 334 32.0 30.5 30.2
Alcohol drinking (%)
Non-drinker 52.1 523 53.3 53.7
Ex-drinker 103 10.6 9.8 10.8
Current drinker 37.6 37.1 36.9 35.5
Joint injury history (%) 3.0 2.9 43 4.6
Education (educated, %) 72.8 71.0 69.9 68.8
Physical activity level (high, %) 85.2 85.6 85.6 85.0
Synovitis (%) 7.0 8.4 8.9 13.7

n, number; SD, standard deviation; BMI, body mass index; OA, osteoarthritis; RKOA, radiographic knee OA; SKOA, symptomatic knee OA; RHOA, radiographic hand OA; SHOA, symptomatic hand OA.
*participants who underwent baseline knee joint ultrasound assessment without pre-existing RKOA at the joint level. PParticipants who underwent baseline knee joint ultrasound assessment without pre-
existing SKOA at the joint level. “Participants who underwent baseline hand joint ultrasound assessment without pre-existing RHOA at the joint level. “Participants who underwent baseline hand joint
ultrasound assessment without pre-existing SHOA at the joint level. ¢Joint injury history was defined as a history of joint injury severely restricting function for at least one week. ‘Educated was defined as
primary school or above.

Table 1: Baseline characteristics of participants in the analysis of the association between baseline synovitis and the risk of incident OA at both knee and hand sites over three

years of follow-up.

RKOA, SKOA, and SHOA (all P < 0.01), but not RHOA
(P =0.25) (Appendix p 13).

Associations of baseline synovitis with odds of
incident OA at both knee and hand sites
As shown in Table 2, the odds of RKOA or SKOA in
knees with baseline synovitis was significantly higher
than those without synovitis, with aOR of 2.2 (95% CI:
1.7-3.1) and 2.0 (95% CI: 1.3-2.9), respectively. There
was a strong dose-response association between the in-
flammatory activity of knee synovitis (i.e., no synovitis,
synovitis without PDS, and synovitis with PDS) and
incident RHOA. Compared with those without baseline
synovitis, the risk of RKOA was much higher among
knees with synovitis and PDS (aOR = 3.6) than knees
with synovitis but without PDS (aOR = 2.1) (P for trend
<0.01), and similar findings were observed for SKOA.
Baseline hand synovitis was also associated with an
increased odds of hand OA. The aORs of RHOA and
SHOA for synovitis were 3.4 (95% CI: 2.7-4.4) and 2.4
(95% CI: 1.5-3.8), respectively. A strong dose—response
association was also observed between the inflammatory
activity of synovitis and incident RHOA (P for trend <0.01).

Associations of baseline OA with odds of incident
synovitis at both knee and hand sites

In the study investigating the associations of baseline
RKOA and SKOA with incident knee synovitis, 2696
individuals (contributing 5004 knees) and 2656 in-
dividuals (contributing 4932 knees) were included, with
1096 and 1136 participants excluded, respectively
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(Appendix p 16). No statistically significant differences in
baseline characteristics were found between the included
and excluded individuals except for age (Appendix pp
14-15, P > 0.05). Over the three years of follow-up,
incident synovitis occurred in 32.8% of knees with
RKOA, and in 34.7% of knees with SKOA, respectively
(Table 3). Baseline RKOA and SKOA were significantly
associated with increased odds of incident knee synovi-
tis. Compared with no-RKOA (or no-SKOA), the aOR of
incident synovitis was 3.4 (95% CI: 2.9—4.1) for RKOA
and 2.7 (95% CI: 2.1-3.4) for SKOA, respectively. Base-
line RKOA and SKOA were also significantly associated
with incident inflammatory active synovitis (Table 3).

In the investigation of the associations of baseline
RHOA or SHOA with incident hand synovitis, 2496
individuals (contributing 4500 hands) and 2465 in-
dividuals (contributing 4446 hands) were included, 1296
and 1327 participants were excluded, respectively
(Appendix p 16). There were no statistically significant
differences in baseline characteristics between the
included and excluded individuals except for age
(Appendix pp 14-15, P > 0.05). Over the three years of
follow-up, incident synovitis occurred in 24.7% of hands
with RHOA, and in 25.3% of hands with SHOA,
respectively (Table 3). Baseline RHOA was significantly
associated with an increased three-year odds of hand
synovitis. The aOR of incident synovitis was 2.3 (95%
CI: 1.8-2.9) for RHOA and 1.9 (95% CI: 1.2-2.8) for
SHOA, respectively. Baseline RHOA and SHOA were
also significantly associated with incident inflammatory
active synovitis (Table 3).
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Baseline synovitis
None baseline synovitis Baseline synovitis Synovitis without PDS Synovitis with PDS
Incident RKOA
No, number (%) 3117 (84.8) 201 (72.6) 180 (74.1) 1 (61.8)
Yes, number (%) 557 (15.2) 6 (27.4) 3 (25.9) 3 (38.2)
Crude OR (95% CI) 1.00 (reference) 1(16,238) (1 4,27) 5 (1.7, 7.0)
Adjusted OR (95% ClI)° 1.00 (reference) 2 (1.7,31) .1 (L5, 2.9) 6 (1.7, 7.3)
Incident SKOA
No, number (%) 3926 (93.2) 338 (87.3) 295 (88.1) 43 (82.7)
Yes, number (%) 287 (6.8) 9 (12.7) 0 (11.9) 9 (17.3)
Crude OR (95% CI) 1.00 (reference) 0 (1.4, 2.8) 8 (13,27) 2.9 (1.4, 6.0)
Adjusted OR (95% ClI)°* 1.00 (reference) 0(1.3,2.9) 8 (1.2,2.8) 8 (13, 63)
Incident RHOA
No, number (%) 2978 (81.3) 187 (52.2) 184 (53.6) 3 (20.0)
Yes, number (%) 686 (18.7) 171 (47.8) 159 (46.4) 12 (80.0)
Crude OR (95% ClI) 1.00 (reference) 0 (3.2, 5.0) 8 (3.0, 4.8) 7.4 (5.2, 57.9)
Adjusted OR (95% Cl)° 1.00 (reference) 4 (2.7, 4.4) 3 (2.6, 4.3) 8.1 (1.9, 35.5)
Incident SHOA"
No, number (%) 4251 (98.2) 654 (94.9) - -
Yes, number (%) 76 (1.8) 5 (5.1) - -
Crude OR (95% CI) 1.00 (reference) 0 (19, 47) - -
Adjusted OR (95% ClI)° 1.00 (reference) 4 (1.5, 3.8) - -
Cl, confidence interval; OA, osteoarthritis; RKOA, radiographic knee OA; SKOA, symptomatic knee OA; RHOA, radiographic hand OA; SHOA, symptomatic hand OA; OR, odds
ratio; PDS, Power Doppler signal. *Adjusted for age (continuous variables), sex (male, female), BMI (continuous variables), smoking status (non-smokers, ex-smokers,
current smokers), alcohol consumption (non-drinkers, ex-drinkers, current drinkers), educational level (educated or non-educated), physical activity (low or moderate, high)
and knee or hand injury history (yes or no). "The analysis of the association between the inflammatory activity of hand synovitis at baseline and the incidence of hand OA
could only be performed on RHOA since the sample size of incident SHOA was limited in the PDS group (n = 1).
Table 2: Associations between baseline synovitis and its activity (status of PDS) and incident OA at both knee and hand sites over three years of
follow-up.
MR analysis SHOA. Per one unit increase of log odds of synovitis,

Genetic  predisposition to synovitis significantly  the ORs were 1.3 (95% CI: 1.1-1.4, P= 2.22 x 107°), 1.3
increased the odds of RKOA, SKOA, RHOA, and (95% CI: 1.1-1.4, P=8.11 x 10’4), 1.5 (95% CI: 1.4-1.7,

Baseline RKOA Baseline SKOA Baseline RHOA Baseline SHOA
Incident synovitis
Incident number (%) 409 (32.8) 200 (34.7) 192 (24.7) 41 (25.3)
Crude OR (95% Cl) 33 (28, 3.9) 2.9 (2.4, 3.6) 27 (22,32) 23 (1.6, 3.4)
Adjusted OR (95% CI)* 3.4 (2.9, 4.1) 27 (2.1, 3.4) 23 (1.8, 2.9) 1.9 (1.2, 2.8)
Incident of synovitis without PDS
Incident number (%) 301 (24.1) 144 (25.0) 171 (22.0) 36 (22.2)
Crude OR (95% Cl) 2.8 (23, 34) 2.5 (2.0, 3.1) 2.6 (2.1,3.1) 22 (15, 33)
Adjusted OR (95% ClI)° 2.9 (2.4, 3.5) 2.4 (1.8, 3.0) 2.2 (17, 2.8) 1.8 (1.2,27)
Incident of synovitis with PDS
Incident number (%) 108 (8.7) 56 (9.7) 21 (2.7) 5(3.1)
Crude OR (95% Cl) 6.9 (5.0, 9.6) 50 (3.5, 7.1) 4.0 (2.3, 6.9) 3.5 (1.4, 9.1)
Adjusted OR (95% CI)* 7.1 (4.8, 10.3) 43 (2.8, 6.5) 42 (23, 7.9) 2.9 (11, 7.8)
Cl, confidence interval; OA, osteoarthritis; RKOA, radiographic knee OA; SKOA, symptomatic knee OA; RHOA, radiographic hand OA; SHOA, symptomatic hand OA; OR, odds
ratio; PDS, Power Doppler signal. *Adjusted for age (continuous variables), sex (male, female), BMI (continuous variables), smoking status (non-smokers, ex-smokers,
current smokers), alcohol consumption (non-drinkers, ex-drinkers, current drinkers), educational level (educated or non-educated), physical activity (low or moderate, high)
and knee or hand injury history (yes or no).
Table 3: Associations of baseline OA with the risk of incident synovitis, as well as activity of synovitis (status of PDS), at both knee and hand sites over
three years of follow-up.
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P = 259 x 107 and 1.7 (95% CIL 1.4-2.0,
P =6.97 x 107'%) for RKOA, SKOA, RHOA and SHOA,
respectively, respectively (Fig. 3, Appendix pp 17-18).
Furthermore, the causal effects of OA on synovitis were
also observed, with ORs being 1.3 (95% CI: 1.2-1.4,
P = 6.46 x 107°) per unit increase of log odds of RKOA,
1.2 (95% CI: 1.0-1.5, P = 1.8 x 107?) per unit increase of
log odds of SKOA, 1.3 (95% CI: 1.2-1.5, P = 9.05 x 10™°)
per unit increase of log odds of RHOA and 1.3 (95% CI:
1.2-1.4, P = 1.24 x 107°) per unit increase of log odds of
SHOA, respectively (Fig. 3, Appendix pp 19-20). These
bidirectional results were consistent across different MR
methods (Fig. 3, Appendix pp 17-20). The characteris-
tics of the instrumental variables used in MR analyses
are elaborated in the Appendix (pp 21-34).

Discussion

In this large general population-based cohort, synovitis
was significantly associated with an increased risk of
incident radiographic and symptomatic OA in both knee
and hand joints, and vice versa. Such an association was
more apparent for the active synovitis (e.g., synovitis
with PDS). The bidirectional association between knee
(or hand) OA and synovitis was further verified using
bidirectional MR analyses.

Comparison with previous studies and potential
mechanisms

Several longitudinal studies, including the Osteoar-
thritis Initiative (OAI), Multicenter Osteoarthritis Study
(MOST), and Cohort Hip and Cohort Knee (CHECK)
study, have reported that knee synovitis is associated
with an increased risk of incident RKOA among high-
risk populations of knee OA.”* Although no study
has directly examined the relation of synovitis to the risk
of symptomatic OA in both knee or hand joints, several
studies have reported that synovitis and its change were
associated with pain progression and fluctuation.”
These findings suggest that synovitis may serve as a
potential target for treatment. However, current disease-
modifying anti-inflammatory drugs have been unsuc-
cessful in treating OA. This discrepancy suggests that
the association between synovitis and OA may be more
complex than previously recognized, and a one-way
temporal relationship may not adequately explain the
interplay of these two features.

Previous studies have reported that OA has a com-
plex pathophysiology that involves all tissues in the joint,
including hyperplasia, cellular infiltration and fibrosis of
the synovium and thickening of the capsule, in what
may be considered an adaptive response to joint insult.”
Some observational studies have reported more synovial
inflammation in early compared with late KOA*
whereas others have suggested that synovial inflamma-
tion accompanies the early structural changes of OA but
becomes more common and severe in the later stages of
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OA.* Indeed, two synovial transcriptomic analysis ana-
lyses detected some non-inflammatory or low-
inflammatory profile in OA at the time of total joint
replacement.”** Furthermore, even though synovitis is
considered an inflammatory feature of OA, OA-related
synovitis might be viewed as a secondary response.”
All these findings indicate that synovitis may accom-
pany OA in a spiral progression and represent an inte-
gral component of OA. It is important to mention that
synovitis and inflammation may play a stronger role
compared with other traditional risk factors like joint
overuse in generalized OA (multiple joint OA).” This
suggests that focusing on synovitis or systemic inflam-
mation could offer insights into developing a universally
effective treatment approach for various types of OA.

Typically, OA is considered to be primarily a
“degenerative” arthritis of synovial joints with low-
inflammatory characteristics because (1) inflammatory
symptoms and signs are absent or minimal* (2) leuko-
cyte count of synovial fluid below the ‘inflammatory’
threshold (2000 cells per mm?)*; (3) the acute phase
response is absent apart from minor increases in C-
reactive protein; (4) low PDS prevalence of synovial
inflammation in the context of OA.?”” Several previous
studies have reported that synovitis at the knee and hand
associates more with radiographic OA than with
pain.”*® These evidence suggests that this low-grade
inflammation is likely to be part of the joint’s adaptive
tissue response to various insults or the consequence of
the inherent repair process of the synovial joint.
Notably, it remains a question of whether specifically
targeting low-grade inflammation could indeed prevent
or slow down the development and progression of OA in
humans.”

Clinical and research implications

Our findings of bidirectional relationships support the
standpoint of low-grade synovitis being both a risk factor
and a consequence of the OA (e.g., an integral compo-
nent of the OA) rather than the prevailing view that
synovitis is solely a risk factor for OA. The role of sy-
novitis as a mere ‘risk factor’ fails to explain the bidi-
rectional relationship of these two features thoroughly.
Therefore, its suitability as a potential treatment target
requires further consideration. To a certain extent, this
also provides some explanation for the failure of current
disease-modifying anti-inflammatory treatments. Future
research should delve deeper into understanding the
nature of synovitis in OA, potentially enhancing our
understanding of the trajectory of OA and adjusting the
current focus and strategy of disease-modifying anti-
inflammatory treatments.

Strengths and limitations

Our study has several strengths. Firstly, we explored the
temporal relationship between synovitis and OA in both
weight-bearing (knee) and non-weight-bearing (hand)
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da
Association Method N_SNPs OR (95% ClI) OR (95% CI)
Knee synovitis on RKOA
VW 18 1:3(1:1,1:4) | —
MR Egger 18 11 (09, 1-5) e—
Weighted median 18 131115 1:S) : ——i
Two-stage method 18 1:3(1:2,1-4) , e
MR-PRESSO 1:3(1:1,1-4) : —
Knee synovitis on SKOA 1
VW 18 1311, 1-4) | —~
MR Egger 18 1-1 (08, 1-5) '—:-0—'
Weighted median 18 1-:3(1-1,1-5) g =
Two-stage method 18 12(11,1:3) : -
MR-PRESSO 1:3(11, 1-4) | —
RKOA on knee synovitis i
VW 18 1:3(1-2,1:4) \ a g
MR Egger 18 1:3(1-0,1-7) e
Weighted median 18 1:3(11,1-5) | ——
Two-stage method 18 1:3(1-2,1'5) [
MR-PRESSO 13(1-2,1-4) | e
SKOA on knee synovitis !
IVW 11 12 (1:0,1:5) ——
MR Egger 11 17 (1-3,2-3) e
Weighted mode 11 1-3(1-1, 1-6) | ——
Two-stage method 11 14 (12, 1-6) : ——
MR-PRESSO 1:3(11,1:5) I
0 0-5 1 15 2 2-5
b
Association Method N_SNPs OR (95% CI) OR (95% CI)
Hand synovitis on RHOA
VW 16 1:5(14,1-7) 1 ——
MR Egger 16 16 (1-3,1-9) |
Weighted median 16 1-5(1:3,1:8) | ——
Two-stage method 16 17 (1-5,1:9) : ——
MR-PRESSO 1-5(14,1-7) : ——i
Hand synovitis on SHOA 1
VW 16 1-7 (1+4, 2:0) i ——
MR Egger 16 17 (1-3,2:3) : ——
Weighted median 16 1.8(14,2.2) | ——
Two-stage method 16 1-3(1-2,1-4) : e
MR-PRESSO 1-7(1-5,1-9) | ——
RHOA on hand synovitis H
VW 16 1:3(1:2,1:5) L o
MR Egger 16 1-1(0-8,1-4) —T—
Weighted median 16 1:3(1-1,1-5) | ——
Two-stage method 16 1-3(1-2,1-9) [ ]
MR-PRESSO 1:3(1:2,1:5) | e—
SHOA on hand synovitis :
VW 21 1:3(1:2,1:4) .
MR Egger 21 1:3(11,1-6) L =——i
Weighted mode 21 1-2(1-1,1-4) | H—
Two-stage method 21 1:6 (14, 1-8) H ——
MR-PRESSO 1:3(1-2,1-4) : -
0 0-5 1 1-5 2 25

Fig. 3: Bidirectional MR results of knee synovitis and knee OA (A), as well as hand synovitis and hand OA (B). MR, mendelian
randomization; N_SNPs, number of single nucleotide polymorphisms; OR, odds ratio; Cl, confidence interval; IVW, inverse-variance weighted;
MR-PRESSO, MR pleiotropy residual sum outlier; RKOA, radiographic knee osteoarthritis; SKOA, symptomatic knee osteoarthritis; RHOA,
Radiographic hand osteoarthritis; SHOA, symptomatic hand osteoarthritis.
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joint sites, enhancing the reliability and generalisability
of the findings. Secondly, we provide the first-ever
population-based study of hand OA incidence in
Asians. By utilizing these epidemiological data, we can
better understand the natural history of hand OA and
identify differences in incidence among different pop-
ulations. Although the risk of incident SHOA increases
with age and peaks around 65 years, it gradually de-
creases thereafter. This pattern aligns with the occur-
rence characteristics of symptomatic OA and is partly
influenced by the increased pain thresholds observed in
elderly females. Thirdly, our study was well suited to
investigating the complex association between synovitis
and OA because it included repeated measures of both
features over time. Fourthly, we adjusted for many
covariates in the current analysis, including age, sex,
BMI, smoking status, alcohol consumption, educational
level, and joint injury history; thus minimizing potential
bias from major confounders. Finally, we conducted an
MR study using the available genomic data from the XO
Study to further investigate the bidirectional causal
relationship between synovitis and OA.

However, our study has several limitations. Firstly,
the lack of estimates for the association between hand
synovitis with PDS and SHOA and the wide confidence
intervals for the association between hand synovitis with
PDS and OA may be due to the low prevalence of PDS
in the general population. Secondly, radiographs are not
sensitive to mild cartilage and bone changes; thus, our
study cannot investigate the relationship between sy-
novitis and earlier structural changes associated with
OA. Thirdly, considering that the participants are from a
general population cohort in rural mountainous areas of
China, the findings could be generalizable to pop-
ulations with similar characteristics. However, the
generalizability of these findings to populations with
different characteristics may be limited. Fourthly, while
self-reported symptom assessment methods are
commonly used in cohort studies, the evaluation results
may be subject to recall bias. Furthermore, we used one-
sample MR in our cohort for a causal association;
further studies on two-sample MR would be helpful to
confirm the findings. Lastly, we observed that the
excluded individuals were older than the included ones,
which may be attributed to difficulties in contact,
inability to participate in follow-up, and higher mortality
among the elderly. Therefore, there remains potential
selection bias, which reduces the reliability of the
results.

Conclusion

This general population-based cohort study found that
the association between synovitis and OA is bidirec-
tional. These findings indicate that synovitis could be a
risk factor or a consequence of the OA rather than a sole
risk factor for joint damage. Future research is needed
on understanding the nature of OA especially
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inflammation, rather than simply adopting anti-
inflammatory treatment from inflammatory arthritis to
OA therapy.
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