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Objective. Polygenic risk scores (PRS) allow risk stratification using common single-nucleotide polymorphisms
(SNPs), and clinical applications are currently explored for several diseases. This study was undertaken to assess the
risk of hip and knee osteoarthritis (OA) using PRS.

Methods. We analyzed 12,732 individuals from a population-based cohort from the Rotterdam Study (n = 11,496),
a clinical cohort (Cohort Hip and Cohort Knee [CHECK] study; n = 908), and a high-risk cohort of overweight women
(Prevention of Knee OA in Overweight Females [PROOF] study; n = 328), for the association of the PRS with preva-
lence/incidence of radiographic OA, of clinical OA, and of total hip replacement (THR) or total knee replacement
(TKR). The hip PRS and knee PRS contained 44 and 24 independent SNPs, respectively, and were derived from a
recent genome-wide association study meta-analysis. Standardized PRS (with Z transformation) were used in all
analyses.

Results. We found a stronger association of the PRS for clinically defined OA compared to radiographic OA pheno-
types, and we observed the highest PRS risk stratification for TKR/THR. The odds ratio (OR) per SD was 1.3 for incident
THR (95% confidence interval [95% CI] 1.1–1.5) and 1.6 (95%CI 1.3–1.9) for incident TKR in the Rotterdam Study. The
knee PRS was associated with incident clinical knee OA in the CHECK study (OR 1.3 [95% CI 1.1–1.5]), but not for the
PROOF study (OR 1.2 [95%CI 0.8–1.7]). The OR for OA increased gradually across the PRS distribution, up to 2.1 (95%
CI 1.4–3.2) for individuals with the 10% highest PRS compared to the middle 50% of the PRS distribution.

Conclusion. Our findings validated the association of PRS across OA definitions. Since OA is becoming frequent
and primary prevention is not commonly applicable, PRS-based risk assessment could play a role in OA prevention.
However, the utility of PRS is dependent on the setting. Further studies are needed to test the integration of genetic risk
assessment in diverse health care settings.

INTRODUCTION

Osteoarthritis (OA) is a complex progressive and irreversible

degenerative joint disease, causing joint pain and immobility (1). OA

is a late-onset disease (>45 years old) and poses a considerable

societal burden with over 300 million people affected globally (2,3).

Studies show that OA is becoming even more prevalent in the

world’s aging and increasingly obese population, and will become

one of the most common diseases in the coming decades (4,5).

OA can be influenced by conventional risk factors such as

age, body mass index (BMI) and/or lifestyle factors (e.g., vigorous

physical activity) (6–8). Although some of these risk factors can be

modified (9), a limited number of primary OA prevention programs

are available, such as a diet and exercise program aimed at

reducing body weight (10). In addition, the clinical treatments are

aimed at relieving symptoms, and many patients do not receive

appropriate OA risk management therapies (11). Many trials have

failed to identify structural treatment options, in part because of
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the patients’ heterogeneity in the late stages of OA (12,13). There-
fore, it is suggested that the OA burden should be controlled by
shifting from the current broad and imprecise approach of OA
management to a more precise system of individualized patient
care based on the patient’s characteristics and specific needs
(11). In such a system, the ability to predict OA onset or progres-
sion would allow for more efficacious OA-modifying management
strategies (1,14,15).

One of the prime opportunities for OA prediction lies in
genetic predisposition. Heritability of OA has been estimated at
40–65% by twin studies, depending on the affected joint
(15–17). The most extensive genome-wide association study
(GWAS) study in OA was conducted by the Genetics of OA
(GO) consortium (18), which revealed 100 genetic variants and
explained ~6–21% of the total estimated heritability for different
types of OA. These ~100 genetic variants are expected to predict
individual genetic OA risk through polygenic risk scores (PRS) and
could be used as a risk prediction tool in different settings, such
as in clinical practice or in screening programs in society (19,20).

In this study, we constructed the PRS for knee and hip OA
and examined their performance for radiographic OA, clinical
OA, and total hip replacement (THR) or total knee replacement
(TKR) in 3 Dutch studies with Caucasian participants: a large
population-based cohort, a clinical cohort of patients in primary
care, and a cohort of subjects at high risk of developing knee

OA. Additionally, we investigated the optimal PRS cutoffs and
the interaction of the OA PRS with conventional risk factors in
subsequent sensitivity analyses.

PATIENTS AND METHODS

Study populations. We analyzed samples from 12,732
Dutch Caucasian individuals from 3 population-based cohorts
within the Rotterdam Study (RS-I, RS-II, RS-III) and 2 clinical
cohorts (the Cohort Hip and Cohort Knee [CHECK] study and
the Prevention of Knee OA in Overweight Females [PROOF]
study) (Figure 1, Table 1, and Supplementary Figure 1, available
on the Arthritis & Rheumatology website at https://onlinelibrary.
wiley.com/doi/10.1002/art.42246). The Rotterdam Study is a
large longitudinal population-based cohort study (21). CHECK is
a longitudinal cohort of individuals that consulted a general practi-
tioner (GP) for joint complaints for the first time, and the selection
of CHECK participants was directed toward early OA cases
(22,23). PROOF is a longitudinal study of overweight women ages
50–60 years without clinical OA at baseline (24). More details
about each cohort are provided in the Supplementary Methods
(https://onlinelibrary.wiley.com/doi/10.1002/art.42246).

Outcomes assessment. Radiographic hip and/or knee
OA was defined in all 5 cohorts by a Kellgren/Lawrence (K/L)

Figure 1. Overview of data availability and performed analysis. * = Age at onset was determined for incident radiographic osteoarthritis (OA) andwas cal-
culated as the age at first diagnosis of radiographic OA. ** = Radiographic OA progression was defined as any progression in the Rotterdam Study
(RS) with a ≥1-degree increment in Kellgren/Lawrence (K/L) score (excluding progression from K/L 0 to K/L 1 or having a total joint replacement [TJR] of
one or both joints during the follow-up period). CHECK=Cohort Hip andCohort Knee; PROOF =Prevention of KneeOsteoarthritis in Overweight Females;
BMI = body mass index; PRS = polygenic risk score; ROC = receiving operating characteristic curve; AUC = area under the ROC; OR = odds ratio. Color
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42246/abstract.
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score of ≥2 for one or both joints (25). Clinical OA in the Rotter-
dam Study was defined as reported pain in the last month and
a K/L score of ≥2 in the same hip or knee joint, and the control
group contained all participants who had not been diagnosed
as having radiographic OA by the end of the follow-up period.
In the CHECK cohort, clinical OA was defined as clinically rele-
vant hip or knee OA by a group of 36 GPs and secondary care
physicians by manually evaluating the study records over the
5–10 years of follow-up (23). Finally, clinical OA in the PROOF
cohort was defined based on the American College of Rheu-
matology criteria (26), which includes knee pain on most days
of the last month in addition to ≥3 of the following clinical find-
ings: age >50 years, stiffness <30 minutes, crepitus, bony
tenderness, bony enlargement, and no palpable warmth. Prev-
alent cases were defined at baseline. For incident cases, par-
ticipants were censored at first diagnosis, death or other loss
to follow–up, end of the study period, or after 10 years of
follow-up. Age at onset was determined for incident radio-
graphic OA and was calculated as the age at first diagnosis of
radiographic OA. A summary of the data availability and per-
formed analysis are shown in Figure 1.

We defined radiographic OA progression in the Rotterdam
Study as ≥1-degree increment of the K/L score (excluding progres-
sion from K/L 0 to K/L 1) or total joint replacement (TJR) for one or
both joints in follow-up time. As a sensitivity analysis, we examined
whether the PRS predicts OA progression across the different OA
stages by stratifying the progression cases into 3 groups: 1) “early
incident OA” includes patients with a maximum K/L score of 2 for
each joint during follow-up (K/L 0/1 to K/L 2); 2) “incident severe
OA” includes patients with a K/L score of 3 or 4 or joint replace-
ment of each joint during follow-up (from K/L 0/1 at baseline to
K/L 3+); 3) “progressive severe OA” includes cases that pro-
gressed from early OA (K/L 2) to severe OA (KL 3+) or joint replace-
ment surgery during follow-up (K/L 2+ to K/L 3+). The control
groups for all progression variables were defined separately for
hip and knee OA and contained all participants who had not been
diagnosed as having radiographic OA (K/L 2+) for either knee or
hip by the end of follow-up.

Variant selection and calculating polygenic scores.
In the Rotterdam Study, participants were genotyped using Illumi-
na’s 550k or 610k genotyping arrays and imputed to the HRC1.1

Table 1. Descriptive statistics of the study populations (n = 16,335 total participants)*

RS-I
(n = 7,983)

RS-II
(n = 3,011)

RS-III
(n = 3,932)

CHECK study
(n = 1,002)

PROOF study
(n = 407)

No. of participants with genetic
data available (female sex, %)

6,291 (60.1) 2,157 (54.4) 3,048 (56.3) 908 (79) 328 (100)

Baseline age, range/mean ± SD years 55–99/
69.5 ± 9.2

55–95/
64.8 ± 8.0

45–97/
57.1 ± 6.9

45.1–65.1/
55.9 ± 5.2

50.2–61.9/
55.8 ± 3.2

Baseline BMI, range/mean ± SD kg/m2 14.2–50.7/
26.3 ± 3.7

16.7–50.6/
27.2 ± 4.0

12.6–56.9/
27.7 ± 4.6

18.1–40.1/
26.2 ± 4.1

26.1–48.6/
31.9 ± 4.1

Hip PRS (original), range/mean ± SD† 1.33–5.07/
2.52 ± 0.29

1.59–4.73/
2.51 ± 0.3

1.57–4.86/
2.52 ± 0.29

1.74–4.77/
2.51 ± 0.29

1.78–3.4/
2.5 ± 0.27

Hip PRS (without RS), range/mean ± SD‡ 1.33–5.09/
2.54 ± 0.30

1.6–4.76/
2.54 ± 0.3

1.6–4.89/
2.54 ± 0.3

1.76–4.8/
2.54 ± 0.29

1.8–3.44/
2.53 ± 0.27

Knee PRS (original), range/mean ± SD† 0.56–1.96/
1.26 ± 0.17

0.8–1.81/
1.27 ± 0.16

0.68–1.86/
1.26 ± 0.16

0.65–1.68/
1.25 ± 0.16

0.84–1.68/
1.26 ± 0.16

Knee PRS (without RS), range/mean ± SD‡ 0.55–1.94/
1.25 ± 0.17

0.8–1.8/
1.26 ± 0.16

0.68–1.85/
1.26 ± 0.16

0.64–1.67/
1.24 ± 0.16

0.83–1.67/
1.25 ± 0.16

Radiographic OA, %
Prevalent hip 9.7 5.5 2.3 6.0 –

Incident hip 7.8 11.6 5.7 56.9 –

Prevalent knee 19.5 14.2 8.9 6.6 9.5
Incident knee 14.9 14.1 7.5 71.7 16.9

Clinical OA, %
Prevalent hip 7.8 5.4 2.0 – –

Incident hip 5.8 6.5 1.6 28.4 –

Prevalent knee 20.7 22.2 14.6 – –

Incident knee 18.1 9.9 5.5 49.6 10.7
TJR, %
Prevalent hip 3.3 2.1 1.0 – –

Incident hip 3.1 3.9 0.8 10.4 –

Prevalent knee 0.7 1.0 0.6 – –

Incident knee 1.8 3.6 1.2 5.8 –

* RS-I = Rotterdam Study cohort I; CHECK = Cohort Hip and Cohort Knee; PROOF = Prevention of Knee Osteoarthritis in Overweight Females;
BMI = body mass index; TJR = total joint replacement.
† Polygenic risk scores (PRS) based on the initially reported effect sizes for osteoarthritis (OA) in 826,690 participants across 13 cohorts world-
wide in 10 different OA phenotypes by the Genetics of OA (GO) consortium meta-analysis.
‡ PRS based on the secondary reported effect sizes for only hip OA and knee OA after excluding the Rotterdam Study from themeta-analysis by
the GO consortium.
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reference panel. In CHECK andPROOF, participantswere genotyped
using Illumina’sMEGA and Cytosnp 850K genotyping arrays, respec-
tively, and imputed to the HRC1 reference panel. Sample and variant
quality control were performed as described elsewhere (27). We
selected all 45 independent variants for hip OA and all 24 independent
variants for knee OA that were significantly (P < 1.3 × 10−8) associ-
ated, genome-wide, with hip or knee OA in the GO consortium (18).
The GO consortium performed a large-scale GWAS meta-analysis
for OA in 826,690 participants across 13 cohorts worldwide in 10 dif-
ferent OA phenotypes (Supplementary Table 1, https://onlinelibrary.
wiley.com/doi/10.1002/art.42246).

Since the Rotterdam Study was part of the original GWAS,
which could have impacted the effect estimates, the GO consor-
tium provided us with a meta-analysis for hip OA and knee OA
after excluding the Rotterdam Study cohorts. Supplementary
Table 2 and Supplementary Figure 2 (https://onlinelibrary.wiley.
com/doi/10.1002/art.42246) show the reported effect sizes with
and without the Rotterdam Study and their correlation, respec-
tively. In Supplementary Table 2, all effect sizes are reported in
the positive direction, matching with effect allele and effect allele
frequency. In the present study, we used the effect sizes after
excluding the Rotterdam Study. For making the PRS, 3 of
45 selected variants for the hip OA PRS were excluded because
of low imputation quality (R2 > 0.8) or absence in all 5 data sets,
of which 2 could be replaced by proxies with R2 > 0.9 and D0 >
0.9, and thus the hip OA PRS was constructed based on 44 vari-
ants (Supplementary Table 2). For the knee OA PRS, 3 variants
were similarly excluded and subsequently replaced by proxies
(Supplementary Table 2). We calculated the weighted continuous
PRS for hip and knee OA as follows:

PRSi =
Xk

i
bβj ×dosageij

� �

where PRSi is the polygenic score for subject i, dosageij is the

posterior probability of being a heterozygous (probability ~1.0) or
homozygous (probability ~2.0) effect allele carrier after imputations
by subject i of a variant j, k is the number of independent variants

in the polygenic score for subject i, and bβj is the weight for variant

j obtained from GWAS summary statistics. All PRS were stan-
dardized to a mean of 0 and an SD of 1 (with Z transformation)
for each of the 5 cohorts.

Statistical analysis. Age- and sex-adjusted binomial gen-
eralized linear (GLM) models were used to evaluate the association
between the continuous PRS value (expressed as SD) and out-
comes. For knee OA risk assessment, the baseline BMI (kg/m2)
was also included in the model. All analyses in the 3 Rotterdam
Study subcohorts were followed by a fixed-effect meta-analysis of
effects in the Rotterdam Study as a whole. The PRS predictive
value was compared to the traditional clinical factors (i.e., age,
sex, and BMI) using the area under the receiver operating charac-
teristic curve (AUC). For PRS cutoff analyses, participants were

partitioned into the top and bottom 5%, 10%, 20%, or 25% of the
PRS distribution, and each partition was compared to participants
in the middle 25–75% as a reference group representing the “aver-
age” Dutch Caucasian population. The absolute risks in each parti-
tion are based on 10-year incidence and compared to the reference
group. Additional gaussian GLM models were used to evaluate
PRS association with age at radiographic OA onset for incident
radiographic OA. All statistical analyses were performed using R
software, version 4.0.0 (R packages: rmeta, MASS, survminer)
and SPSS, version 28. A summary of the data availability and per-
formed analysis are shown in Figure 1.

Ethics approval. The Rotterdam Study was approved by
the Medical Ethics Committee of the Erasmus MC (registration
no. MEC 02.1015) and by the Dutch Ministry of Health, Welfare
and Sport (Population Screening Act WBO, license no. 1071272-
159521-PG). The Rotterdam Study Personal Registration Data col-
lection is filed with the Erasmus MC Data Protection Officer under
registration number EMC1712001. The Rotterdam Study was
entered into The Netherlands National Trial Register (www.
trialregister.nl) and the World Health Organization International Clini-
cal Trials Registry Platform (https://apps.who.int/trialsearch/) under
shared catalogue number NL6645/NTR6831. All participants pro-
vided written informed consent to participate in the study and to
have their information obtained from treating physicians.

The CHECK study was approved by the medical ethics com-
mittees of all participating centers, and all participants gave their
written informed consent before entering the study. The PROOF
study (International Standard Randomised Controlled Trial Num-
ber no. 42823086) was approved by the Medical Ethics Commit-
tee of Erasmus MC University Medical Centre in 2005.

RESULTS

The mean age, sex, and BMI were different across the
3 study populations (Table 1 and Supplementary Figure 1,
https://onlinelibrary.wiley.com/doi/10.1002/art.42246). The
unstandardized weighted PRS had similar normal distributions in
all cohorts (Table 1). The incidence of hip OA and knee OA is
noticeably higher in the CHECK cohort than in the other study
populations (Table 1), in which >55% (hip) and >70% (knee) of
the individuals developed radiographic OA. In the PROOF cohort,
none of the participants had prevalent clinical knee OA, and no
incident TKR was observed (Table 1).

Hip OA PRS. Within the Rotterdam Study, we observed an
odds ratio (OR) of 1.2–1.3 per SD of hip PRS in relation to preva-
lent hip OA phenotypes (Figure 2 and Supplementary Table 3,
https://onlinelibrary.wiley.com/doi/10.1002/art.42246). The PRS
for the clinical OA and THR tended to show larger effect sizes
(~1.3) compared to radiographic OA (~1.2). Similarly, the PRS
also discriminated against incident hip OA, with the same trend
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showing larger effects in clinically defined hip OA (Figure 2 and
Supplementary Table 3). In the CHECK cohort, the hip PRS had
a similar OR of 1.3 (95% confidence interval [95% CI] 0.98–1.65)
for prevalent radiographic hip OA, and no significant OR was
observed for incident hip OA (0.95 [95% CI 0.82–1.11]), irrespec-
tive of the radiographic or clinical definitions (Figure 2 and Supple-
mentary Table 3). Similarly, we did not observe a significant
association between age at onset and the hip PRS within the Rot-
terdam Study or CHECK cohort (Supplementary Table 4, https://
onlinelibrary.wiley.com/doi/10.1002/art.42246).

In the Rotterdam Study, the sensitivity analysis showed that
the hip PRS was significantly associated with radiographic pro-
gression of hip OA (OR 1.18 [95% CI 1.09–1.28]), similar to that
observed for incident radiographic OA (OR 1.15 [95% CI 1.05–
1.26]). When we stratified the analysis for progressive hip OA
patients, we found a higher risk estimate for incident severe
OA (OR 1.33 [95% CI 1.12–1.59]) and progressive severe OA
(OR 1.31 [95% CI 1.12–1.53]), compared to early incident OA
(OR 1.12 [95% CI 1.02–1.23]) (Figure 3 and Supplementary
Table 5, https://onlinelibrary.wiley.com/doi/10.1002/art.42246).

KneeOA PRS. In the RotterdamStudy, we observed anORof
~1.2 for radiographic and clinical OA for both prevalent and incident
knee OA phenotypes and a slightly higher OR (1.3) for prevalent
TKR. However, a larger OR (1.6) was observed for incident TKR. In
the CHECK study, the knee PRS showed a trend toward increased
risk of prevalent radiographic OA (OR 1.27 [95% CI 0.96–1.68]) and
incident clinical knee OA (OR 1.26 [95% CI 1.05–1.52]). For PROOF,
we observed a weaker trend of increased risk for the knee PRS with
prevalent and incident knee OA, albeit not significant (Figure 2 and
Supplementary Table 3). Similarly, we did not observe a significant
association in cohorts between age at onset and knee PRS
(Supplementary Table 4).

Also in the Rotterdam Study, the sensitivity analysis showed
that knee PRS discriminated radiographic progression of knee OA
(OR 1.18 [95% CI 1.10–1.25]) similarly to incident radiographic
knee OA (OR 1.15 [95% CI 1.06–1.24]) in the Rotterdam Study.
After stratifying the analysis for progressive knee OA cases,
we found a higher risk estimate for incident severe OA (OR 1.30

[95% CI 1.04–1.63]) and progressive severe OA (OR 1.31 [95%
CI 1.15–1.49]) compared to early incident OA (OR 1.13 [95% CI
1.05–1.23]) (Figure 3 and Supplementary Table 5).

Combining PRS with clinical factors to predict inci-
dent OA. AUCs were estimated separately for each cohort and
combined for the PRS and the clinical risk factors, including age,
sex, and BMI, in relation to predicting hip OA or knee OA. For hip
OA in the RS, the highest AUC was observed for THR. AUCs for
clinical risk factors (AUCTHR = 0.64) were higher compared to the
AUC observed for the PRS alone (AUCTHR = 0.57) and were slightly
increased in the combined model (AUCTHR = 0.66). Also, a similar
trend toward a higher AUC was observed in radiographic and clini-
cal hip OA definitions (Table 2). In the CHECK study, the AUC for
clinical risk factors (AUCTHR = 0.64) was higher than the AUC for
the PRS alone (AUCTHR = 0.56) and did not increase further in the
combined models across hip OA definitions. For knee OA in the
Rotterdam Study, the AUC for clinical risk factors (AUCTHR = 0.66)
did not improve with the addition of the knee PRS in the combined

Figure 2. Association between the hip/knee OA PRS and risk of OA according to different definitions in the 3 study populations. The results in
the Rotterdam Study are presented as a meta-analysis of the 3 subcohorts. See Figure 1 for definitions.

Figure 3. Association between OA PRS and risk of OA progression in
a meta-analysis of the Rotterdam Study of 3 cohorts. Any progression
was defined by a ≥1-degree increment of the K/L score (excluding pro-
gression from K/L 0 to K/L 1) or having a TJR of one or both joints during
the follow-up period. Early incident OA was defined by a maximum K/L
score of 2 for each joint during follow-up (i.e., K/L 0 or K/L 1 to K/L 2).
Incident severe OA was defined by a K/L score of ≥3 or TJR during
follow-up (i.e., K/L 0 or K/L 1 to K/L 3+, or TJR). Progressive severe OA
was defined by progression from early OA (K/L 2) to severe OA (K/L
3+) or TJR during follow-up. See Figure 1 for definitions.
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model. However, in the CHECK and PROOF studies, the AUCs
were slightly increased in the combined model compared to the
AUC of clinical risk factors.

Analyses of PRS cutoffs. Since results were very similar
for prevalent and incident (hip or knee) OA patients, we combined
them for reasons of power and examined various upper and lower

Table 2. Discrimination of OA risk prediction models in the study populations of knee OA and hip OA*

Study and variables

Radiographic OA Clinical OA THR

AUC (95% CI) P AUC (95% CI) P AUC (95% CI) P

Hip OA
Meta RS†
PRS 0.54 (0.51–0.56) <1.0 × 10−16 0.56 (0.50–0.63) <1.0 × 10−16 0.57 (0.52–0.61) <1.0 × 10−16

Age and sex 0.57 (0.55–0.60) <1.0 × 10−16 0.58 (0.52–0.64) <1.0 × 10−16 0.64 (0.60–0.68) <1.0 × 10−16

Age, sex, and PRS 0.59 (0.56–0.61) <1.0 × 10−16 0.62 (0.56–0.68) <1.0 × 10−16 0.66 (0.62–0.70) <1.0 × 10−16

CHECK
PRS 0.51 (0.47–0.55) 7.5 × 10−1 0.52 (0.46–0.58) 4.8 × 10−1 0.56 (0.46–0.66) 2.2 × 10−1

Age and sex 0.62 (0.58–0.65) 2.2 × 10−8 0.53 (0.47–0.59) 3.6 × 10−1 0.64 (0.55–0.72) 4.8 × 10−3

Age, sex, and PRS 0.62 (0.58–0.65) 2.2 × 10−8 0.53 (0.47–0.59) 2.7 × 10−1 0.64 (0.55–0.73) 3.8 × 10−3

Knee OA
Meta RS†
PRS 0.51 (0.50–0.53) <1.0 × 10−16 0.53 (0.51–0.57) <1.0 × 10−16 0.53 (0.51–0.56) <1.0 × 10−16

Age, sex, and BMI 0.60 (0.58–0.62) <1.0 × 10−16 0.65 (0.60–0.69) <1.0 × 10−16 0.66 (0.61–0.71) <1.0 × 10−16

Age, sex, BMI, and PRS 0.60 (0.58–0.63) <1.0 × 10−16 0.66 (0.61–0.71) <1.0 × 10−16 0.66 (0.61–0.71) <1.0 × 10−16

CHECK
PRS 0.55 (0.51–0.60) 2.4 × 10−2 0.54 (0.49–0.58) 1.5 × 10−1 0.58 (0.38–0.77) 3.6 × 10−1

Age, sex, and BMI 0.54 (0.49–0.59) 7.5 × 10−2 0.59 (0.54–0.64) 1.9 × 10−4 0.58 (0.46–0.70) 3.4 × 10−1

Age, sex, BMI, and PRS 0.57 (0.53–0.62) 2.7 × 10−3 0.60 (0.55–0.65) 3.4 × 10−5 0.65 (0.49–0.82) 6.5 × 10−2

PROOF
PRS 0.54 (0.45–0.64) 3.7 × 10−1 0.51 (0.42–0.61) 8.4 × 10−1 – –

Age and BMI 0.52 (0.44–0.61) 6.0 × 10−1 0.52 (0.41–0.64) 6.7 × 10−1 – –

Age, BMI, and PRS 0.53 (0.44–0.63) 4.9 × 10−1 0.52 (0.41–0.63) 7.4 × 10−1 – –

* Model performance was classified according to area under the receiver operating characteristic curve (AUC) scores (very poor [scores 0.50–
0.60], poor [scores 0.60–0.70], fair [scores 0.70–0.80], good [scores 0.80–0.90], and excellent [scores 0.90–1.0]). 95% CI = 95% confidence inter-
val (see Table 1 for other definitions).
† All analyses in the 3 Rotterdam Study subcohorts were followed by a fixed-effect meta-analysis of effects in the Rotterdam Study as a whole.

Figure 4. Association between the hip/knee osteoarthritis (OA) polygenic risk score and lifetime presence, prevalence, and incidence of hip/knee
OA according to radiographic, clinical, or total joint replacement definitions, as observed in a meta-analysis of the 3 Rotterdam Study cohorts.
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42246/abstract.
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PRS cutoffs versus the middle 50% of the PRS distribution. We
observed increasing OA risks in the upper tails of the PRS distri-
bution (outermost 25%, 10%, and 5%), as shown in Figure 4. This
is most clearly observed at the highest 10% of the PRS distribu-
tion in relation to all hip OA definitions used in the Rotterdam
Study: OR 1.45 (95% CI 1.18–1.78) for radiographic OA, OR
2.14 (95% CI 1.43–3.19) for clinical OA, and OR 1.48 (1.06–
2.07) for THR in the Rotterdam Study. In the Rotterdam Study,
these ORs translate to a 10-year absolute risk of 12% for
radiographic hip OA, 10% for clinical hip OA, and 4% for THR.
This was 2–4 times higher compared to the risk observed for the
individuals in the lowest 10% (Supplementary Table 6, https://
onlinelibrary.wiley.com/doi/10.1002/art.42246). Likewise, the
top 10% percentile of patients showed the highest OR (1.39
[95% CI 0.84–2.32]) in the CHECK study, although no significant
results were observed across the cutoffs (Supplementary Table 6).

Similar results were observed for the top 10% of the knee
PRS distribution in the Rotterdam Study: OR 1.24 (95% CI 1.03–
1.50) for radiographic knee OA, OR 1.38 (95% CI 0.95–2.02) for
clinical knee OA, and OR 1.94 (95% CI 1.15–3.25) for TKR. The
10-year absolute risks were 15% for both radiographic knee OA
and clinical knee OA and 4% for TKR (Figure 4 and Supplementary
Table 6). In the RotterdamStudy the risk increased further in higher
PRS cutoffs, such as the top 5% of the knee PRS, with OR 2.53
(95% CI 0.88–7.32) for TKR, corresponding with a 10-year abso-
lute risk of 6%. However, no significant results were observed in
the CHECK and PROOF studies (Supplementary Table 6).

DISCUSSION

The findings of the present study confirmed the association
of PRS with radiographic OA, clinical OA, THR/TKR, and radio-
graphic OA progression across different populations. Also, we
observed a modest but significant discriminatory ability of hip
PRS and knee PRS across all OA definitions. Overall, prevalent
OA, incident OA, and any OA progression of hip OA were associ-
ated with a similar OR of 1.2–1.3 per SD in PRS and varied slightly
more for knee OA with an OR of 1.1–1.6 per SD in PRS in the
population-based setting studies. Our results showed a possible
clinically relevant increased risk (1.5–2.2 fold) of OA in the upper
5–25% tails of the PRS distribution compared to the average
population in the population-based studies. We also observed a
robust association of PRS with progressive severe OA. In the
CHECK and PROOF cohorts, results where more scattered, most
likely due to power and study setting.

Our results showed a stronger association of clinical OA and
TJR compared to radiographic OA. This could be caused by the
case definitions used in the discovery of GWAS, in which ~80%
of cases were defined by TJR (44% of total) and clinical codes
from the International Statistical Classification of Diseases and
Related Health Problems, Tenth Revision (unilateral/bilateral pri-
mary hip OA or knee OA and primary arthrosis of pelvic region or

thigh or lower leg), which may have yielded higher power for clini-
cal OA and TJR, as observed in our study (18). Similarly, the asso-
ciation with incident severe cases was stronger than early incident
OA in our study population, which may be caused by the same
case definition bias in the discovery GWAS and was most likely
driven by TJR cases. The PRS is therefore valuable in identifying
future TJR cases. To identify variants for early detection as one
of the main aims of early OA prediction in the clinic (12), we sug-
gest stratifying the discovery GWAS and providing weights or var-
iants per subphenotypes (e.g., for early versus severe OA). This
approach is not only relevant for the different OA sites and OA
severity, but also for different aspects of OA, such as osteophyto-
sis versus cartilage degradation.

The (large) population-based Rotterdam Study showed
stronger PRS associations than the (smaller) CHECK and PROOF
clinical cohorts. Although we used the corrected effect sizes for
constructing PRS in this study (excluding the Rotterdam Study
from the GO consortium meta-analysis), the results based on
the original effect size overall showed highly similar performance
of PRS across the OA definitions and cohorts (Supplementary
Figure 3, https://onlinelibrary.wiley.com/doi/10.1002/art.42246).
This can be explained by the small contribution of Rotterdam
Study sample sizes in the GO consortium, which was only 1.3%
of the total study sample.

Aside from power differences, the difference in association
results between cohorts might be due to the inclusion criteria for
clinical cohorts, which included either participants with early-
stage OA-like symptoms (CHECK) or those with high BMI (≥27
kg/m2; PROOF). Therefore, the individuals that do not show OA
progression in these studies are not like population-based con-
trols, which may diminish the association of the OA PRS within
the clinical cohorts. One solution would be to use the controls
from the Rotterdam Study for all comparisons, but due to the dif-
ferences in genotyping platform and processing, this is not
straightforward. Methodology for such comparisons or reference
population values would aid in comparing PRS directly across
studies.

Another concern that could possibly influence the associa-
tion of the PRS is the underlying biology of the particular variants
contained within the genetic score. The most recent GWAS of
the GO consortium showed a large genetic correlation between
knee OA and BMI (~45%), which could diminish the effect of
the OA PRS in high-BMI individuals (18). This explains the poor
PRS performance in the PROOF study (all obese women) and
the lack of predictive value above clinical risk factors such
as BMI.

PRS performance could be improved by looking at a
selection of included variants in that PRS based on statistical
robustness and/or underlying biology. For example, the GO con-
sortium has demonstrated new associations for 16 of 44 variants
in hip PRS and 11 of 24 variants in knee PRS. This increment of
associated variants suggests that we may still find more variants
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by increasing the sample size. Also, bigger sample size can help
for effect sizes accuracy for the variants. Regarding underlying
biology, variants for an OA PRS could be evaluated on the partic-
ular biologic mechanisms involved (e.g., transforming growth fac-
tor β pathway) (18). However, we need to consider that identifying
pathways for variants does not have a standard practice (28), and
a lack of standardized methodology is observed in this area.

Current clinical applications of genetic information focus on
finding (very) rare Mendelian variants in a few families with a segre-
gating OA disease (29–31), causing early-onset familial forms of the
disease (31), yet PRS-based risk assessment can identify another
and much larger fraction of the population at clinically relevant
increased risk (32). However, the added value of using such PRS
depends on the setting. In a clinical setting, especially in secondary
care, OA disease has progressed too far for efficient intervention
(33). It might be more effective to explore genetic OA risk assess-
ment in a prevention setting, such as a GP clinic, such as the risk
assessment in PROOF based on the Rotterdam Study results.

Currently, patients that report to the GP with joint complaints,
such as pain or stiffness, receive pain relief medication in addition to
advice on lifestyle changes, including weight loss and increased phys-
ical activity (1). The challenge of these interventions is their long dura-
tion, which may increase complaints when they are not successful.
Calculating OA PRS in this population could identify the 5% or 10%
of individuals whose disease is most likely to progress into OA, who
could then be monitored more intensively to identify early OA symp-
toms and/or receive earlier and/or more severe interventions. In this
case, with adequate and timely preventivemeasures, a patient’s refer-
ral to secondary care is reduced. However, clinical trials will be needed
to evaluate the additive value of the PRS to current procedures.

Similarly, in secondary care, TJR as end-stage OA treatment is
examined in the event of a significant reduction in quality of life, such
as marked restriction of daily activities during treatment or failure of
appropriate conservative options after 6 months (34). Here, if sup-
portive treatments are unsuccessful, the referral time to an orthope-
dic surgeon could be reduced if the physician is aware of the
patient’s risk for progression. Combining theOAPRSwith clinical risk
factors can provide a clearer picture of the need for surgery,
e.g., through prediction of disease progression or by including PRS
that assess adverse treatment outcomes such as chronic pain.
Includingmore risk-based information such as PRS at this timemight
distribute the available surgeries to patientsmost likely to benefit from
them and provide care in the most cost-effective manner (35–37).

Our study had several major strengths. The PRS were exam-
ined for prevalence, incidence, and any progression of 3 common
definitions of OA and provided a great opportunity to compare
PRS performance between and within phenotypes. Also, to under-
stand the nature of PRS behavior in different settings, we used 3 dif-
ferent study settings to survey the PRS, the population-based
setting, the clinical setting, and the clinical high-risk population. Nev-
ertheless, our study also has some limitations. First, the variants
identified by the GO consortium do not explain all of the genetic risks

for OA (i.e., 11% of 44% heritability for knee OA and 21% of 58%
heritability for hip OA). Thus, the performance of the PRS will
increase when additional variants are uncovered. Also, our current
PRS are not powered based on certain subphenotypes or clinical
definitions related to OA (e.g., osteophytes versus joint space nar-
rowing or joint pain). We also did not use PRS for particular OA clin-
ical risk factors, such as BMI or pain. Adding such PRS to the
genetic profiling for OA could improve high-risk case finding efforts
in early preventive settings. Second, the sample size for certain anal-
yses was modest, both in the clinical cohorts and at the tail of the
PRS distribution in the population cohort.

More extensive studies are needed to clinically identify the
exact cutoffs of PRS risk distributions. In addition, the PRS pro-
duced in this study were constructed and validated in European
populations. To have an applicable PRS in clinical practice, we
need to add validated variants from other ethnicities or adjust
the weights of the PRS based on the effect size of the other ethnic
groups. Finally, due to the nature of the population study, people
with more symptoms are less likely to participate in the studies.
In this regard, participants in population studies can be healthier
than the general population. This suggests that risk assessment
can be underestimated, which may apply to our PRS.

In conclusion, the PRS we analyzed for knee OA and hip OA
seem to be robust risk estimators since they were associated with
the risk of developing OA across several diverse definitions that
we evaluated in this study: incident radiographic OA, incident clin-
ical OA, any OA progression, and TJR. Since OA is becoming
increasingly frequent in the general population and primary pre-
vention is not commonly applicable, PRS-based risk assessment
could constitute a valuable addition to OA prevention and man-
agement in health care systems. Further studies will be required
to test the practical applications of polygenic risk information in
modifying and updating screening guidelines or guiding lifestyle
and medical interventions in the clinical setting.
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