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15 Abstract

16 Objectives: The aim of this study was to identify biomarkers for radiographic osteoarthritis 

17 severity and progression acting within the inflammation and metabolic pathways.

18 Methods: For 3,517 Rotterdam Study participants, 184 plasma protein levels were measured 

19 using Olink inflammation and cardiometabolic panels. We studied associations with severity 

20 and progression of knee, hip, hand osteoarthritis, and a composite overall OA burden-score by 

21 multivariable regression models, adjusting for age, sex, cell counts and BMI. 

22 Results: We found 18 significantly associated proteins for overall osteoarthritis burden, of 

23 which 5 stayed significant after multiple testing correction: circulating Cartilage acidic 
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24 protein 1 (CRTAC1), Cartilage oligomeric matrix protein (COMP), Thrombospondin 4 

25 (THBS4), Interleukin 18 receptor 1 (IL18R1) and Tumor necrosis factor ligand superfamily 

26 member 14 (TNFSF14). These proteins were also associated with progression of knee OA, 

27 with the exception of IL18R1. The strongest association was found for the level of CRTAC1 

28 with 1 SD increase in protein level resulting in an increase of 0.09 (95%CI:0.06-0.12) in 

29 overall osteoarthritis KLsum-score (p=2.9x10-8), in the model adjusted for age, sex, BMI and 

30 cell counts. This association was also present with severity of osteoarthritis in all three joints, 

31 progression of knee osteoarthritis and was independent of BMI. We observed a stronger 

32 association for CRTAC1 with osteoarthritis than for the well-known osteoarthritis-biomarker 

33 COMP.

34 Conclusion: We identified several compelling biomarkers reflecting overall osteoarthritis 

35 burden and increased risk for osteoarthritis progression. CRTAC1 was the most compelling 

36 and robust biomarker for osteoarthritis severity and progression. Such a biomarker may be 

37 used for disease monitoring.

38 Keywords: biomarkers, osteoarthritis, severity, progression, inflammation, metabolic 

39 pathway

40 Key messages

41
42

43  CRTAC1, COMP, THBS4, IL18R1 and TNSF14 associated with overall osteoarthritis 
44 severity, possibly highlighting diverse etiological pathways.

45

46  CRTAC1 is a strong biomarker reflecting overall osteoarthritis disease severity and 
47 progression.  

48

49  CRTAC1 protein might be useful for monitoring disease activity during clinical trials 
50 and/or osteoarthritis treatment.
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51 Introduction

52 Osteoarthritis (OA) is the most common form of arthritis and is characterized by alteration of 

53 the joint structure, including progressive cartilage destruction, synovial inflammation and 

54 changes in the subchondral bone [1]. It is a heterogeneous and complex disorder with several 

55 pathways being involved in the etiology of osteoarthritis. Beside genetic and biomechanical 

56 mechanisms, altered metabolism [2] and inflammation [3, 4] might have a key role in 

57 osteoarthritis etiology. Studies on biomarkers (biochemical markers), i.e. proteins, lipids etc., 

58 could provide further insight into the different pathways leading to osteoarthritis.

59

60 Thus far, several studies have focused on the search for accurate OA biomarkers, however, 

61 factors that hinder this process were the small sample sizes, the focus on one joint and the cross-

62 sectional design [5]. Among the most studied biomarkers, there is strong evidence for urine 

63 CTX-II and serum COMP protein levels to be associated with OA-prevalence and -progression 

64 on population level [6-8]. However, none of these biomarkers have been implemented in a 

65 clinical setting at patient level yet. Despite this knowledge, biomarkers could help further 

66 elucidate the different pathological processes linked to OA, and in this way identify different 

67 underlying biological mechanisms to personalize treatments [9, 10].

68

69 The exploration of the proteome in is an opportunity to find biomarkers acting within specific 

70 pathways that could provide more insight into the etiology of OA and represent targets for novel 

71 therapies[11]. Recent technological advances now make it possible to measure a large number 

72 of proteins in high number of individuals. There are two main techniques that can measure up 

73 to 5000 proteins in plasma [12], which include Somascan and Olink technologies. Both 

74 techniques have been shown to be successful for identifying novel biomarkers, while 

75 comparison of both techniques also showed the synergistic nature of these technologies to better 
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76 identify disease mechanisms. A recent study performed a large proteomics screen (using 

77 Somascan) to identify biomarkers for osteoarthritis [12]. This study identified CRTAC1 as a 

78 promising novel biomarker for advanced osteoarthritis, but lacked replication in an independent 

79 dataset.

80

81 The aim of this study was to identify biomarkers acting within specific pathways that could 

82 provide more insight into the etiology of OA and represent targets for novel therapies. We 

83 studied the relationship between protein levels and disease severity to examine whether protein 

84 biomarkers are linked to disease activity in a large prospective study. Furthermore, we 

85 examined disease severity and progression in multiple joints in a longitudinal design.

86
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87 Methods

88 Study population

89 We selected our study population from the Rotterdam Study (RS) cohort, a population-based 

90 prospective study ongoing since 1990 in the city of Rotterdam in the Netherlands. Details of 

91 the RS cohort can be found elsewhere [13]. In short, baseline measurements were collected in 

92 3 rounds of inclusion for 3 sub-cohorts (RS-I, RS-II, and RS-III). As of 2008, 14,926 

93 participants aged 45 years and over comprise the RS. The participants are followed for a variety 

94 of diseases that are frequent in the elderly with the aim to investigate determinants of disease 

95 occurrence and progression. The RS is approved by the medical ethics committee of the 

96 Erasmus University Medical Centre and the review board of the Ministry of Health, Welfare 

97 and Sports of the Netherlands. Written informed consent was obtained from all participants in 

98 the study. For this study we used data available for participants in the RS-III cohort in which 

99 proteomics measurements were available. 

100

101 Measurements

102 Baseline data was obtained through a home interview and visits to the research center for 

103 physical examinations and laboratory assessments. Body mass index (BMI) was computed from 

104 measurements of height and weight (kg/m2). Blood samples were drawn, blood cell 

105 composition was measured, and plasma was stored at –80°C. 

106 Weight-bearing anteroposterior radiographs of the knee and hip were obtained at baseline and 

107 after 5 years of follow-up; for hands anteroposterior radiographs were taken at baseline only. 

108 Radiographs were acquired with the knee extended and the patella in a central position. 

109 Radiographs of the pelvis were obtained with both feet in 10° internal rotation and the X-ray 

110 beam centered on the umbilicus [14]. All radiographs were scored according to the Kellgren 

111 and Lawrence (KL)-scoring system as described before [15, 16]. Each radiograph was scored 
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112 by one trained reader of in total seven readers. The interrater reliability between two of the 

113 seven readers was tested in a random set of 10% of radiographs. The intercorrelation coefficient, 

114 κ value (cut-off value: K&L score ≥2) was 0.71 (95% CI 0.66 to 0.76) for the knee. The 

115 radiographs at baseline and follow-up were read without knowledge of the clinical status of the 

116 participants or without knowledge of the research hypothesis or exposure status of the 

117 participants. Left and right radiographs were grouped per subject and read by pairs in 

118 chronological order [17]. As there is no consensus on the definition of incidence and 

119 progression, we combined both in one definition for the overall progression of osteoarthritis. 

120 This was defined as an increase in the K&L score between baseline and follow-up of 1 or more. 

121 In the case of a baseline score 0, overall progression was defined as an increase of 2 or more. 

122 Patients with scores 4 or 5 at baseline were left out of the analysis. In this study, we included 

123 3,517 RS-III participants who underwent blood measurement for proteomics assessment and 

124 radiographic measurements at baseline (RS-III -1) and after a mean follow-up time of 5.5 years 

125 (RS-III-2). 

126

127 Plasma biomarker measurements

128 Protein levels in plasma were measured using the Olink Proseek® Multiplex Inflammation 

129 (v.3021) and Cardiometabolic (v.3602) 96-plex panels at the Olink core laboratory (Olink 

130 Proteomics AB, Uppsala, Sweden). The OLINK immunoassays are based on the high-

131 throughput Proximity Extension Assay (PEA) technique [18]. Further processing steps by Olink 

132 are described in the Supplementary Material, including Supplementary Table S1, Table S2, 

133 available at Rheumatology online. Normalized Protein Expression (NPX) values of the 

134 remaining proteins (on the log2 scale) were standardized to unit variance by applying a z-

135 transformation.

136
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137 Outcome definition

138 We defined radiographic OA according to the original KL scoring system [15, 16]. The 

139 different OA outcomes considered for the present study are described in Table 1.

140

141 Statistical analyses

142 We examined the associations of all available protein levels with OA in knee, hip and hand 

143 using multivariate regression models. Phenotype-protein associations were estimated cross-

144 sectionally for overall OA burden and for severity of OA in all joints separately. Subsequently, 

145 the nominally significant proteins were analyzed longitudinally for OA progression in knee and 

146 hip separately. For each of these scenarios, we analyzed the relationships with multivariate 

147 regression models using linear models for continuous outcomes and generalized linear models 

148 with binomial link function for dichotomous outcomes. We tested two statistical models: in 

149 model 1, we adjusted for age, sex and cell counts, in model 2 we additionally adjusted for BMI. 

150 For each protein, we reported effect estimate (β) per standard deviation (SD) difference in 

151 protein levels with 95% Confidence Interval (CI) and nominal p-value (significance 

152 level<0.05). We used false discovery rate (FDR) correction for multiple testing correction 

153 (significance level FDR P-value <0.05).

154 As secondary analyses, we investigated the association between baseline CRTAC1 levels and 

155 osteophytes (OST) formation and joint space narrowing (JSN). We explored the relationship 

156 between CRTAC1 and COMP by constructing a multivariable model including COMP and 

157 CRTAC1 in a model with overall OA burden as outcome and adjusted for age, sex and BMI. 

158 Moreover, we investigated the association of CRTAC1 with OA-related pain as outcome 

159 through linear regression and adjusted for age, sex, cell counts and BMI. We performed a 

160 Receiver Operating Characteristic (ROC) analysis to assess the predictive power of CRTAC1, 

161 COMP, and models including also age, sex and BMI as predictors for osteoarthritis. 
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162 All statistical analyses were performed in R version 3.5.2 [19].
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163 Results

164 Proteomics data and baseline characteristics of the study population

165 After Quality Control (QC) of the proteomics data (see the Supplementary Material, available 

166 at Rheumatology online), there were 3,502 and 3,456 samples left for cross-sectional analyses 

167 with the cardiometabolic and the inflammation panels, respectively (Figure 1). For longitudinal 

168 analyses, there were 3,444 and 3,399 samples included (Supplementary Figure S1), 

169 We were able to measure a total of 88 cardiometabolic and 83 inflammation proteins in the 

170 plasma samples. We examined the correlation among proteins (Supplementary Figure S2) and 

171 observed that many of them are correlated to some extent. When we examined the association 

172 of proteins with age, sex and BMI, we found that respectively 66 cardiometabolic and 69 

173 inflammation (age), 57 cardiometabolic and 31 inflammation (sex), and 55 cardiometabolic and 

174 inflammation (BMI) proteins were associated with these important risk factors for OA. 

175 Characteristics of our study participants are presented in Table 2. In total, we examined 3,068 

176 individuals with at least one OA outcome. Our population included slightly more females than 

177 males and the mean follow-up time for OA-progression was 5.56 years.

178

179 Overall OA burden

180 We examined the relation between protein levels and overall OA-burden adjusting for age, sex 

181 and cell counts. In total, we found 18 proteins to be significantly associated with overall OA 

182 burden across the two protein assays (Figure 2, Supplementary Figure S2 and S3, 

183 Supplementary Table S3), of which five passed FDR correction for multiple testing: 

184 CRTAC1, COMP, THBS4, IL18R1 and TNFSF14 (model 1, Table 3). Additional adjustment 

185 for BMI (model 2) slightly attenuated the effect size for most of the proteins, and four proteins 

186 stayed nominally significant after BMI adjustment: CRTAC1, COMP, FCN2 and IL18R1.
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187 For the 18 proteins that we found associated with overall burden of OA, we examined their 

188 relationship with the hip, hand and knee joints. 

189

190 Hip OA

191 For hip OA severity, none of the 18 proteins were associated (model 1, adjusted for age/sex/cell 

192 counts, Supplementary Table S4). Also, when we examined radiographic Hip OA progression 

193 none of the 18 proteins were found to be significantly associated. As the number of Hip OA 

194 cases was very limited (Table 2) these results may possibly reflect lack of power for this joint.

195  

196 Hand OA

197 For severity of hand OA, we found 12 out of the 18 proteins to be significantly associated 

198 (model 1, adjusted for age/sex/cell counts) with the outcome of interest (Supplementary Table 

199 S4). Additional adjustment for BMI slightly attenuated the effect size for most of the proteins, 

200 although four proteins stayed nominally significant after BMI adjustment: COMP, CRTAC1, 

201 FCN2, and MMP-10.

202

203 Knee OA 

204 For severity of knee OA, 15 out of the 18 proteins were significantly associated (model 1, 

205 adjusted for age/sex/cell counts, Supplementary Table S4). After additional adjustment for 

206 BMI, most of the protein effects were attenuated and lost their significance, with the exception 

207 of CRTAC1 that showed a slightly stronger association with knee OA severity (effect = 0.05, 

208 95%CI 0.03-0.07, in model 2, Supplementary Table S4). In addition, 11 of the 18 proteins 

209 investigated, significantly associated (model 1, adjusted for age/sex/cell counts) with 

210 progression of knee OA (Supplementary Table S5), 4 proteins from the cardiometabolic and 

211 7 proteins from the inflammation assay. After BMI-adjustment the strength of association was 
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212 slightly attenuated and CRTAC1 and MMP10 remained significantly associated 

213 (Supplementary Table S5). To further investigate the possible role of CRTAC1 in specific 

214 OA tissues, we investigated separate radiographic features: joint space narrowing (JSN), as well 

215 as osteophytes formation (OST) (n=1440 participants). Baseline CRTAC1 levels significantly 

216 associate with increased JSN (effect=0.23, 95%CI 0.07-0.39, p=4.48x10-3) and OST 

217 (effect=0.18, 95%CI 0.09-0.26, p=6.46x10-5), also with additional adjustment for BMI 

218 (Supplementary Table S6). Among the other promising proteins, COMP, THBS4 and IL18R1 

219 significantly associated with OST and JSN, and stayed significant after Bonferroni correction 

220 (p<0.0042). In contrast to CRTAC1, these associations were attenuated after BMI adjustment.

221

222 CTRAC1 and COMP can predict Knee OA

223 As COMP is a well-known biomarker for OA, we wanted to investigate the relationship 

224 between CRTAC1 and COMP, and their roles in OA burden. We performed a multivariable 

225 regression model, including both COMP and CRTAC1 as independent variables while 

226 adjusting for age, sex and BMI. CRTAC1 was found to be significantly associated to overall 

227 OA burden, and its effect size remained comparable to that in the univariate model (effect-

228 univar=0.20, p=1.41x10-7, effect-multivar=0.18, p=1.02x10-5), while the effect of COMP 

229 almost halved and lost its significance (effect-univar =0.13, p=8.86x10-4, effect-multivar =0.07, 

230 p=0.09).

231

232 We also examined the association between CRTAC1 and OA-related knee pain which is the 

233 most common symptom for a patient to visit their general practitioner. We found similar effect 

234 size in the model adjusted for age/sex/BMI (RR=1.20, effect=0.18, p=6.29x10-5) to the 

235 association with radiographic knee OA (RKOA). After adjusting for the presence of RKOA, 
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236 the association stayed significant (effect=0.17, p=6.31x10-4). We did not find a significant 

237 association with incidence of OA-related pain (effect=0.14, p=0.11).

238

239 Finally, we examined whether CRTAC1 has predictive power for RKOA progression in 

240 addition to clinical features and found an AUC of 0.57, very similar to COMP alone. However, 

241 it did not add much predictive power to the clinical factors, AUC 0.72 (Supplementary Table 

242 S7). 

243

244 Sensitivity analyses

245 The exclusion of participants with other joint diseases (23 rheumatic arthritis and 2 gout cases) 

246 did not affect our association results of the top proteins with overall OA burden 

247 (Supplementary Table S8). Exclusion of progressors to total knee replacement (n=31) did not 

248 affect our results for progression of knee OA (Supplementary Table S9). 

249
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250 Discussion

251 In our study, we found a total of five proteins to be associated with overall OA disease severity: 

252 CRTAC1, COMP, THBS4, IL18R1 and TNSF14 (Table 3). When we examined the joints 

253 separately, we observed associations (model 1, adjusted for age/sex/cell counts) of all 5 proteins 

254 with severity of OA in knee and hand, but not in hip. Importantly, all five proteins except 

255 IL18R1 were associated with progression of knee OA. The most compelling biomarker was 

256 CRTAC1, which reflected disease severity and predicted OA progression. 

257 A recent study from Styrkarsdottir et al, identified Cartilage acidic protein 1 (CRTAC1) as a 

258 potential novel biomarker for established OA in a large proteomic exploratory study using a 

259 case control design [20]. In that study, CRTAC1 was found associated with advanced OA, as 

260 well as future total joint replacement. We here, for the first time, replicate CRTAC1 as a 

261 promising biomarker for OA. We show, in a population-based setting, that CRTAC1 levels are 

262 associated with overall disease severity as well as radiographic progression. CRTAC1 levels 

263 seem to drive both bone- and cartilage-driven processes in OA, since we observed association 

264 with both osteophyte formation as well as joint space narrowing. Moreover, we also show a 

265 similar AUC (0.72) for knee OA progression of our prediction model compared to the above-

266 mentioned study (AUC 0.70 for TKR using the same risk factors). However, we also show that 

267 CRTAC1 does not add much predictive information on top of the basic risk factors as age, 

268 gender, BMI for knee OA progression in our population. To sum up, CRTAC1 is a compelling 

269 biomarker candidate reflecting overall OA burden and might be used as a monitoring tool for 

270 disease activity in OA trials.

271

272 CRTAC1 is a glycosylated extracellular matrix protein that is found in the inter-territorial 

273 matrix of articular deep zone cartilage [21]. CRTAC1 protein can mediate the interaction of 

274 chondrocytes with the extracellular matrix of cartilage and CRTAC1 levels have been used to 
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275 distinguish between cartilage and osteoblasts in mesenchymal stem cell culture [21]. This 

276 suggests that CRTAC1 protein is primarily produced in the cartilage cells. Interestingly, 

277 CRTAC1 protein has been linked to skin damage repair [22, 23], suggesting a role in collagen 

278 damage, wound healing, therefore possibly linked to fibrosis – a process linked to OA in a 

279 recent large-scale genetics study [24]. Future functional studies are needed to understand the 

280 exact function of this protein in the pathway leading to OA. 

281

282 Our findings confirmed the role of Cartilage Oligomeric Matrix Protein (COMP) in OA. 

283 COMP, also called Thrombospondin 5, is well-known in the literature for its diagnostic and 

284 prognostic value as a biomarker for knee and hip OA [25]. We here additionally show that 

285 COMP reflects overall OA burden. COMP levels reflect the release of COMP from all cartilage 

286 and/or bone structures in the body [26] and is therefore a marker of cartilage and bone 

287 metabolism. Serum COMP associated with structural change in OA as well as joint pain [27]. 

288 However, elevated levels have also been reported in rheumatic arthritis and therefore COMP is 

289 not OA-specific [28]. In our study, we showed that CRTAC1 is a stronger predictor for OA 

290 compared to COMP, and that most of the predictive power of COMP is captured by CRTAC1. 

291 This, together with the apparent OA-specific association of CRTAC1 [20], suggests that 

292 CRTAC1 might be a better biomarker for OA.

293

294 In addition to CRTAC1 and COMP, we found two other proteins, Thrombospondin 4 (THBS4, 

295 or TSP4) and Tumor necrosis factor superfamily member 14 (TNFSF14), that reflected overall 

296 OA-burden and were associated with knee OA progression (model 1, adjusted for age/sex/cell 

297 counts). THBS4 is a close homolog to THBS5 (COMP) and has been shown to be strongly 

298 upregulated during chondrogenesis [29]. Expression of THBS4 in knee cartilage was found to 

299 be correlated with OA disease severity [30].  A recent report showed that the expression of 
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300 THBS4 is restricted to hypertrophic chondrocytes during endochondral bone formation, while 

301 COMP was distributed through all layers of cartilage [31]. Chondrocyte hypertrophy is 

302 suggested to play a role in the initiation and progression of OA [32], our results (model 1, 

303 adjusted for age/sex/cell counts) open the possibility that THBS4 is a specific biomarker for 

304 chondrocyte hypertrophy. The last identified protein biomarker TNFSF14, is known to be 

305 involved in inducing pro-inflammatory cytokines in macrophages [33]. TNFSF14 has been 

306 shown to be elevated in obese individuals and can influence bone metabolism through 

307 activation of NFkB and JNK pathways [34]. These are known pathways thought to be involved 

308 in osteoarthritis. 

309

310 Although results were not consistent across all OA-outcomes, the Matrix Metallopeptidase 10 

311 (MMP-10) protein is another interesting biomarker that associated with progression of knee OA 

312 in both models. MMP10 is well-known for its role in cartilage breakdown and its potential to 

313 activate collagenases [25]. In contrast, MMP-10 can regulate the generation of ‘M2’ anti-

314 inflammatory macrophages or their migration into tissue as part of the resolution phase of acute 

315 inflammation, which can be problematic in chronic inflammatory settings. Both acute and 

316 chronic inflammation can be regulated by MMP activity [35]. Therefore, these possible 

317 conflicting roles of MMP-10 warrant further research to disentangle the functional role of this 

318 protein in the osteoarthritic disease process. 

319

320 It is worth noting that a number of studies have implicated MMP-10 [36, 37], CRTAC1 [20, 

321 38], COMP [39, 40], THBS4 [41, 42] and TNFSF14 [43, 44] in disease processes related to 

322 atherosclerosis, i.e. vascular calcification. Interestingly, OA and atherosclerosis are two 

323 diseases that are mutually associated independently from co-factors [14]. Therefore, the overlap 
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324 of proteins implicated in both diseases provide a promising ground for further exploration of 

325 the common pathway that may lead to both OA and atherosclerosis.

326

327 Our study has several strengths. Firstly, this study was embedded in a large prospective study 

328 of a population-based cohort. This enabled us to study the phenotype-protein associations both 

329 cross-sectionally and longitudinally. Secondly, we performed the analysis in the three joints 

330 that are most often affected by OA: knees, hips and hands. Thirdly, we used a highly sensitive 

331 high-throughput method to measure protein concentrations, with two panels, targeting two 

332 highly relevant pathways underlying OA pathophysiology. Fourth, due to detailed phenotyping 

333 in the Rotterdam Study, we have investigated the possible cartilage- vs bone-driven effect of 

334 CRTAC1. In addition, the availability of both structural and symptomatic data available in the 

335 study cohort provided insight into the discriminative power of CRTAC1 for the assessment of 

336 its clinical relevance. Lastly, we present results from two models - with and without BMI-

337 adjustment – and show that part of the identified associations are (partly) driven by BMI. These 

338 biomarkers (including CRTAC1, COMP and THBS4) might be part of metabolic pathways 

339 underlying BMI and therefore interesting to examine further, especially in case of knee OA.

340

341 As any other study, our study has also limitations. Firstly, due to no assessment of hand OA at 

342 follow-up, we were not able to perform analysis for progression of hand OA. Secondly, data on 

343 uCTX-II, a well-known biomarker for OA, was not available and we were unable to investigate 

344 its relationship with CRTAC1. Thirdly, our study population for progression consisted of 

345 participants who were able to come to the research center for radiographic assessment and 

346 therefore may represent a healthier group. Finally, other joints that have a high burden to OA, 

347 i.e. spine, were not included.

348
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349 In conclusion, we identified several compelling biomarkers reflecting overall OA burden, OA 

350 severity and increased risk for OA progression. Our results indicate that CRTAC1 is a robust 

351 and promising biomarker for osteoarthritis severity and progression in our study. Moreover, we 

352 showed that CRTAC1 is a stronger predictor for OA than COMP, but only added marginally to 

353 already known predictors in our elderly population. Such a biomarker might be useful for 

354 targeting the right patients and monitoring disease activity during clinical trials and/or treatment 

355 for OA.

356
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382

383 Patient and Public Involvement

384 Patients and the General Public will be informed of the results through the dedicated website 

385 of Artrose Gezond (https://artrosegezond.nl/), ZonMw (https://zonmw.nl), and via the 

386 Erasmus MC Rotterdam Osteoarthritis Research (ROAR) twitter account (@roar_NL).

387 Data Availability Statement

388 Rotterdam Study data can be made available to interested researchers upon request. Requests 

389 can be directed to data manager Frank J.A. van Rooij (f.vanvanrooij@erasmusmc.nl) or visit 

390 the following website for more information https://www.ergo-onderzoek.nl/contact. We are 

391 unable to place data in a public repository due to legal and ethical restraints. Sharing of 

392 individual participant data was not included in the informed consent of the study, and there is 

393 potential risk of revealing participants’ identities as it is not possible to completely anonymize 

394 the data.

395

Page 19 of 43 Rheumatology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

D
ow

nloaded from
 https://academ

ic.oup.com
/rheum

atology/advance-article/doi/10.1093/rheum
atology/keac415/6655683 by Erasm

us U
niversity Library user on 16 August 2022

mailto:f.vanvanrooij@erasmusmc.nl
https://www.ergo-onderzoek.nl/contact


20

396 References

397 1 Hunter DJ, March L, Chew M. Osteoarthritis in 2020 and beyond: a Lancet Commission. 
398 Lancet 2020;396(10264):1711-2.
399 2 Mobasheri A, Rayman MP, Gualillo O, Sellam J, van der Kraan P, Fearon U. The role of 
400 metabolism in the pathogenesis of osteoarthritis. Nat Rev Rheumatol 2017;13(5):302-11.
401 3 Hedbom E, Hauselmann HJ. Molecular aspects of pathogenesis in osteoarthritis: the 
402 role of inflammation. Cell Mol Life Sci 2002;59(1):45-53.
403 4 Greene MA, Loeser RF. Aging-related inflammation in osteoarthritis. Osteoarthritis 
404 Cartilage 2015;23(11):1966-71.
405 5 van Spil WE, Szilagyi IA. Osteoarthritis year in review 2019: biomarkers (biochemical 
406 markers). Osteoarthritis Cartilage 2020;28(3):296-315.
407 6 Valdes AM, Meulenbelt I, Chassaing E, et al. Large scale meta-analysis of urinary C-
408 terminal telopeptide, serum cartilage oligomeric protein and matrix metalloprotease 
409 degraded type II collagen and their role in prevalence, incidence and progression of 
410 osteoarthritis. Osteoarthritis Cartilage 2014;22(5):683-9.
411 7 Saberi Hosnijeh F, Siebuhr AS, Uitterlinden AG, et al. Association between biomarkers 
412 of tissue inflammation and progression of osteoarthritis: evidence from the Rotterdam study 
413 cohort. Arthritis Research & Therapy 2016;18:81.
414 8 Hosnijeh FS, Runhaar J, van Meurs JB, Bierma-Zeinstra SM. Biomarkers for 
415 osteoarthritis: Can they be used for risk assessment? A systematic review. Maturitas 
416 2015;82(1):36-49.
417 9 Luo Y, Samuels J, Krasnokutsky S, et al. A low cartilage formation and repair endotype 
418 predicts radiographic progression of symptomatic knee osteoarthritis. J Orthop Traumatol 
419 2021;22(1):10.
420 10 Van Spil WE, Kubassova O, Boesen M, Bay-Jensen AC, Mobasheri A. Osteoarthritis 
421 phenotypes and novel therapeutic targets. Biochem Pharmacol 2019;165:41-8.
422 11 Suhre K, McCarthy MI, Schwenk JM. Genetics meets proteomics: perspectives for large 
423 population-based studies. Nat Rev Genet 2021;22(1):19-37.
424 12 Pietzner M, Wheeler E, Carrasco-Zanini J, et al. Synergistic insights into human health 
425 from aptamer- and antibody-based proteomic profiling. Nat Commun 2021;12(1):6822.
426 13 Ikram MA, Brusselle GGO, Murad SD, et al. The Rotterdam Study: 2018 update on 
427 objectives, design and main results. Eur J Epidemiol 2017;32(9):807-50.
428 14 Hoeven TA, Kavousi M, Clockaerts S, et al. Association of atherosclerosis with presence 
429 and progression of osteoarthritis: the Rotterdam Study. Ann Rheum Dis 2013;72(5):646-51.
430 15 Kellgren JH, Lawrence JS. Radiological assessment of osteo-arthrosis. Ann Rheum Dis 
431 1957;16(4):494-502.
432 16 Schiphof D, Boers M, Bierma-Zeinstra SM. Differences in descriptions of Kellgren and 
433 Lawrence grades of knee osteoarthritis. Ann Rheum Dis 2008;67(7):1034-6.
434 17 Clockaerts S, Van Osch GJ, Bastiaansen-Jenniskens YM, et al. Statin use is associated 
435 with reduced incidence and progression of knee osteoarthritis in the Rotterdam study. Ann 
436 Rheum Dis 2012;71(5):642-7.
437 18 Assarsson E, Lundberg M, Holmquist G, et al. Homogenous 96-plex PEA immunoassay 
438 exhibiting high sensitivity, specificity, and excellent scalability. PLoS One 2014;9(4):e95192.
439 19 Team RC. R: A Language and Environment for Statistical Computing. R Foundation for 
440 Statistical Computing, 2021. In; 2021.

Page 20 of 43Rheumatology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

D
ow

nloaded from
 https://academ

ic.oup.com
/rheum

atology/advance-article/doi/10.1093/rheum
atology/keac415/6655683 by Erasm

us U
niversity Library user on 16 August 2022



21

441 20 Styrkarsdottir U, Lund SH, Saevarsdottir S, et al. The CRTAC1 Protein in Plasma Is 
442 Associated With Osteoarthritis and Predicts Progression to Joint Replacement: A Large-Scale 
443 Proteomics Scan in Iceland. Arthritis Rheumatol 2021.
444 21 Steck E, Braun J, Pelttari K, Kadel S, Kalbacher H, Richter W. Chondrocyte secreted 
445 CRTAC1: a glycosylated extracellular matrix molecule of human articular cartilage. Matrix Biol 
446 2007;26(1):30-41.
447 22 Felix RC, Anjos L, Costa RA, Letsiou S, Power DM. Cartilage Acidic Protein a Novel 
448 Therapeutic Factor to Improve Skin Damage Repair? Mar Drugs 2021;19(10).
449 23 Letsiou S, Manchado M, Zografaki M, et al. Deciphering the role of cartilage protein 1 
450 in human dermal fibroblasts: a transcriptomic approach. Funct Integr Genomics 2021;21(3-
451 4):503-11.
452 24 Boer CG, Hatzikotoulas K, Southam L, et al. Deciphering osteoarthritis genetics across 
453 826,690 individuals from 9 populations. Cell 2021;184(18):4784-818 e17.
454 25 Barksby HE, Milner JM, Patterson AM, et al. Matrix metalloproteinase 10 promotion of 
455 collagenolysis via procollagenase activation: implications for cartilage degradation in arthritis. 
456 Arthritis Rheum 2006;54(10):3244-53.
457 26 Liem Y, Judge A, Kirwan J, Ourradi K, Li Y, Sharif M. Multivariable logistic and linear 
458 regression models for identification of clinically useful biomarkers for osteoarthritis. Sci Rep 
459 2020;10(1):11328.
460 27 Thudium CS, Lofvall H, Karsdal MA, Bay-Jensen AC, Bihlet AR. Protein biomarkers 
461 associated with pain mechanisms in osteoarthritis. J Proteomics 2019;190:55-66.
462 28 Andersson ML, Svensson B, Petersson IF, et al. Early increase in serum-COMP is 
463 associated with joint damage progression over the first five years in patients with rheumatoid 
464 arthritis. BMC Musculoskelet Disord 2013;14:229.
465 29 James CG, Appleton CT, Ulici V, Underhill TM, Beier F. Microarray analyses of gene 
466 expression during chondrocyte differentiation identifies novel regulators of hypertrophy. Mol 
467 Biol Cell 2005;16(11):5316-33.
468 30 Maly K, Schaible I, Riegger J, Brenner RE, Meurer A, Zaucke F. The Expression of 
469 Thrombospondin-4 Correlates with Disease Severity in Osteoarthritic Knee Cartilage. Int J Mol 
470 Sci 2019;20(2).
471 31 Andres Sastre E, Maly K, Zhu M, et al. Spatiotemporal distribution of thrombospondin-
472 4 and -5 in cartilage during endochondral bone formation and repair. Bone 2021;150:115999.
473 32 Rim YA, Nam Y, Ju JH. The Role of Chondrocyte Hypertrophy and Senescence in 
474 Osteoarthritis Initiation and Progression. Int J Mol Sci 2020;21(7).
475 33 Kim WJ, Kang YJ, Koh EM, Ahn KS, Cha HS, Lee WH. LIGHT is involved in the 
476 pathogenesis of rheumatoid arthritis by inducing the expression of pro-inflammatory 
477 cytokines and MMP-9 in macrophages. Immunology 2005;114(2):272-9.
478 34 Faienza MF, D'Amato G, Chiarito M, et al. Mechanisms Involved in Childhood Obesity-
479 Related Bone Fragility. Front Endocrinol (Lausanne) 2019;10:269.
480 35 Fingleton B. Matrix metalloproteinases as regulators of inflammatory processes. 
481 Biochim Biophys Acta Mol Cell Res 2017;1864(11 Pt A):2036-42.
482 36 Matilla L, Roncal C, Ibarrola J, et al. A Role for MMP-10 (Matrix Metalloproteinase-10) 
483 in Calcific Aortic Valve Stenosis. Arterioscler Thromb Vasc Biol 2020;40(5):1370-82.
484 37 Rodriguez JA, Orbe J, Martinez de Lizarrondo S, et al. Metalloproteinases and 
485 atherothrombosis: MMP-10 mediates vascular remodeling promoted by inflammatory stimuli. 
486 Front Biosci 2008;13:2916-21.

Page 21 of 43 Rheumatology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

D
ow

nloaded from
 https://academ

ic.oup.com
/rheum

atology/advance-article/doi/10.1093/rheum
atology/keac415/6655683 by Erasm

us U
niversity Library user on 16 August 2022



22

487 38 Langley SR, Willeit K, Didangelos A, et al. Extracellular matrix proteomics identifies 
488 molecular signature of symptomatic carotid plaques. J Clin Invest 2017;127(4):1546-60.
489 39 Hultman K, Edsfeldt A, Bjorkbacka H, et al. Cartilage Oligomeric Matrix Protein 
490 Associates With a Vulnerable Plaque Phenotype in Human Atherosclerotic Plaques. Stroke 
491 2019;50(11):3289-92.
492 40 Fu Y, Gao C, Liang Y, et al. Shift of Macrophage Phenotype Due to Cartilage Oligomeric 
493 Matrix Protein Deficiency Drives Atherosclerotic Calcification. Circ Res 2016;119(2):261-76.
494 41 Rahman MT, Muppala S, Wu J, et al. Effects of thrombospondin-4 on pro-inflammatory 
495 phenotype differentiation and apoptosis in macrophages. Cell Death Dis 2020;11(1):53.
496 42 Frolova EG, Pluskota E, Krukovets I, et al. Thrombospondin-4 regulates vascular 
497 inflammation and atherogenesis. Circ Res 2010;107(11):1313-25.
498 43 Hsu CY, Tseng WK, Wu YW, et al. Circulating TNFSF14 (Tumor Necrosis Factor 
499 Superfamily 14) Predicts Clinical Outcome in Patients With Stable Coronary Artery Disease. 
500 Arterioscler Thromb Vasc Biol 2019;39(6):1240-52.
501 44 Lee WH, Kim SH, Lee Y, et al. Tumor necrosis factor receptor superfamily 14 is involved 
502 in atherogenesis by inducing proinflammatory cytokines and matrix metalloproteinases. 
503 Arterioscler Thromb Vasc Biol 2001;21(12):2004-10.

504

Page 22 of 43Rheumatology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

D
ow

nloaded from
 https://academ

ic.oup.com
/rheum

atology/advance-article/doi/10.1093/rheum
atology/keac415/6655683 by Erasm

us U
niversity Library user on 16 August 2022



23

505 Table 1. OA outcomes considered for the present study

Overall OA burden (continuous) the sum of the three individual joints (sum of the weighted 

KLsum scores for the knee, hip and hand); overall KLsum-score 

range: 0-5.47 (max. 12);

Knee OA severity (continuous) the sum of KL scores of the left and right knee, excluding total 

knee replacements, was divided for number of joints (2 joints); 

knee KLsum-score range: 0-4.00 (max. 4);

Hip OA severity (continuous) the sum of KL scores of the left and right hip, excluding total 

hip replacements, was divided for number of joints (2 joints); 

hip KLsum-score range: 0-3.50 (max. 4);

Hand OA severity (continuous) the sum of KL scores across all DIP, PIP, MCP, IP and CMC1 

joints in both hands (15 joints per hand, 30 joints per individual) 

was divided for number of joints (15 joints); hand KLsum-score 

range: 0-3.67 (max. 8);

Knee OA progression any KL score at baseline (including KL<2), progressor if KL at 

follow-up was higher than at baseline, non-progressor 

otherwise. Progressors from KL0 to KL1 were excluded.

Hip OA progression any KL score at baseline (including KL<2), progressor if KL at 

follow-up was higher than at baseline, non-progressor 

otherwise. Progressors from KL0 to KL1 were excluded.

Joint Space Narrowing (JSN) (semi)-quantitative endophenotype (0–3 scoring); JSN sum 

score: sum of median and lateral JSN

Osteophytes (OST) (semi)-quantitative endophenotype (0–3 scoring); OST sum 

score: sum of median and lateral OST

OA-related pain Chronic pain defined as pain for more than 3 months

506

507
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508 Table 2. Baseline characteristics of the Rotterdam Study participants from cohort RS-III 

509 included in the analyses

Cardiometabolic panel 
analyses

Inflammation panel 
analyses

Maximum participants in analysis, N 3103 3065
Females, n(%) 1749 (56.4) 1727 (56.4)
age, mean (SD) 56.71 (6.38) 56.68 (6.33)
BMI, mean (SD) 27.60 (4.45) 27.62 (4.47)
Overall OA burden, N 2273 2240
weighted KLsum score, median (range) 0.4 (0 - 5.47) 0.4 (0 - 5.47)
diagnosed any radiographic OA at baseline, 
n(%) 426 (18.9) 415 (18.8)

Knee OA severity, N 2961 2922
weighted KLsum score, median (range) 0 (0 - 4) 0 (0 - 4)
diagnosed radiographic OA at baseline, n(%) 257 (8.7) 252 (8.6)
Hip OA severity, N 3103 3065
weighted KLsum score, median (range) 0 (0 - 3.5) 0 (0 - 3.5)
diagnosed radiographic OA at baseline, n(%) 41 (1.3) 38 (1.2)
Hand OA severity, N 2390 2356
weighted KLsum score, median (range) 0.13 (0 - 3.67) 0.13 (0 - 3.67)
diagnosed radiographic OA at baseline, n(%) 582 (24.3) 575 (24.4)
Knee OA progression, N 1965 1949
Knee OA progressors, n(%) 198 (10.1) 201 (8.9)
diagnosed radiographic OA at baseline, n(%) 98 (5.2) 98 (5.2)
Hip OA progression, N 1998 1982
Hip OA progressors, n(%) 127 (6.4) 129 (6.5)
diagnosed radiographic OA at baseline, n(%) 21 (1.0) 20 (1.0)

510

511
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512 Table 3. Results of the five proteins that pass False Discovery Rate (FDR) correction out of the 18 significant proteins for overall OA burden 

Model 1 CRTAC1 COMP THBS4 IL_18R1 TNFSF14

OA outcome Beta 95% CI P-value Beta 95% CI P-value Beta 95% CI P-value Beta 95% CI P-value Beta 95% CI P-value

Overall OA burden 0.09 0.05 – 0.12 2 x10-7 0.07 0.04 – 0.11 2 x10-5 0.06 0.03 – 0.09 3 x10-4 0.08 0.04 – 0.11 4 x10-6 0.06 0.02 – 0.09 8 x10-4

Knee OA severity 0.04 0.02 – 0.06 2 x10-5 0.03 0.01–0.05 0.01 0.03 0.01 – 0.04 0.01 0.04 0.02 – 0.06 4 x10-5 0.03 0.01 – 0.05 1 x10-3

Hip OA severity 0.01 -0.003 – 0.02 0.14 0.003 -0.01 – 0.01 0.64 0.003  -0.01 – 0.01 0.62 0.004 -0.01 – 0.01 0.51 -0.004 -0.02 – 0.01 0.43

Hand OA severity 0.03 0.01 – 0.04 2 x10-3 0.03 0.02 – 0.05 5 x10-5 0.02 0.01 – 0.04 4 x10-3 0.03 0.01 – 0.04 1 x10-3 0.03 0.01 – 0.04 2 x10-3

Knee OA 
progression

0.19 0.04 – 0.34 0.01 0.23 0.07– 0.39 4 x10-3 0.18 0.03 – 0.33 0.01 0.12 -0.04 – 0.27 0.15 0.21 0.06 – 0.37 7 x10-3

Hip OA progression 0.19 -0.01 – 0.38 0.06 0.08 -0.13 – 0.29 0.44 0.06 -0.15 – 0.26 0.58 0.06 -0.15 – 0.27 0.56 -0.01 -0.23 – 0.19 0.89

Model 2 CRTAC1 COMP THBS4 IL_18R1 TNFSF14

OA outcome Beta 95% CI P-value Beta 95% CI P-value Beta 95% CI P-value Beta 95% CI P-value Beta 95% CI P-value

Overall OA burden 0.09 0.06 – 0.12 3 x10-8 0.05 0.02 – 0.09 1 x10-3 0.03 -0.01 – 0.06 0.99 0.04 0.01 – 0.08 0.01 0.02 -0.01 – 0.06 0.20

Knee OA severity 0.05 0.03 – 0.07 3 x10-6 0.01 -0.01–0.03 0.29 -0.003 -0.02 – 0.02 0.76 0.01 -0.01 – 0.04 0.16 0.004 -0.02 – 0.03 0.73

Hip OA severity 0.01 -0.003 – 0.02 0.17 0.005 -0.01 – 0.02 0.36 0.01  -0.003 – 
0.02

0.14 0.01 -0.003 – 0.02 0.13 0.0003 -0.01 – 0.01 0.95

Hand OA severity 0.03 0.01 – 0.04 1 x10-3 0.03 0.01 – 0.04 1 x10-3 0.01 -0.01 – 0.03 0.22 0.01 -0.003 – 0.03 0.11 0.01 -0.005 – 0.03 0.18

Knee OA 
progression

0.25 0.09 – 0.41 2 x10-3 0.15 -0.01– 0.32 0.06 -
0.0001

-0.16 – 0.16 1.00 -0.10 -0.27 – 0.07 0.26 0.01 -0.17 – 0.18 0.93

Hip OA progression 0.19 -0.01 – 0.39 0.06 0.08 -0.13 – 0.29 0.45 0.06 -0.15 – 0.26 0.60 0.06 -0.16 – 0.28 0.61 -0.03 -0.25 – 0.19 0.81

513 Model 1 was corrected for age, sex and cell counts

514 Model 2 was additionally corrected for BMI

515

516
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517 List of Figures

518

519 Figure 1. Flowchart of the study population included in analyses. 

520 Legend: Nc = total number of participants included in the analysis of cardiometabolic proteins; 

521 Ni = total number of participants included in the analysis of inflammation proteins

522

523 Figure 2. Forest plot of the 18 significantly associated proteins with overall OA burden (results 

524 from linear regression models)

525 Legend: Model 1 is adjusted for age, sex and cell counts; Model 2 is additionally adjusted for 

526 BMI; The results are ordered from most significant (top) to least significant (bottom) according 

527 to model 2.
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Figure 1. Flowchart of the study population included in analyses. 
Legend: Nc = total number of participants included in the analysis of cardiometabolic proteins; Ni = total 

number of participants included in the analysis of inflammation proteins 
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Figure 2. Forest plot of the 18 significantly associated proteins with overall OA burden (results from linear 
regression models) 

Legend: Model 1 is adjusted for age, sex and cell counts; Model 2 is additionally adjusted for BMI; The 
results are ordered from most significant (top) to least significant (bottom) according to model 2. 
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