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Abstract  

Objective: Higher body mass index (BMI) is associated with osteoarthritis (OA) in 

both weight-bearing and non-weight-bearing joints, suggesting a link between OA 

and poor metabolic health beyond mechanical loading. This risk may be influenced 

by systemic factors accompanying BMI. We hypothesize that differences in 

metabolic state contribute to development of OA. This study explores the association 

of metabolites with radiographic knee/hip OA (HOA/KOA) prevalence and 

progression. 

Methods: A 1H-NMR-metabolomics assay was performed on plasma samples of 

1564 cases for prevalent OA and 2125 controls collected from the Rotterdam Study, 

CHECK, GARP/NORREF and LUMC-arthroplasty cohorts. HOA/KOA was assessed 

by means of Kellgren-Lawrence (KL) score and the OARSI-atlas. End-stage 

knee/hip OA was defined as indication for arthroplasty surgery (TKA/THA). OA-

progression was defined as an increase in KL-score, to at least ≥2. Controls did not 

have KOA/HOA at baseline or follow-up. Principal component analysis of 227 

metabolites demonstrated 23 factors, of which 19 remained interpretable after 

quality-control. Associations of factor scores with OA definitions were investigated 

with logistic regression resulting in odds ratio’s (OR) per SD. 

Results: Two factors showed consistent associations with prevalence and 

progression of KOA/HOA and TKA/THA. The “Glutamine and Histidine” factor 

showed negative associations (HOA: OR=0.7,P<0.001; THA: OR=0.7,P<0.001; 

KOA: OR=0.8,P=0.004; KOA progression: OR=0.8,P=0.020). The “Fatty-acids 

make-up” factor, representing chain length, ratio of saturated fatty acids and degree 

of unsaturation, showed positive associations (THA: OR=1.4,P<0.001; TKA: 

OR=1.6,P<0.001; HOA-progression: OR=1.2,P=0.047). 

Conclusion: Fatty acid-make-up, histidine and glutamine serum levels associate with 

both prevalence and progression of OA, independent of BMI. 
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Introduction 

Osteoarthritis (OA) is a common, age-related, progressive degenerative disease of 

articular joints and one of the leading causes of disability and pain worldwide. Due 

to ageing, increased longevity, and increasing obesity of the population, the OA 

incidence is expected to rise in the near future.1-3 Epidemiological studies have 

shown systemic effects including associations of OA with unfavourable metabolic 

parameters, such as high body mass index (BMI), waist hip ratio and proportion of 

fat mass with metabolic diseases, such as hypertension, obesity and diabetes 

mellitus4-10 Conversely, weight loss reduces the risk, as well as, relieve the pain and 

increase the physical function of people with OA.11-14 

Associations with BMI have been found for OA in both weight-bearing and non-

weight bearing joints, suggesting a connection between OA and obesity beyond axial 

loading.15-17 In line with this view, OA associates with classical markers of poor 

metabolic health such as increased circulating levels of (LDL) cholesterol.18,19 

Together these data indicate that the metabolic health of individuals likely affects 

susceptibility to OA.16,20-25  

In addition to classical metabolic parameters, such as cholesterol and glucose levels, 

metabolic health can be assessed by a range of serum metabolites. In the current 

study we investigated whether prevalence and progression of radiographic knee and 

hip OA is associated with 1H-NMR based plasma metabolite levels. A well 

standardized and affordable is that of NightingaleLtd Finland. The Nightingale 

platform provides data on 231 metabolites, representing a comprehensive and highly 

correlated spectrum of amino acids, keton-bodies, lipids, lipoproteins and composite 

scores such as fatty acid chain length and previously reported to be associated with 

metabolic syndrome, diabetes and cardiovascular disease.26,27 

In the current study, we have analysed associations of the Nightingale 1H-NMR 

based metabolites with prevalent radiographic hip and knee OA, and progression of 

radiographic knee and hip OA in multiple cohorts participating in the Biobanking and 

BioMolecular resources Research Infrastructure consortium (BBMRI metabolomics 

consortium).28 Identifying an OA-specific metabolite profile independent of BMI 

would provide further insight into the characteristics of the link between poor 

metabolism and OA and may eventually help clinicians to better identify those knee 

and hip OA patients who may benefit most from a lifestyle intervention. 
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Methods 

Study populations 

CHECK study: CHECK (Cohort Hip & Cohort Knee) is a prospective, 10-year follow-

up, observational cohort study of 1002 people aged between 45 and 65 years at the 

time of inclusion, with pain in their knee(s) and/or hip(s), who had never or not longer 

than 6 months ago visited a general physician for these complaints.29 Blood samples 

were taken non-fasted. Hip and knee radiographs were scored pairwise according 

to the Kellgren & Lawrence (KL) scoring system. When scored pairwise, these 

people did not have obvious radiographic knee or hip OA at baseline (i.e. KL=0 or 

1). As such, these persons were considered controls for the cross-sectional analyses 

on OA prevalence at baseline. Those who did not develop OA during follow-up were 

included as controls in the progression analyses. 

 

GARP study: The GARP cohort (N=217) consists of patients with advanced 

radiographic OA at two or more joint sites of hand, spine, knee or hip. Follow-up was 

performed at 5 years, at which radiographs for hip, knee and hand were scored 

pairwise using the OARSI Atlas and the KL scoring system. Matched to the GARP 

study, a normal reference control group (NORREF) was collected using the same 

protocol and included in this study as controls.30-32 Blood was collected non-fasted. 

 

LUMC Arthroplasty studies: The LUMC arthroplasty studies (N=462) consist of 

participants of the RAAK, TacTics (NTR309) and TOMaat (NTR303) studies.33,34 

These cross-sectional studies included OA patients who received THA or TKA. Since 

all participants underwent THA/TKA, all patients are considered as end-stage OA 

and included in the cross-sectional OA prevalence analysis. Blood samples were 

collected during surgery while patients were fasted. 

 

Rotterdam Study: The Rotterdam Study (RS) is a large prospective population-

based cohort study of men and women aged 55 years and older in the municipality 

of Rotterdam, the Netherlands. The study design and rationale are described 

elsewhere in detail.35 In summary, the objective of the study is to investigate the 

determinants, incidence and progression of chronic disabling diseases in the elderly. 

Baseline measurements were obtained through a home interview and visits to the 
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research centre for physical examinations and imaging and laboratory assessments, 

blood samples were taken while patient was fasted. The present study includes 2802 

participants from RS-I (Ergo 4) who were followed for 7 years. The study included 

both individuals with and without OA at baseline with mean follow-up time of 6.51 

(0.41) year. 

 

Informed consent was obtained from all included participants according to the 

Declaration of Helsinki (WHO) and good clinical practise.36 In addition, approval by 

the local Medical Ethics Committee was obtained. 

 

Definitions of OA 

Prevalent radiographic OA was defined as either having a KL score of ≥2 in hip 

and/or knee at baseline or having THA or TKA for primary OA.37 THA/TKA patients 

were also assessed separately. Controls (N=2125) had no radiographic hip and knee 

OA (KL<2) and were selected from the Rotterdam Study, CHECK and NORREF as 

described above. 

 

Data on radiographic OA progression were available for GARP, CHECK, and the 

Rotterdam Study. For GARP, progression of radiographic OA was defined as 

progression of joint space narrowing (JSN) and/or osteophyte size above the 

smallest detectable change.32 For CHECK and the Rotterdam Study, this was 

defined as an increase in KL-score, resulting in a KL score of ≥2 at follow-up. Thus, 

both incidence (KL score of 0 or 1 at baseline and ≥2 at follow-up) and progression 

(increase at KL score with a baseline of ≥2) were defined as progression in our 

analyses.  

 

Controls were selected from CHECK and the Rotterdam Study and had neither 

radiographic OA at baseline, nor developed radiographic OA during follow-up. 
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Metabolite measurement 

EDTA plasma samples were taken either at the time of TKA/THA in the LUMC-

arthroplasty-studies or at baseline for the cohort studies. Samples were shipped to 

Nightingale to perform standardized metabolomics analyses on a high throughput 

platform (Nightingale Ltd, Helsinki, Finland). The 1H-NMR technique used by 

Nightingale provides simultaneous quantification of routine lipids, lipoprotein 

subclass profiling with lipid concentration units, resulting in 231 measurements. 

Details of the techniques have been described before.38-40 

 

Statistical Analyses 

Analyses were performed per joint (hip or knee) and are also depicted in a flowchart 

(Figure 1). Since most distributions of metabolites were skewed, metabolite levels 

were LN-transformed to obtain normal distribution. Metabolite levels below the 

detection limit were considered missing. Metabolites with more than 5% missing 

were removed from analysis. Principal component analysis (PCA) was applied to 

reduce the data dimension of correlated metabolites. Factors were examined by 

means of scree plots and factors with an eigenvalue above 1 after Varimax rotation 

with Kaiser Normalization were included in analyses. A metabolite was said to load 

on a given factor if its factor loading was >0.4 or <-0.4. For each subject, a score 

was computed for the measures loaded on the factor, representing the linear 

relationship (Pearson correlation under Varimax rotation) between a factor and 

variable. 

Since some of the used cohorts consist of only controls (NORREF and CHECK at 

baseline) the presence of cohort effects among controls was assessed by relating 

each factor to cohort while adjusting for age, sex, BMI and fasting status. Factors 

with significant cohort effects were removed from the analyses. 

The remaining factors were included in logistic regression analyses to assess their 

association with OA, adjusting for age, sex, BMI and fasting status. Results are 

expressed as odds ratios per standard deviation and were corrected for multiple 

testing according to Bonferroni. To assess the modifying role of BMI and fasting, 

analyses were also performed without an adjustment for BMI or fasting. 

Since follow-up was performed at different time points, the progression analyses 

were done by means of meta-analysis. To increase power by reaching substantial 
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cases and controls in the analysis, CHECK and GARP were combined. The 

summary statistics (regression coefficients and standard errors) of GARP+CHECK 

were then combined with the summary statistics of the Rotterdam Study in a random 

effects meta-analysis using the “meta package” for R. The individual metabolitesof 

factors who associate to both cross-sectional OA and progression of OA were LN-

transformed and Z-standardized before being included in regression analyses for 

their association with any OA or any arthroplasty. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 – Flowchart of analyses 
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Results 

Of the 231 metabolites measured on the Nightingale platform, 4 metabolites had 

more than 5% of the measurements below the detection limit and were removed 

from analysis. These were conjugated linoleic acid (CLA), the ratio of CLA to total 

fatty acids (CLAFA), diglycerids (DAG) and ratio DAG to triglycerids (DAG/TG). See 

Supplementary Table 1 for complete list of assessed metabolites. 

 

Principal component analysis 

As shown in Supplementary Table 2, PCA revealed 23 factors with an eigenvalue of 

≥1, accounting for 91,4% of the total variance. Notably, the first 2 components 

explained 56.4% of the variance. Based on the characteristics of the metabolites 

loading on each of the factors, we distinguished groups of metabolites representing 

low density lipids (LDL), very low density lipids (VLDL), high density lipids (HDL), 

fatty acids, and amino acids, se Supplementary Table 1. 

Prior to analyses, quality control was performed within the control group with respect 

to cohort effects and led to removal of factor 2 (representing mostly VLDL-related 

metabolites), factor 10 and 13 (both representing HDL-related metabolites), and 

factor 16 (representing triglycerides in large HDL particles), accounting for 28.06% 

of the variance in the original dataset (see Supplementary Table 3). 

 

Table 1 - Baseline characteristics of subjects in the cross-sectional analyses. 

 HOA THA KOA TKA Controls 

Age,            mean (SD) 69,6 (11,9) 68,0 (13,13) 72,5 (8,63) 71,0 (9,26) 66,1 (10,13) 

Female,      N (%) 482 (65,6%) 313 (70,2%) 700 (70,8%) 142 (71,7%) 1301 (61,4%) 

BMI,           mean (SD) 27,5 (4,4) 27,6 (4,6) 28,7 (4,53) 29,8 (4,1) 26,5 (3,9) 

CHECK,                   N 0 0 0 0 864 

GARP/NORREF,     N 108 34 150 7 34 

LUMC-cohorts,        N 302 302 153 153 0 

Rotterdam Study,    N 326 111 687 39 1227 

Total,                       N 736 447 990 199 2125 

HOA - Prevalent Radiographic Hip Osteoarthritis                    THA – Total Hip Arthroplasty 
KOA – Prevalent Radiographic Knee Osteoarthritis                TKA – Total Knee Arthroplasty 

  



 

107 

Cross-sectional analyses of factors 1, 3-9, 11, 12, 14, 15 and 17-23. 

As depicted in Table 1, 736 cases with radiographic hip OA, 990 cases with 

radiographic knee OA, and 2125 controls without radiographic knee or hip OA at 

baseline were included in the cross-sectional analysis. These subpopulations 

differed with regard to age, gender and BMI. Therefore, all analyses were adjusted 

for age, sex and BMI. 

 

As shown in Table 2, cross-sectional analyses with the remaining 19 factors 

(explaining 64.1% of variance) showed 3 factors that were positively associated with 

total joint arthroplasty of both the hip (THA) and knee (TKA) as compared to controls; 

factor 17 (THA: OR=1.38, 95%CI=1.20-1.59, P=0.002; TKA: OR=1.49, 95%CI=1.21-

1.83, P=0.003), factor 22 (THA: OR=1.41, 95%CI=1.23-1.63, P=1.90E-5; TKA: 

OR=1.61, 95%CI=1.33-1.95, P=1.73E-5) and factor 23 (THA: OR=1.31, 

95%CI=1.13-1.51, P=0.005; TKA: OR=1.71, 95%CI=1.40-2.09, P=2.66E-6).  

Factor 1 showed a statistically significant association with TKA (OR=0.70, 

95%CI=0.58-0.85, P=0.005), but, despite the similar effect size, did not reach 

statistical significance after correcting for multiple testing for THA (OR=0.85, 

95%CI=0.74-0.99, P=0.646).  

Three additional factors showed associations with THA, as well as, radiographic hip 

OA being; factor 4 (HOA: OR=1.37, 95%CI=1.23-1.53, P=4.17E-7; THA: OR=1.33, 

95%CI=1.14-1.55, P=0.005), factor 11 (HOA: OR=0.82, 95%CI=0.74-0.91, P=0.002; 

THA: OR=0.77, 95%CI=0.67-0.88, P=2.00E-4) and factor 19 (HOA: OR=0.68, 

95%CI=0.60-0.76, P=3.69E-10; THA: OR=0.65, 95%CI=0.55-0.75, P=5.93E-7). 

Concurrent to factor 1, effect sizes of these factors in the association with OA in the 

knee were similar in direction but did not reach significance. 
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Factors 1, 4, 11, 17, 19, 22 & 23 and progression of radiographic hip and knee OA. 

Subsequently, we investigated whether the observed associations of factors 1, 4, 

11, 17, 19, 22, 23 with prevalent hip and/or knee OA also contributed to OA 

progression. Progression data were available for the participants of the CHECK, 

GARP and Rotterdam Study. In total, 282 individuals experienced progression of OA 

in hip and 463 persons experienced progression of OA in knee and 1244 persons 

did not have any incidence of OA after 5 to 7 years of follow-up, see Table 3. 

 

 

A meta-analysis was performed to combine the results of the Rotterdam Study and 

CHECK and GARP cohorts (see also Table 4, corresponding forrestplots are 

depicted in Figure 2). Factor 19 associates to lower odds for knee OA (OR=0.84, 

95%CI=0.73-0.97, P=0.020). Factor 22, as in the cross-sectional analyses, 

associates with increased odds for progression of hip OA (OR=1.16, 95%CI=1.00-

1.34, P=0.047).  

 

Notably, factor 17 had an inverse effect on progression of hip OA as compared to 

the cross-sectional analyses (hip progression: OR=0.87, 95%CI=0.75-1.00, 

P=0.047; cross-sectional hip OA: OR=1.38, 95%CI=1.20-1.59, P=0.002).  

 

  

Table 3 – Baseline characteristics of subjects in progression analyses. 

    Hip 
Progression 

Knee 
Progression 

Progression 
controls 

CHECK/GARP N 125 292 523 

Age mean (SD) 58.9 (5.5) 57.4 (5.7) 55.4 (5.2) 
Female N (%) 89 (71.2%) 241 (82.5%) 410 (78.4%) 
Body mass index mean (SD) 26.0 (3.7) 28.0 (5.0) 25.7 (3.8) 

Rotterdam Study N 157 171 721 

Age mean (SD)  72.8 (5.0)  73.13 (5.1)  71.99 (4.6) 
Female N (%)  60.5%  66.1%  53.8% 
Body mass index mean (SD)  27.8 (4.4)  29.09 (4.3)  26.74 (3.5) 

Total N 282 463 1244 

Baseline characteristics of persons with radiographic hip and knee progression as well as the 
controls for the progression analyses. Data are presented per cohort as included in meta-
analysis. 
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Assessment of individual metabolites of factors 17, 19 and 22. 

Successively, we explored whether individual metabolites of the factors which go 

both with cross-sectional OA and progression of OA, drive any of the found 

associations. As shown in Supplementary Table 3, for Factor 17 the strongest effect 

was found in Pyruvate in any OA, whereas this effect got even stronger in 

arthroplasty (OR=1.21, 95%CI= 1.12-1.30, P=<0.001 and OR=1.93, 95%CI=1.72-

2.16, P<0.001, respectively). Factor 19 appears to be mainly driven by Glutamine, 

which was negatively associated with both OA and TJA (OR=0.70, 95%CI=0.64-

0.76, P<0.001 and OR=0.65, 95%CI=0.58-0.74, P<0.001, respectively). Of factor 22 

was FALen consequently associated with both OA and arthroplasty (OR=1.26, 

95%CI=1.16-1.36, P<0.001 and OR=1.83, 95%CI=1.64-2.05, P<0.001, 

respectively). 

Assessment of individual metabolites of factors 17, 19 and 22 with OA-progression 

did not result in an obvious independent effect of any of the metabolites, nonetheless 

again the effect size of FALen was relatively large, albeit not statistically significant 

(Supplementary Table 4). 

 

Table 4 - Results of meta-analysis for the progression of radiographic hip/knee OA. 

    OR 95% CI P-Value 

Factor 1 (LDL) hip 0,878 0,757-1,017 0,083 
knee 0,910 0,805-1,029 0,134 

Factor 4 (LDL) hip 1,064 0,872-1,298 0,541 
knee 0,963 0,849-1,093 0,560 

Factor 11 (Fatty Acids) hip 0,948 0,818-1,098 0,476 
knee 1,042 0,917-1,184 0,527 

Factor 17 (Amino Acids) hip 0,855 0,749-0,998 0,047 
knee 0,870 0,694-1,091 0,228 

Factor  19 (Amino Acids) hip 0,916 0,653-1,286 0,614 
knee 0,844 0,732-0,973 0,020 

Factor  22 (Fatty Acids) hip 1,156 1,002-1,334 0,047 
knee 1,045 0,925-1,180 0,483 

Factor  23 (Amino Acids) hip 0,962 0,828-1,119 0,617 
knee 0,918 0,806-1,046 0,201 

Meta-analysis combining the results for the relation of factor to progression of hip/ knee 
OA from the Rotterdam Study and CHECK+GARP cohorts. Factors were studied when 
they had significant associations with prevalent radiographic hip or knee osteoarthritis. 
OR= odds ratio, 95%CI=95% confidence interval. 
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The effects of BMI and statins for factor 17, 19 & 22 

 

To explore possible 

confounding effects of BMI in 

the associations observed, 

we performed analyses with 

and without adjustment for 

BMI. As shown in 

Supplementary Table 5, the 

effect sizes got slightly larger 

when omitting an adjustment 

for BMI.  

 

Moreover, as statins might 

affect the concentrations of 

metabolites, we performed 

sensitivity analyses to assess 

their influence on our 

outcomes.41 The use of 

statins was known for all 

included studies except CHECK. Sensitivity analysis with subjects that did not use 

statins revealed only minor changes in the effect sizes (results not shown). 

 

The modifying effect of fasting on associations of factor 17, 19 and 22 with OA 

As some cohorts were fasted and others were unfasted, we also assessed in similar 

fashion the effects of fasting on the outcomes. Supplementary Table 6 shows the 

outcomes for the cross-sectional analyses for factors 17, 19 and 22 with and without 

the addition of fasting to the analysis. Although fasting had a strong significant effect 

in the analyses, the odds ratio’s for factor and OA-phenotype were only marginally 

altered between the analyses.   
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Discussion 

Serum metabolomics assay of hip and knee OA cases and controls were assessed 

by means of the Nightingale 1H-NMR platform, resulting in 227 different metabolite 

measurements. These metabolites were included in PCA-analyses which identified 

19 factors explaining 71.9% of variance eligible for further regression analyses. Of 

these, seven factors (1, 4, 11, 17, 19, 22 and 23) were associated with cross-

sectional OA and three factors (17, 19 and 22) were found to be associated with 

cross-sectional hip or knee OA, as well as its progression. All associations were 

assessed independent of age, sex, fasting and BMI. As such, this study places 

composite scores of fatty acid-make-up, energy balance, histidine and glutamine at 

the heart of the link of osteoarthritis and metabolites. 

 

Factor 19, composed of 2 amino acids: glutamine and histidine showed a consistent 

association with a decreased risk for hip and knee OA in the cross-sectional analysis 

(radiographic hip OA: OR=0.68, 95%CI=0.60-0.76, radiographic knee OA: OR=0.83, 

95%CI=0.75-0.91 and THA OR=0.65, 95%CI=0.55-0.75) as well as for the knee 

progression analyses (OR=0.84, 95%CI=0.73-0.97). These findings are consistent 

with a previously performed NMR-based urine metabolomics study which found that 

low levels of histidine are associated to OA.42 Another study by Loeser et al43 

identified that histidine (as well as alanine) measured in urine is an important 

metabolite to discriminate between persons with knee OA progression as compared 

to BMI matched controls. However, the exact nature of the underlying 

pathophysiological mechanism of the association between OA and histidine and 

glutamine remains to be elucidated.  

 

Factor 22 represents measures of the make-up of fatty acids: fatty acid chain length, 

saturated fatty acids to total fatty acids ratio and the level of unsaturation. The latter 

2 measures contributed in opposite fashion to the factor score. Factor 22 was 

associated with a higher risk for end stage hip (OR=1.41, 95%CI=1.23-1.63) and 

knee OA (OR=1.61, 95%CI=1.33-1.95), as well as a higher risk for hip OA 

progression (OR=1.16, 95%CI=1.00-1.34). Notably, fatty acid chain length is, in the 

analysis of individual metabolites, independent and strongly associated to the 

prevalent cross-sectional OA-phenotypes and seems to drive factor 22. 
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Nevertheless, in the OA-progression analyses this was less clear. A recent study 

has shown that longer-chain dietary fatty acids in rats induce both metabolic 

syndrome and OA like knee changes.44 Fatty acids are known to play a role in a 

broad range of cardiovascular diseases as well as to the immune system, which 

might hint that there is a more generic pathway underlying the association of OA and 

fatty acid make up.45,46 

 

Open for discussion is factor 17, representing alanine, lactate and pyruvate, which 

are produced during glycolysis in cells in aerobic and anaerobic conditions.47-49 

Factor 17 is associated with a higher risk for cross sectional hip OA (OR=1.38, 

95%CI=1.20-1.59), knee OA (OR=1.49, 95%CI=1.21-1.83) and arthroplasty but with 

a decreased risk for hip OA progression (OR=0.86, 95%CI=0.75-0.99). This 

association of factor 17 with OA may be a reflection of different types of energy 

consumption in play as chondrocytes in OA switch from oxidative phosphorylation to 

glycolysis as their main source of energy metabolism.50 Nevertheless, the opposite 

relation in the cross sectional and progression analyses is a result that we currently 

cannot explain. The association of factor 17 could therefore also be spurious and 

needs confirmation in additional cohorts. 

 

In this study we choose to differentiate between patients who underwent total hip or 

knee arthroplasty from patients with radiographic signs of OA. This because THA 

and TKA patients are essentially in a different stage of the disease, their OA-

symptoms were clinically assessed and severe enough to undergo arthroplasty 

surgery. In contrast, patients with radiological OA represent a range of patients who 

may not (yet) be severe enough for an indication for arthroplasty. The fact that we 

observed more consistent associations with arthroplasty patients justifies this 

approach. Although we found significant associations between some factors and 

knee or hip OA progression, none of the individual metabolites reached a statistically 

significant level for progression. This indicates that the baseline level of individual 

metabolites might be less informative then a complete metabolite profile. 

A strength of our study was that this study comprises a large sample size of which a 

subset was followed overtime, enabling us to follow progression over time. The 

combination of different studies to reach more power also meant that we 
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incorporated some studies with only cases or controls, raising the chance of cohort 

effects. However, we did assess the presence of cohort effects within the control 

phenotype, where no differences should be present between the cohorts as all 

samples are the exact same phenotype. The factors which were free of cohort effects 

were included in our analyses.  

 

We adjusted our analyses for BMI measured at baseline, however we cannot 

exclude the bias in our findings due to the effect of weight loss or gain right before 

blood collection. To obtain more insight in the modifying / confounding role of BMI in 

our analyses, we compared analyses with and without adjustment for BMI 

(Supplementary Table 5). The odds ratios between these analyses were only 

marginally altered, with the biggest change found for TKA in factor 19, where the 

odds ratio went from 0.791 (adjusted for age, sex, fasting and BMI) to 0.565 

(adjusted for age, sex and fasting). As such we concluded that the observed 

metabolite associations with OA were independent or only slightly modified by BMI. 

 

Moreover, the fact that our study included both fasted and nonfasted samples and 

metabolites are very sensitive to fasting status, the adjustment for fasting status may 

not have been sufficient to properly correct for dietary influences. To obtain more 

insight in the modifying role of fasting status, our metabolite factors and OA, we 

performed analyses with and without fasting adjustment. As shown in 

Supplementary Table 6, the odds ratios for OA in the two analyses showed only 

marginally changes i.e. effect sizes were very similar. Analyses were stratified by 

fasting status for HOA and factor 19, we found that the effect size was larger in the 

non-fasted samples as compared to the fasted samples (fasted samples: HOA 

OR=0.77, 95%CI=0.68-0.88, P=0.003; non-fasted samples: HOA OR=0.49, 

95%CI=0.37-0.63, P<0.001).  

 

The current paper is to our knowledge the first large scale hypothesis free approach 

in search for metabolites that associate to OA in a cross-sectional as well as a follow-

up design. Future research should particularly focus on replication of the found 

results and, if this succeeds, further elucidate the mechanisms behind the 

association of the identified metabolites and OA should be performed.  
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Eventually, these studies could lead up to the identification of lifestyle changes which 

might alter the predisposition for OA. Identifying lifestyle changes such as different 

levels of fatty acid intake or physical training to improve the switch between 

aerobe/anaerobe metabolism may lessen the burden of OA. In conclusion, the 

current study identified a number of metabolic factors associated with OA, 

independent of BMI. This indicates that there is an altered metabolic state in patients 

with OA as compared to controls without OA. This is another token that OA should 

be seen as a component of poor metabolic health. 

 

Acknowledgements 

This work was performed within the framework of the BBMRI Metabolomics 

Consortium funded by BBMRI-NL, a research infrastructure financed by the Dutch 

government (NWO, grant nr 184.021.007 and 184033111). We would like all 

participants of the included studies. 

CHECK: CHECK was funded by the Dutch Arthritis Association on the lead of a 

steering committee comprising 16 members with expertise in different fields of OA, 

chaired by Professor JWJ Bijlsma and coordinated by J Wesseling. Involved are: 

Erasmus Medical Center Rotterdam; Kennemer Gasthuis Haarlem; Leiden 

University Medical Center; Maastricht University Medical Center; Martini Hospital 

Groningen/Allied Health Care Center for Rheumatology and Rehabilitation 

Groningen; Medical Spectrum Twente Enschede/Ziekenhuisgroep Twente Almelo; 

Reade, formerly Jan van Breemen Institute/VU Medical Center Amsterdam; St. 

Maartenskliniek Nijmegen; University Medical Center Utrecht, and Wilhelmina 

Hospital Assen. 

GARP: This study was supported by the Dutch Arthritis Foundation and Pfizer 

Groton, Connecticut, USA. We are indebted to drs. N. Riyazi, J. Bijsterbosch, H.M. 

Kroon and I. Watt for collection of data. 

The LUMC arthroplasty studies: This was a combination of TACTICS, TOMAAT 

and RAAK cohorts. TACTICS was funded by The Dutch Board of Health Care 

Insurances (College voor Zorgverzekeringen; OG99/023) and Sanquin Blood Bank. 

Involved were Prof. dr R.G.H.H. Nelissen, MD, Prof. dr A. Brand, MD, Leiden 



 

116 

University Medical Centre; R.L. te Slaa MD, Reinier de Graaf Gasthuis, Delft; Dr 

R.G. Poll MD, Slotervaart ziekenhuis, Amsterdam; Dr K.M. Veenstra Franciscus 

ziekenhuis, Rotterdam and Prof. dr D. van Rhenen Sanquin Blood Bank, 

Rotterdam. Funding for the TOMAAT-study was received from ZonMW (06-601) 

and Sanquin Blood Supply (03-002), the Netherlands. Clinical Trial Number: 

ISRCTN96327523 (controlled-trials.com) and NTR 303 (Dutch Trial Register).  

The Leiden University Medical Centre have and are supporting the RAAK and 

GARP study. Furthermore, the research leading to these results has received 

funding from the Dutch Arthritis Association  (DAA_10_1-402), Biobanking and 

BioMolecular resources Research Infrastructure The Netherlands (BBMRI-NL) 

complementation project CP2013-84-CP2013-83 and Dutch Scientific Research 

council NWO /ZonMW VICI scheme (nr. 91816631/528). 

Rotterdam Study: The Rotterdam Study is supported by the Netherlands 

Organization of Scientific Research NWO Investments (nr. 175.010.2005.011, 911-

03-012), the Research Institute for Diseases in the Elderly (014-93-015; RIDE2), the 

Netherlands Genomics Initiative (NGI)/Netherlands Organisation for Scientific 

Research (NWO) (project nr. 050-060-810) and the Erasmus Medical Center and 

Erasmus University, Rotterdam. This study is funded by the Dutch Arthritis 

foundation (project nr 13-1-201). 

References  

1. Kurtz S, et al. (2007). Projections of primary and revision 
hip and knee arthroplasty in the United States from 2005 to 
2030. J Bone Joint Surg Am, 89(4): 780-5. 

2. Lawrence RC, et al. (2008). Estimates of the prevalence 
of arthritis and other rheumatic conditions in the United 
States. Part II. Arthritis Rheum, 58(1): 26-35. 

3. Hruby A and Hu FB (2015).The Epidemiology of Obesity: 
A Big Picture. Pharmacoeconomics, 33(7): 673-89. 

4. Visser AW et al. (2014). The role of fat mass and skeletal 
muscle mass in knee osteoarthritis is different for men and 
women: the NEO study. Osteoarthritis Cartilage, 22(2):  
197-202. 

5. Sowers MF et al. (2008). BMI vs. body composition and 
radiographically defined osteoarthritis of the knee in 
women: a 4-year follow-up study. Osteoarthritis Cartilage, 
16(3): 367-72. 

6. Zhou ZY et al. (2014). Body mass index and knee 
osteoarthritis risk: a dose-response meta-analysis. Obesity  
22(10): 2180-5. 

7. Davis MA et al. (1989). The association of knee injury and 
obesity with unilateral and bilateral osteoarthritis of the 
knee. Am J Epidemiol, 130(2): 278-88. 

8. Wang Y et al. (2009). Relationship between body adiposity 
measures and risk of primary knee and hip replacement for 
osteoarthritis: a prospective cohort study. Arthritis Res 
Ther, 11(2): R31. 

9. Lohmander LS et al. (2009). Incidence of severe knee and 
hip osteoarthritis in relation to different measures of body 
mass: a population-based prospective cohort study. Ann 
Rheum Dis, 68(4): 490-6. 

10.Nieves-Plaza M et al. (2013). Association of hand or knee 
osteoarthritis with diabetes mellitus in a population of 
Hispanics from Puerto Rico. J Clin Rheumatol, 19(1): 1-6. 

11.Muthuri SG et al. (2011). What if we prevent obesity? Risk 
reduction in knee osteoarthritis estimated through a meta-
analysis of observational studies. Arthritis Care Res, 63(7): 
982-90. 

12.Felson DT et al. (1992). Weight loss reduces the risk for 
symptomatic knee osteoarthritis in women. The 
Framingham Study. Ann Intern Med, 1992. 116(7): p. 535- 

13. Messier SP, et al. (2013). Effects of intensive diet and 
exercise on knee joint loads, inflammation, and clinical 
outcomes among overweight and obese adults with knee 



 

117 

osteoarthritis: the IDEA randomized clinical trial. JAMA, 
310(12): 1263-73. 

14. Felson DT and Chaisson CE (1997). Understanding the 
relationship between body weight and osteoarthritis. 
Baillieres Clin Rheumatol, 11(4): 671-81. 

15. Yusuf  E, et al. (2010). Association between weight or 
body mass index and hand osteoarthritis: a systematic 
review. Ann Rheum Dis, 69(4): 761-5. 

16. Dahaghin S, et al. (2007). Do metabolic factors add to the 
effect of overweight on hand osteoarthritis? The Rotterdam 
Study. Ann Rheum Dis, 66(7): 916-20. 

17. Visser AW, et al. (2014). Adiposity and hand osteo-
arthritis: the Netherlands Epidemiology of Obesity study. 
Arthritis Res Ther, 16(1): R19. 

18. Curtis JR, et al. (2012). Dyslipidemia and changes in lipid 
profiles associated with rheumatoid arthritis and initiation of 
anti-tumor necrosis factor therapy. Arthritis Care Res, 
64(9): 1282-91. 

19. Sturmer T, et al. (1998). Serum cholesterol and 
osteoarthritis. The baseline examination of the Ulm 
Osteoarthritis Study. J Rheumatol, 25(9): 1827-32. 

20. Zhuo Q, et al. (2012). Metabolic syndrome meets 
osteoarthritis. Nat Rev Rheumatol, 8(12): 729-37. 

21. Sellam J and Berenbaum F (2013). Is osteoarthritis a 
metabolic disease? Joint Bone Spine, 80(6): 568-73. 

22. Puenpatom RA and Victor TW (2009). Increased 
prevalence of metabolic syndrome in individuals with 
osteoarthritis: an analysis of NHANES III data. Postgrad 
Med, 121(6): 9-20. 

23. Hart DJ, et al. (1995). Association between metabolic 
factors and knee osteoarthritis in women: the Chingford 
Study. J Rheumatol, 22(6): 1118-23. 

24. Velasquez MT and Katz JD (2010). Osteoarthritis: 
another component of metabolic syndrome? Metab Syndr 
Relat Disord, 8(4): 295-305. 

25. Katz, JD, et al. (2010). Getting to the heart of the matter: 
osteoarthritis takes its place as part of the metabolic 
syndrome. Curr Opin Rheumatol, 22(5): 512-9. 

26. Wurtz P, et al. (2012). Metabolic signatures of insulin 
resistance in 7,098 young adults. Diabetes, 61(6): 1372-80. 

27. Wurtz P, et al. (2012). Circulating metabolite predictors of 
glycemia in middle-aged men and women. Diabetes Care, 
35(8): 1749-56. 

28. Mayrhofer MT, et al. (2016). BBMRI-ERIC: the novel 
gateway to biobanks. From humans to humans. 
Bundesgesundheitsblatt Gesundheitsforschung 
Gesundheitsschutz, 59(3): 379-84. 

29. Wesseling J, et al. (2009). CHECK (Cohort Hip and 
Cohort Knee): similarities and differences with the 
Osteoarthritis Initiative. Ann Rheum Dis, 68(9): 1413-9. 

30. Riyazi N, et al. (2005). Evidence for familial aggregation 
of hand, hip, and spine but not knee osteoarthritis in siblings 
with multiple joint involvement: the GARP study. Ann 
Rheum Dis, 64(3): 438-43. 

31. Meulenbelt I, et al. (2007). Clusters of biochemical 
markers are associated with radiographic subtypes of 
osteoarthritis (OA) in subject with familial OA at multiple 
sites. The GARP study. Osteoarthritis Cartilage,15(4): 379-
85. 

32. Bijsterbosch J, et al. (2014). Clustering of hand 
osteoarthritis progression and its relationship to 
progression of osteoarthritis at the knee. Ann Rheum Dis, 
73(3): 567-72. 

33. Ramos YF, et al. (2014). Genes involved in the 
osteoarthritis process identified through genome wide 
expression analysis in articular cartilage; the RAAK study. 
PLoS One, 9(7): e103056. 

34. So-Osman C, et al. (2014). Patient blood management in 
elective total hip- and knee-replacement surgery (Part 1): a 
randomized controlled trial on erythropoietin and blood 
salvage as transfusion alternatives using a restrictive 
transfusion policy in erythropoietin-eligible patients. 
Anesthesiology, 120(4): 839-51. 

35. Hofman A, et al. (2015). The Rotterdam Study: 2016 
objectives and design update. Eur J Epidemiol, 30(8): 661-
708. 

36. World Health Organization (W.H.O) (2005). Handbook 
for good clinical research practise (GCP): Guidance for 
implementation. W. Library. Geneva. 

37. Kellgren JH and Lawrence JS (1957). Radiological 
assessment of osteo-arthrosis. Ann Rheum Dis, 16(4):  
494-502. 

38. Soininen P, et al. (2009). High-throughput serum NMR 
metabonomics for cost-effective holistic studies on 
systemic metabolism. Analyst, 134(9): 1781-5. 

39. Ala-Korpela M. (2007). Potential role of body fluid 1H 
NMR metabonomics as a prognostic and diagnostic tool. 
Expert Rev Mol Diagn, 7(6): 761-73. 

40. Soininen P, et al. (2015). Quantitative serum nuclear 
magnetic resonance metabolomics in cardiovascular 
epidemiology and genetics. Circ Cardiovasc Genet, 8(1):  
192-206. 

41. Sviridov D, et al. (2007). Statins and metabolism of high 
density lipoprotein. Cardiovasc Hematol Agents Med 
Chem, 5(3): 215-21. 

42. Lamers RJ, et al. (2005). Identification of an urinary 
metabolite profile associated with osteoarthritis. 
Osteoarthritis Cartilage, 13(9): 762-8. 

43. Loeser RF, et al. (2016). Association of urinary 
metabolites with radiographic progression of knee 
osteoarthritis in overweight and obese adults: an 
exploratory study. Osteoarthritis Cartilage, 24(8): 1479-86. 

44. Sekar S, et al. (2017). Saturated fatty acids induce 
development of both metabolic syndrome and osteoarthritis 
in rats. Sci Rep, 7: 46457. 

45. Baum SJ, et al. (2012). Fatty acids in cardiovascular 
health and disease: a comprehensive update. J Clin Lipidol, 
6(3): 216-34. 

46. de Jong AJ, et al. (2014). Fatty acids, lipid mediators, and 
T-cell function. Front Immunol, 5: 483. 

47. Berg JT et al. (2002). Section 16.1 Glycolysis is an energy 
conversion pathway in many organisms, in Biochemistry, 
5th edition. 

48. Keun HC, et al. (2009). Serum molecular signatures of 
weight change during early breast cancer chemotherapy. 
Clin Cancer Res, 15(21): 6716-23. 

49. Newgard CB, et al. (2009). A branched-chain amino acid-
related metabolic signature that differentiates obese and 
lean humans and contributes to insulin resistance. Cell 
Metab, 9(4): 311-26. 

50. Mobasheri A, et al. (2017). The role of metabolism in the 
pathogenesis of osteoarthritis. Nat Rev Rheumatol, 13(5):  
302-311. 



 

118 

Supplementary Table 1 

Metabolite  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 

AcetoAcetate AcAce 
                      

0,6
3 

Acetate Ace 
                      

0,7
7 

Alanine Ala 
                

0,62 
      

Albumine Alb 
                 

0,69 
     

3-hydroxybutyrate bOHBut 
                   

0,59 
  

0,4
1 

Citrate Cit 
                   

0,60 
   

Creatinine Crea 
                       

Glucose Glc 
                       

Glutamine Gln 
                  

0,77 
    

Glycoprotein Gp 
 

0,58 
                     

Histidine His 
                  

0,67 
    

Isoleucine Ile 
 

0,50 
     

0,73 
               

Lactate Lac 
                

0,82 
      

Leucine Leu 
       

0,86 
               

Phenylalanine Phe 
       

0,70 
               

Pyruvate Pyr 
                

0,81 
      

Tyrosine Tyr 
       

0,71 
               

Valine Val 
       

0,83 
               

Metabolite  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 

Esterified Cholesterol EstC 0,91 
                      

Free Cholesterol FreeC 0,89 
                      

HDL2-C hdl2 cholesterol particle density  HDL2C 
 

-0,43 0,80 
                    

HDL3-C hdl3 cholesterol particle density  HDL3C 0,73 
                      

HDL-C hdl cholesterol HDLC 
  

0,79 
                    

Rem t-C non-hdl / ldl cholesterol RemtC 0,79 0,58 
                     

Serum-C cholesterol SerumC 0,91 
                      

Triglycerides SerumTG 
 

0,90 
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Metabolite  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 

Apolipoprotein A-I ApoA1 
  

0,80 
 

0,41 
                  

Apolipoprotein B ApoB 0,77 0,60 
                     

ApoB / ApoA1 ApoB/ApoA1 0,56 0,62 -0,48 
                    

Docosahexaenoic acid 22:6  DHA 
      

0,86 
                

DHA / total fatty acids   DHA FA 
      

0,94 
                

Estimated fatty chain length Falen -0,52 
                    

0,46 
 

omega 3 fatty acid FAw3 
      

0,81 
                

FAw3 / total fatty acids   FAw3 fa 
      

0,94 
                

omega 6 fatty acid FAw6 0,74 
         

0,46 
            

FAw6 / total fatty acids   FAw6 FA 
 

-0,59 
        

0,61 
            

Linoleic acid 18:2 LA 0,69 
         

0,55 
            

LA / total fatty acids   LA FA 
 

-0,42 
        

0,67 
            

Monounsaturated fatty acids 16:1 18:1 MUFA 
 

0,80 
                     

MUFA / total fatty acids   MUFAFA 
 

0,60 
        

-0,58 
            

Phosphatidycholine and other cholines PC 0,52 
 

0,59 
                    

polyunsaturated fatty acids PUFA 0,74 
         

0,42 
            

PUFA / total fatty acids   PUFA FA 
 

-0,62 
        

0,58 
            

Saturated fatty acids SFA 0,48 0,70 
                     

SFA / total fatty acids   SFA FA 
                     

-0,83 
 

sphingomyelines  SM 0,71 
                      

  triglycerides / phosphoglycerides TG PG 
 

0,81 -0,40 
                    

cholines TotCho 0,63 
 

0,58 
                    

total fatty acids  TotFA 0,56 0,69 
                     

phosphoglycerides  TotPG 0,55 
 

0,56 
                    

estimated degree of unsaturaization UnsatDeg 
 

-0,54 
    

0,45 
              

0,44 
 

 

Metabolite 
 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 

HDL mean diameter hdl particle HDL-D 
 

-0,43 0,87 
                    

HDL Triglycerides  HDL-TG 
 

0,74 
 

0,42 
                   

XL-HDL Total Cholesterol  XL HDL C 
  

0,81 
                    

XL-HDL Total Choleseterol to total Lipids XL HDL C % 
  

-0,67 
           

0,43 
        

XL-HDL Cholesterol Esters  XL HDL CE 
  

0,78 
                    

XL-HDL CholesterolEsters to total Lipids XL HDL CE % 
  

-0,72 
                    

XL-HDL Free Cholesterol  XL HDL FC 
  

0,85 
                    

XL-HDL Free Cholesterol to total lipids  XL HDL FC % 
         

-0,58 
             

XL-HDL Total lipids  XL HDLL 
  

0,89 
                    

XL-HDL Particle concent n  XL HDL P 
  

0,89 
                    

XL-HDL Phospholipids XL HDL PL 
 

-0,44 0,85 
                    

XL-HDL Phospholipids to total Lipids   XL HDL PL % 
 

-0,47 0,64 
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XL-HDL Triglycerids XL HDL TG 
 

0,57 0,50 
                    

XL-HDL TriGlycerides to total Lipids   XL HDL TG % 
 

0,78 
                     

L-HDL Total Cholesterol  L HDL C  -0,49 0,80                     

L-HDL Total Choleseterol to total Lipids    L HDL C % 
 

-0,42 
      

0,78 
              

L-HDL Cholesterol Esters  L HDL CE 
 

-0,48 0,79 
                    

L-HDL CholesterolEsters to total Lipids    L HDL CE % 
        

0,81 
              

L-HDL Free Cholesterol  L HDL FC 
 

-0,49 0,78 
                    

L-HDL Free Cholesterol to total lipids    L HDL FC % 
 

-0,45 0,50 
     

0,48 
              

L-HDL Total lipids  L HDLL 
 

-0,46 0,83 
                    

L-HDL Particle concent n  L HDL P 
 

-0,45 0,83 
                    

L-HDL Phospholipids   L HDL PL 
 

-0,44 0,81 
                    

L-HDL Phospholipids to total Lipids    L HDL PL % 
        

-0,70 
              

L-HDL Triglycerids   L HDL TG 
  

0,58 
            

0,42 
       

L-HDL TriGlycerides to total Lipids    L HDL TG % 
 

0,59 
                     

M-HDL Total Cholesterol   M HDL C 
  

0,60 
 

0,75 
                  

M-HDL Total Choleseterol to total Lipids    M HDL C % 
 

-0,52 
          

-0,72 
          

M-HDL Cholesterol Esters   M HDL CE 
  

0,57 
 

0,75 
                  

M-HDL CholesterolEsters to total Lipids    M HDL CE % 
 

-0,45 
 

-0,42 
        

-0,65 
          

M-HDL Free Cholesterol   M HDL FC 
  

0,59 
 

0,64 
                  

M-HDL Free Cholesterol to total lipids    M HDL FC % 0,41 
                      

M-HDL Total lipids   M HDLL 
  

0,58 
 

0,79 
                  

M-HDL Particle concent n mol / L  M HDL P 
  

0,57 
 

0,79 
                  

M-HDL Phospholipids   M HDL PL 
  

0,58 
 

0,77 
                  

M-HDL Phospholipids to total Lipids    M HDL PL % 
            

0,91 
          

M-HDLTriglycerids   M HDL TG 
 

0,76 
                     

M-HDLTriGlycerides to total Lipids    M HDL TG % 
 

0,77 
                     

S-HDL Total Cholesterol   S HDL C 0,62 
   

0,44 
                  

S-HDL Total Choleseterol to total Lipids    S HDL C % 0,68 
                      

S-HDL Cholesterol Esters   S HDL CE 0,68 
                      

S-HDL CholesterolEsters to total Lipids    S HDL CE % 0,69 
                      

S-HDL Free Cholesterol   S HDL FC 
    

0,80 
                  

S-HDL Free Cholesterol to total lipids    S HDL FC % 
              

0,50 
        

S-HDL Total lipids   S HDLL 
    

0,91 
                  

S-HDL Particle concent n mol / L  S HDL P 
    

0,89 
                  

S-HDL Phospholipids   S HDL PL -0,43 
   

0,78 
                  

S-HDL Phospholipids to total Lipids    S HDL PL % -0,69 
                      

S-HDL Triglycerids   S HDL TG 
 

0,73 
 

0,49 
                   

S-HDL TriGlycerides to total Lipids    S HDL TG % 
 

0,70 
 

0,46 
                   

 

Metabolite 
 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 

LDL cholestrol  LDL C 0,99 
                      

LDL mean diameter ldl particle  LDL D 
         

0,63 
             

LDL triglycerides   LDL TG 0,48 
  

0,77 
                   

L-LDL Total Cholesterol   LLDL C 0,98 
                      

L-LDL Total Choleseterol to total Lipids    LLDL C % 0,79 
  

-0,55 
                   

L-LDL Cholesterol Esters   LLDL CE 0,98 
                      

L-LDL CholesterolEsters to total Lipids    LLDL CE % 0,87 
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L-LDLFree Cholesterol   LLDL FC 0,97 
                      

L-LDL Free Cholesterol to total lipids    LLDL FC % 
 

-0,73 
 

-0,47 
                   

L-LDL Total lipids   LLDLL 0,98 
                      

L-LDL Particle concent n mol / L  LLDL P 0,97 
                      

L-LDL Phospholipids   LLDL PL 0,97 
                      

L-LDL Phospholipids to total Lipids    LLDL PL % -0,95 
                      

L-LDL Triglycerids   LLDL TG 0,52 
  

0,77 
                   

L-LDL TriGlycerides to total Lipids    LLDL TG % -0,41 
  

0,86 
                   

M-LDL Total Cholesterol   MLDL C 0,99                       

M-LDL Total Choleseterol to total Lipids    MLDL C % 0,83 
                      

M-LDL Cholesterol Esters   MLDL CE 0,99 
                      

M-LDL CholesterolEsters to total Lipids    MLDL CE % 0,90 
                      

M-LDL Free Cholesterol   MLDL FC 0,95 
                      

M-LDL Free Cholesterol to total lipids    MLDL FC % -0,85 
                      

M-LDL Total lipids   MLDLL 0,97 
                      

M-LDL Particle concent n mol / L  MLDL P 0,97 
                      

M-LDL Phospholipids   MLDL PL 0,89 
                      

M-LDL Phospholipids to total Lipids    MLDL PL % -0,92 
                      

M-LDL Triglycerids   MLDL TG 0,47 
  

0,79 
                   

M-LDL TriGlycerides to total Lipids    MLDL TG % 
   

0,89 
                   

S-LDL Total Cholesterol   SLDL C 0,98 
                      

S-LDL Total Choleseterol to total Lipids    SLDL C % 0,84 
                      

S-LDL Cholesterol Esters   SLDL CE 0,99 
                      

S-LDL CholesterolEsters to total Lipids    SLDL CE % 0,90 
                      

S-LDL Free Cholesterol   SLDL FC 0,90 
                      

S-LDL Free Cholesterol to total lipids    SLDL FC % -0,78 
                      

S-LDL Total lipids   SLDLL 0,95 
                      

S-LDL Particle concent n mol / L  SLDL P 0,94 
                      

S-LDL Phospholipids   SLDL PL 0,82 
                      

S-LDL Phospholipids to total Lipids    SLDL PL % -0,94 
                      

S-LDL Triglycerids   SLDL TG 
 

0,57 
 

0,69 
                   

S-LDL TriGlycerides to total Lipids    SLDL TG % 
 

0,49 
 

0,76 
                   

 

Metabolite  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 

IDL Total Cholesterol   IDL C 0,96 
                      

IDL Total Choleseterol to total Lipids    IDL C % 0,45 
  

-0,83 
                   

IDL Cholesterol Esters   IDL CE 0,94 
                      

IDL CholesterolEsters to total Lipids    IDL CE % 
   

-0,81 
                   

IDL Free Cholesterol   IDL FC 0,96 
                      

IDL Free Cholesterol to total lipids    IDL FC % 0,56 -0,54 
                     

IDL Total lipids   IDLL 0,96 
                      

IDL Particle concent n mol / L  IDL P 0,96 
                      

IDL Phospholipids   IDL PL 0,98 
                      

IDL Phospholipids to total Lipids    IDL PL % 
 

-0,78 
                     

IDL Triglycerids   IDL TG 0,44 0,43 
 

0,76 
                   

IDL TriGlycerides to total Lipids    IDL TG % -0,41 
  

0,81 
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Metabolite 
 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 

VLDLCholesterol VLDL C 0,55 0,80 
                     

VLDL mean diameter vldl particles VLDL D 
 

0,90 
                     

VLDLTriglycerides  VLDL TG 
 

0,91 
                     

XXL-VLDL Total Cholesterol  XXLVLDL C 
 

0,93 
                     

XXL-VLDL Total Choleseterol to total Lipids   XXLVLDL C % 
     

0,54 
     

0,68 
           

XXL-VLDL Cholesterol Esters  XXLVLDL CE 
 

0,87 
                     

XXL-VLDL CholesterolEsters to total Lipids   XXLVLDL CE % 
     

0,62 
     

0,44 
           

XXL-VLDL Free Cholesterol  XXLVLDL FC 
 

0,95 
                     

XXL-VLDL Free Cholesterol to total lipids   XXLVLDL FC % 
           

0,68 
           

XXL-VLDL Total lipids  XXLVLDLL 
 

0,93 
                     

XXL-VLDL Particle concent n mol / L XXLVLDL P 
 

0,93 
                     

XXL-VLDL Phospholipids  XXLVLDL PL 
 

0,92 
                     

XXL-VLDL Phospholipids to total Lipids   XXLVLDL PL % 
           

0,44 
           

XXL-VLDL Triglycerids  XXLVLDL TG 
 

0,92 
                     

XXL-VLDL TriGlycerides to total Lipids   XXLVLDL TG % 
           

-0,81 
           

XL-VLDL Total Cholesterol  XLVLDL C  0,96                      

XL-VLDL Total Choleseterol to total Lipids   XLVLDL C % 
 

-0,54 
   

0,73 
                 

XL-VLDL Cholesterol Esters  XLVLDL CE 
 

0,95 
                     

XL-VLDL CholesterolEsters to total Lipids   XLVLDL CE % 
 

-0,46 
   

0,71 
                 

XL-VLDL Free Cholesterol  XLVLDL FC 
 

0,94 
                     

XL-VLDL Free Cholesterol to total lipids   XLVLDL FC % 
 

-0,46 
   

0,61 
                 

XL-VLDL Total lipids  XLVLDLL 
 

0,96 
                     

XL-VLDL Particle concent n mol / L XLVLDL P 
 

0,96 
                     

XL-VLDL Phospholipids  XLVLDL PL 
 

0,93 
                     

XL-VLDL Phospholipids to total Lipids   XLVLDL PL % 
             

0,46 
         

XL-VLDL Triglycerids  XLVLDL TG 
 

0,93 
                     

XL VLDL TG % XLVLDL TG % 
     

-0,68 
                 

L-VLDL Total Cholesterol   LVLDL C 
 

0,96 
                     

L-VLDL Total Choleseterol to total Lipids    LVLDL C % 
     

0,69 
                 

L-VLDL Cholesterol Esters   LVLDL CE 
 

0,95 
                     

L-VLDL CholesterolEsters to total Lipids    LVLDL CE % 
     

0,72 
                 

L-VLDL Free Cholesterol   LVLDL FC 
 

0,94 
                     

L-VLDL Free Cholesterol to total lipids    LVLDL FC % 
             

0,69 
         

L-VLDL Total lipids   LVLDLL 
 

0,94 
                     

L-VLDL Particle concent n mol / L  LVLDL P 
 

0,93 
                     

L-VLDL Phospholipids   LVLDL PL 
 

0,92 
                     

L-VLDL Phospholipids to total Lipids    LVLDL PL % 
 

0,41 
                  

0,63 
  

L-VLDL Triglycerids   LVLDL TG 
 

0,91 
                     

L-VLDL TriGlycerides to total Lipids    LVLDL TG % 
     

-0,52 
       

-0,47 
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Metabolite  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 

M-VLDL Total Cholesterol   MVLDL C 
 

0,91 
                     

M-VLDL Total Choleseterol to total Lipids    MVLDL C % 0,49 
    

0,55 
                 

M-VLDL Cholesterol Esters   MVLDL CE 0,43 0,86 
                     

M-VLDL CholesterolEsters to total Lipids    MVLDL CE % 0,48 -0,41 
   

0,55 
                 

M-VLDL Free Cholesterol   MVLDL FC 
 

0,92 
                     

M-VLDL Free Cholesterol to total lipids    MVLDL FC % 
             

0,45 
         

M-VLDL Total lipids   MVLDLL 
 

0,93 
                     

M-VLDL Particle concent n mol / L  MVLDL P 
 

0,92 
                     

M-VLDL Phospholipids   MVLDL PL 
 

0,92 
                     

M-VLDL Phospholipids to total Lipids    MVLDL PL % 
                    

0,75 
  

M-VLDL Triglycerids   MVLDL TG 
 

0,89 
                     

M-VLDL TriGlycerides to total Lipids    MVLDL TG % -0,44 
    

-0,54 
                 

 

Metabolite  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 

S-VLDL Total Cholesterol   SVLDL C 0,69 0,65 
                     

S-VLDL Total Choleseterol to total Lipids    SVLDL C % 0,51 -0,58 
                     

S-VLDL Cholesterol Esters   SVLDL CE 0,78 0,52 
                     

S-VLDL Cholesterol Esters to total Lipids    SVLDL CE % 0,50 -0,56 
                     

S-VLDL  Free Cholesterol   SVLDL FC 0,48 0,77 
                     

S-VLDL Free Cholesterol to total lipids    SVLDL FC % 
 

-0,50 
                     

S-VLDL Total lipids   SVLDLL 
 

0,83 
                     

S-VLDL Particle concent n mol / L  SVLDL P 
 

0,84 
                     

S-VLDL Phospholipids   SVLDL PL 
 

0,80 
                     

S-VLDL Phospholipids to total Lipids    SVLDL PL % 
    

0,45 
               

0,41 
  

S-VLDL Triglycerids   SVLDL TG 
 

0,85 
                     

S-VLDL TriGlycerides to total Lipids    SVLDL TG % -0,41 0,63 
                     

XS-VLDL Total Cholesterol   XSVLDL C 0,89 
                      

XS-VLDL Total Choleseterol to total Lipids    XSVLDL C % 
 

-0,60 
 

-0,62 
                   

XS-VLDL Cholesterol Esters   XSVLDL CE 0,85 
                      

XS-VLDL CholesterolEsters to total Lipids    XSVLDL CE % 
 

-0,50 
 

-0,61 
                   

XS-VLDL Free Cholesterol   XSVLDL FC 0,89 
                      

XS-VLDL Free Cholesterol to total lipids    XSVLDL FC % 
 

-0,48 
                     

XS-VLDL Total lipids   XSVLDLL 0,84 0,42 
                     

XS-VLDL Particle concent n mol / L  XSVLDL P 0,81 0,47 
                     

XS-VLDL Phospholipids   XSVLDL PL 0,93 
                      

XS-VLDL Phospholipids to total Lipids    XSVLDL PL % 0,79 
                      

XS-VLDL Triglycerids   XSVLDL TG 
 

0,74 
 

0,50 
                   

XS-VLDL TriGlycerides to total Lipids    XSVLDL TG %   0,62   0,53                                     
 

Extraction Method: Principal Component Analysis. Rotation Method: Varimax with Kaiser Normalization. a Rotation converged in 18 iterations. 
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Supplementary Table 2 –  
Variance explained by factors. 

 Supplementary Table 3 – Assessment of cohort 
effects in controls. 

Factor Eigenvalue % of Variance 
 Explained 

 Factor Effect 
size 

95% CI P-value* 

1 70.95 31.26  1 -0,453 -0,846 - -0.060 0,552 
2 57.17 25.19  2 0,607 0,220 – 0.994 0,046 
3 19.79 8.71  3 0,382 0,025 – 0.740 0,828 
4 11.08 4.88  4 0,113 -0,262 – 0.489 >1 
5 8.55 3.77  5 0,328 -0,059 – 0.715 >1 
6 4.75 2.09  6 -0,094 -0,484 – 0.296 >1 
7 4.08 1.80  7 -0,418 -0,827 - -0.009 >1 
8 3.67 1.62  8 0,139 -0,230 – 0.507 >1 
9 3.04 1.34  9 0,157 -0,208 – 0.523 >1 
10 2.85 1.25  10 -0,796 -1,177 - -0.415 0,001 
11 2.72 1.20  11 -0,200 -0,589 – 0.189 0,314 
12 2.50 1.10  12 0,075 -0,292 – 0.441 >1 
13 2.05 0.90  13 -0,649 -1,034 - -0.265 0,023 
14 1.87 0.82  14 0,106 -0,304 – 0.517 >1 
15 1.85 0.81  15 -0,530 -0,917 - -0.143 0,161 
16 1.63 0.72  16 1,225 0,858 – 1.592 1,64x10-9 
17 1.60 0.70  17 0,249 -0,141 – 0.639 >1 
18 1.48 0.65  18 -0,474 -0,831 - -0.117 0,207 
19 1.38 0.61  19 -0,371 -0,708 - -0.033 0,713 
20 1.25 0.55  20 -0,255 -0,626 – 0.116 >1 
21 1.16 0.51  21 -0,560 -0,934 - -0.187 0,069 
22 1.11 0.49  22 -0,236 -0,619 – 0.147 >1 
23 1.00 0.44  23 -0,111 -0,489 – 0.268 >1 

Eigenvalues and percentage of 
variance explained by the factors 
identified by principal component 
analysis on the included metabolites. 
The total variance explained by the 23 
factors with an eigenvalue of >1 was 
91,4%. 

 Association of cohort with the factor within controls. 
After adjusting for age, sex, BMI and fasting, four 
factors had a significant cohort effect and were 
removed from further analyses. 
* Pvalue Bonferroni corrected 
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Supplementary Table 4: Individual metabolites and cross-sectional outcomes 

Factor Metabolite 
Hip or knee OA  Hip or Knee arthroplasty 

OR 95%CI P*  OR 95%CI P* 

17 
Alanine 0.91 0.84-0.98 0.088  0.82 0.72-0.93 0.008 
Lactate 1.00 0.92-1.08 >1  1.47 1.31-1.65 7.0x10-10 
Pyruvate 1.21 1.12-1.30 5.1x10-6  1.93 1.72-2.16 8.0x10-20 

19 
Glutamine 0.70 0.64-0.76 8.8x10-15  0.65 0.58-0.74 2.0x10-11 
Histidine 0.91 0.84-0.98 0.120  0.92 0.81-1.04 >1 

22 
Fatty Acid Chain Length 1.26 1.16-1.36 4.8x10-8  1.83 1.64-2.05 8.0x10-20 
Saturated Fatty Acids Ratio 1.01 0.93-1.08 >1  0.95 0.84-1.07 >1 
Degree of Unsaturation 1.05 0.97-1.14 >1  1.12 0.99-1.28 0.560 

* Pvalue Bonferroni corrected 

 

 

Supplementary Table 5 – Individual metabolites and progression 

Factor Metabolite 
Hip Progression  Knee Progression 
Beta SE P*  Beta SE P* 

17 
Alanine -0,126 0,334 >1  -0,609 0,27 0,192 
Lactate -0,605 0,247 0,120  -0,569 0,448 >1 
Pyruvate -0,518 0,393 >1  -0,307 0,168 0,544 

19 
Glutamine -0,452 0,991 >1  -0,488 0,798 >1 
Histidine -0,411 0,339 >1  -0,295 0,29 >1 

22 
Fatty Acid Chain Length 7,97 3,742 0,264  4,123 4,309 >1 
Saturated Fatty Acids Ratio -1,907 1,593 >1  -0,102 1,377 >1 

 Degree of Unsaturation -0,028 1,432 >1  1,047 1,314 >1 

* Pvalue Bonferroni corrected 
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Supplementary Table 6 – with and without adjustment for BMI or fasting 

Factor 17 

  
OA ~ Factor + age + sex + fasting + BMI   Excluding BMI  Excluding fasting 

OR 95%CI P-value*  OR  95%CI P-value*  OR  95%CI P-value* 

HOA 1,15 1,04-1,27 0.171  1.25 1.14-1.37 0.008  1,14 1,03 - 1,26 0.228 
THA 1,38 1,20-1,59 1.5x10-4  1.52 1.35-1.72 2.28x10-10  1,34 1,17 - 1,55 7.4x10-4 
KOA 0,98 0,89-1,07 >1  1.04 0.96-1.14 >1  0,97 0,89 - 1,06 >1 

TKA 1,49 1,21-1,83 0.003  1.56 1.31-1.85 9.69x10-6  1,42 1,16 - 1,74 0.019 

Factor 19 

  
OA ~ Factor + age + sex + fasting + BMI   Excluding BMI  Excluding fasting 

OR 95%CI P-value*  OR  95%CI P-value*  OR  95%CI P-value* 

HOA 0,68 0,60-0,76 3.6x10-10  0,59 0,53-0,65 2.30x10-24  0,67 0,60 - 0,75 1.0x10-10 

THA 0,65 0,55-0,75 5.9x10-7  0,52 0,46-0,59 6.8x10-24  0,62 0,53 - 0,72 5.6x10-9 

KOA 0,83 0,75-0,91 0.004  0,71 0,65-0,78 1.7x10-11  0,82 0,74 - 0,91 0.003 

TKA 0,79 0,63-0,99 0.817  0,57 0,48-0,67 3.2x10-10  0,76 0,61 - 0,95 0.266 

Factor 22 

  
OA ~ Factor + age + sex + fasting + BMI   Excluding BMI  Excluding fasting 

OR 95%CI P-value*  OR  95%CI P-value*  OR  95%CI P-value* 

HOA 1,13 1,02-1,25 0.494  1,20 1,09-1,32 0.004  1.13 1.02-1.26 0.380 

THA 1,41 1,23-1,63 1.9x10-5  1,45 1,29-1,63 3.1x10-8  1.44 1.25-1.65 7.0x10-6 

KOA 1,06 0,96-1,16 >1  1,06 0,97-1,16 >1  1.06 0.97-1.16 >1 

TKA 1,61 1,33-1,95 1.7x10-5  1,46 1,24-1,72 7.6x10-5  1.67 1.38-2.02 1.8x10-6 

Analyses performed with logistic regression analyse relating factor-score to the OA-phenotype. Standard analyse was adjusted for age, sex, fasting and BMI, whereas 
the extra analyse was adjusted for age, sex either BMI or fasting. 

* Pvalue Bonferroni corrected. 

HOA - Radiographic Hip OA; THA - Total Hip Arthroplasty for primary hip OA; KOA - radiographic Knee OA; TKA - Total Knee Arthroplasty for primary knee OA 


