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A low cartilage formation and repair 
endotype predicts radiographic progression 
of symptomatic knee osteoarthritis
Yunyun Luo1,2 , Jonathan Samuels3, Svetlana Krasnokutsky3, Inger Byrjalsen4, Virginia B. Kraus5,6, Yi He1, 
Morten A. Karsdal1, Steven B. Abramson3, Mukundan Attur3 and Anne C. Bay‑Jensen1*

Abstract 

Background: Osteoarthritis (OA) is a disease with multiple endotypes. A hallmark of OA is loss of cartilage; however, 
it is evident that the rate of cartilage loss differs among patients, which may partly be attributed to differential capac‑
ity for cartilage repair. We hypothesize that a low cartilage repair endotype exists and that such endotypes are more 
likely to progress radiographically. The aim of this study is to examine the associations of level of cartilage formation 
with OA severity and radiographic OA progression. We used the blood‑based marker PRO‑C2, reflecting type II col‑
lagen formation, to assess levels of cartilage formation.

Materials and methods: The type II collagen propeptide PRO‑C2 was measured in the serum/plasma of knee OA 
subjects from New York University (NYU, n = 106) and a subcohort of the phase III oral salmon calcitonin (sCT) trial 
SMC021‑2301 (SMC, n = 147). Risk of radiographic medial joint space narrowing (JSN) over 24 months was compared 
between quartiles (very low, low, moderate, and high) of PRO‑C2. Associations were adjusted for age, gender, BMI, 
race, baseline pain levels, and baseline joint space width.

Results: In both the NYU and SMC cohorts, subjects with low PRO‑C2 levels had greater JSN compared with subjects 
with high PRO‑C2. Mean difference in JSN between subjects with very low and high levels of PRO‑C2 was 0.65 mm 
(p = 0.002), corresponding to a 3.4 (1.4–8.6)‑fold higher risk of progression. There was no significant effect of sCT treat‑
ment, compared with placebo, on JSN over 2 years before stratification based on baseline PRO‑C2. However, there 
were proportionately fewer progressors in the sCT arm of the very low/low PRO‑C2 group compared with the moder‑
ate/high group (Chi squared = 6.5, p = 0.011).

Conclusion: Serum/plasma level of type II collagen formation, PRO‑C2, may be an objective indicator of a low carti‑
lage repair endotype, displaying radiographic progression and superior response to a proanabolic drug.

Level of evidence: Level III post hoc exploratory analysis of one longitudinal cohort and a sub‑study from one phase 
III clinical trial.
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Introduction
Osteoarthritis (OA), the most common arthritis, is char-
acterized by progressive cartilage destruction, deteriora-
tion of subchondral bone, and synovial inflammation [1, 
2]. It affects 10–20% of the adult population and leads to 
debilitating pain, functional impairment, and disability 
among elders [3]. OA is a highly heterogeneous disease 
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characterized by the involvement of single or multiple 
joints, variable clinical features, and biochemical/genetic 
characteristics [4], which suggests that multiple pheno-
types and endotypes exist.

A phenotype is defined as the observable proper-
ties of an organism produced by the interactions of the 
genotype and environment. Patients with common char-
acteristics are grouped together to guide therapy and 
management [5]. In contrast to a phenotype of a disease 
that is without any implication of a mechanism, an endo-
type identifies a specific biological pathway or a distinct 
pathophysiological mechanism explaining the observ-
able characteristic of a phenotype. Endotypes are defined 
by specific cells or molecules in the blood, urine, and/or 
other biological specimens [6]. Although endotypic clas-
sification is a more specific and accurate way of defining 
patient subgroups, this method of classification is not yet 
uniformly used in the OA field [7, 8]. One simplistic and 
general example of a phenotype is knee pain, while the 
related endotype could be the synovial fluid concentra-
tion of a synovial pain marker. Determination of a disease 
endotype is possible when the observed changes during 
disease progression and/or patient response to treatment 
can be quantified by biomarkers [9]. Therefore, knee OA 
disease heterogeneity could be further explored with new 
biomarkers indicative of a particular endotype with dis-
tinct mechanistic pathways (e.g., low cartilage formation) 
and/or variable clinical presentations (e.g., radiographic 
fast progressors). Identification of such endotypes by 
validated biomarkers could assist in enabling a precision 
medicine approach for OA and eventually facilitate the 
development of targeted therapies for OA [7].

Recent data from the large-scale UK biobank identified 
genetic polymorphisms in eight genes associated with 
OA [10]. Three of these genes were linked to a cartilage 
formation/repair endotype, namely growth differentia-
tion factor 5 (GDF5), fibroblast growth factor 18 (FGF18), 
and transforming growth factor-beta 1 (TGF-β1) [10], 
suggesting that cartilage formation, when impaired, may 
be associated with a higher level of OA structural disease 
progression due to repair attenuation. Thus, cartilage 
formation by chondrocytes may represent a convergent 
mechanism with cartilage repair pathways. By analogy 
to the liver fibrosis field, wherein a high fibrosis forma-
tion phenotype is more likely to respond to an antifi-
brotic therapy [11], we hypothesized that in OA, a lower 
cartilage formation endotype is more likely to respond to 
some OA treatments.

An N-propeptidase generated biomarker of type II col-
lagen formation in serum/plasma, the N-terminal pro-
peptide of collagen type IIB (PIIBNP, hereafter called 
PRO-C2) [12], can serve as a surrogate biomarker for 
cartilage formation [13], making it possible to investigate 

a potential cartilage repair endotype in OA. We recently 
demonstrated that PRO-C2 concentrations were lower in 
OA patients compared to healthy controls and could be 
induced by potential cartilage anabolic therapy [14].

In the current post hoc exploratory analysis of two 
independent cohorts of knee OA patients, we exam-
ined whether there was an association between baseline 
PRO-C2 blood levels and radiographic OA severity and 
progression.

Methods
Study design and participants
The NYU cohort
The New York University (NYU) cohort with vary-
ing degrees of knee OA (n = 106) was recruited at New 
York University [15–18] (Fig. 1a). All patients underwent 
bilateral standardized weight-bearing fixed flexion pos-
teroanterior knee radiographs using the SynaFlexer™ 
positioning frame (Synarc). Radiographic readings were 
done separately by two musculoskeletal radiologists 
blinded to patient information. Disagreements between 
the two readers were resolved by consensus. Radio-
graphic progression was assessed by medial joint 
space narrowing (mJSN), based on the change in joint 
space width (JSW) of the signal knee at baseline and at 
24  months. Medial joint space widths (mJSW) were 
measured at the mid-portion of the joint space via elec-
tronic calipers [15]. At baseline, all patients had com-
plained of pain in the signal knee and met American 
College of Rheumatology (ACR) clinical criteria for knee 
OA. Non-fasting blood samples were collected for hepa-
rin-treated plasma and stored at −80 °C until biomarker 
measurement.

The SMC cohort
From a total of 1176 individuals in the phase III OA 
trial SMC021-2301 (clinicaltrial.gov: NCT00486434) 
testing the efficacy of oral salmon calcitonin (sCT), 
200 participants recruited in one study center (Aal-
borg, Denmark) were selected for preliminary proof-of-
concept [19, 20]. A total of 51 participants were lost at 
follow-up because they were missing 2-year x-rays and, 
2 subjects had missing serum samples at baseline. This 
SMC subcohort, therefore, comprised 147 participants 
with knee OA (Fig. 1b). Both knees were examined dur-
ing the study, but a signal knee was chosen prior to ran-
domization based on the following inclusion criteria: 
KLG 2 or 3 of the medial tibiofemoral joint; a radio-
graphic JSW of the signal knee ≥ 2.0 mm of the medial 
tibiofemoral compartment as measured on a radio-
graph; classification by ACR criteria as functional class 
I, II, or III; a Western Ontario and McMaster Universi-
ties Osteoarthritis Index (WOMAC) version VA3.1 [21] 
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pain subscale (five questions, a score from 0 to 500 mm) 
score of ≥ 150  mm, and/or a WOMAC function sub-
scale (17 questions, a score from 0 to 1700 mm) score 
of ≥ 510  mm. Weight bearing knee radiographs were 
performed using a non-fluoroscopic, standardized, 
quality-controlled method as described in the previous 
study [19] with the SynaFlexer™ positioning frame, and 
a fixed external rotation of both feet to ensure a similar 
standardized positioning of all patients. At baseline, all 
patients met ACR clinical and radiographic criteria for 
knee OA. For a detailed description of the study popu-
lation and inclusion/exclusion criteria, see [19, 20].

Assessment of PRO‑C2
Plasma PRO-C2 was assessed at baseline in NYU cohort 
using a high sensitivity (hs) PRO-C2 electro-chemilumi-
nescence ImmunoAssay (ECLIA) (Nordic Bioscience, 
Herlev, Denmark). Serum PRO-C2 was assessed at base-
line and follow-ups (1 month, 6 months, 12 months and 
24 months) in SMC pilot study. It is a competitive assay 
based on a monoclonal antibody specific to the epitope 
(QDVRQPGPKG) derived from the N-terminal propep-
tide region of the type IIB procollagen α1-chain [14]. 
We have previously developed the PRO-C2 enzyme-
linked immunosorbent assay (ELISA), which, had some 
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Fig. 1 Flow diagrams for subjects included in the PRO‑C2 post hoc analyses. a The NYU cohort. b The SMC cohort
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sensitivity limitations. Therefore, we converted the 
assay to the ECLIA platform, resulting in a seven-fold 
increased sensitivity [14]. PRO-C2 was measured in non-
fasting plasma in the NYU cohort (sera samples were not 
available) and the placebo (PLB) and sCT arms of the 
SMC subcohort (fasting serum). The effect of fasting and 
non-fasting was tested in ten donor samples (Additional 
file  1: Fig. S1). The measurement was in duplicate and 
blinded to the clinical data in the SMC cohort, whereas 
single determinations were made in the NYU cohort due 
to the limited volume of the samples. The intra-assay 
coefficient of variation (CV) of PRO-C2 was 7.4%, and 
the inter-assay CV was 13.4%. The lower limit of detec-
tion (LLOD) was 0.08 ng/mL, defined as the concentra-
tion corresponding to 3 standard deviations (SD) above 
the mean of 21 determinations of the zero calibrator.

Statistical analysis
This is a post hoc and explorative analysis to test the 
association between radiographic progression and the 
cartilage formation marker PRO-C2.

Baseline demographics and characteristics are pre-
sented as mean and standard deviation (SD) or as fre-
quency and percentage (%). Comparison of age, BMI, 
gender, and race between cohorts was done by either 
Mann–Whitney test or by Chi squared test; cohort base-
line VAS pain, KLG, and mJSW were compared by mul-
tiple regression analysis adjusting for age, BMI, gender, 
and race.

PRO-C2 data were normalized using logarithmic trans-
formation. Correlations with age, BMI, gender, race, with 
VAS pain and JSW at baseline was performed using mul-
tiple linear regression in each of the cohorts.

Each of the cohorts was dichotomized into low and 
high levels of PRO-C2 separated by the median using all 
baseline data (Additional file 2: data Fig. S5). The differ-
ence in 2-year joint space narrowing (JSN) in the signal 
knee between low and high were analyzed in each cohort 
by ANCOVA with age, BMI, gender, VAS pain, and base-
line medial joint space width (signal knee) as covariates. 
The “dose–response” association between PRO-C2 levels 
and JSN was investigated by first separating the subjects 
into quartiles (Q1–Q4) of PRO-C2 in the individual stud-
ies and then pooling the patients from both cohorts by 
quartile for purposes of assessing the association of base-
line PRO-C2 with JSN. The odds ratio for progression 
between the PRO-C2 Q4 (reference) and the remaining 
quartiles was assessed by logistic regression, where pro-
gression was defined as JSN > 0 (any progression). The 
analysis was adjusted for the covariates.

Proportional difference in responders and non-
responders between placebo and sCT arms of the 
SMC study in groups of low and high (median cut-off) 

levels of baseline PRO-C2 was tested by Chi square. Non-
responders were defined as those with JSN > 0.35  mm 
which was based on the 2-year average JSN in the Osteo-
arthritis Research Society International/Foundation for 
the National Institutes of Health (OARSI/FNIH) OA bio-
markers consortium [22].

All statistical analyses were performed with MedCalc 
version 19.1.7 (MedCalc Software, Ostend, Belgium), 
and graphing was done with GraphPad Prism version 8.3 
(GraphPad Software, CA, USA). The significance level 
was set at α = 0.05, but reported to 0.1

Results
Study populations and baseline characteristics
Among the 147 patients enrolled in the NYU study, 31 
were lost at follow-up, and 10 were excluded due to lack 
of plasma samples. The remaining 106 individuals were 
dichotomized according to median level (1480 pg/mL) of 
baseline plasma PRO-C2 (Fig. 1a). The 147 subjects in the 
sSMC subcohort were dichotomized based on median 
level (1960 pg/mL) of baseline serum PRO-C2 (Fig. 1b).

Demographic, clinical, and radiographic details of the 
106 NYU and the 147 SMC participants are presented 
in Table 1. Mean age and BMI were higher in the SMC 
cohort compared with the NYU cohort. There were more 
female participants in the NYU cohort, but not signifi-
cantly. There were only Caucasians in the SMC cohort in 
contrast to the NYU cohort where 66% were Caucasian, 
25% Black, and 9% other. Approximately 21% of the NYU 
participants used NSAIDs at baseline, whereas none of 
the SMC participants did.

After adjusting for age, gender, race, and BMI, there 
was no difference in the average pain score of the sig-
nal knee between the two cohorts (Table 1). Mean JSW 
of the signal knee was significantly higher in the NYU 
cohort after adjusting for age, BMI, gender, and race. The 
NYU cohort included patients with KLG 0 to 4 in the sig-
nal knee, whereas the SMC cohort only included patients 
with KLG 2 and 3 (Table 1).

Serum/plasma PRO-C2 levels were correlated with age 
(r = 0.41, p = 0.0001) and race (r = 0.34, p = 0.0010) in the 
NYU cohort and with BMI (r = 0.24, p = 0.0013) and JSW 
(r = −0.54, p < 0.0001) in the SMC cohort on univariate 
testing (Table 2).

Association between baseline PRO‑C2 and medial joint 
space narrowing
Difference in two-year JSN was assessed in the NYU and 
SMC cohorts on the dichotomized data (Fig. 1). Patients 
with low PRO-C2 progressed significantly faster than 
patients with high PRO-C2 in the NYU cohort, mean 
difference was 0.52  mm (p = 0.0078) (Fig.  2a). Similarly, 
in the SMC cohort, JSN was greater in the low PRO-C2 
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group compared with the higher PRO-C2 group of 
the placebo arm: mean difference was 0.24 (p = 0.078) 
(Fig.  2b), however, this difference was of borderline sig-
nificance. Scatter plots of the PRO-C2 distribution and 
summary statistics for each of the subgroups can be 
found in the Additional file 3: Fig. S2.

Next, we pooled the data of the two cohorts to 
assess the overall “dose–response” of JSN as a func-
tion of baseline PRO-C2 levels. The mean differences 

between the lowest level of PRO-C2 (Q1, very low) and 
the higher levels of PRO-C2 were: Q2 (low), 0.30 (ns); 
Q3 (moderate), 0.48 (p = 0.056); and Q4 (high), 0.65 
(p = 0.0018) (Fig.  2c). These data indicate that radio-
graphic progression is more pronounced in patients 
with low type II collagen formation, an effect that was 
independent of the covariates. Scatter plots of the 
PRO-C2 distribution can be found in the Additional 
file 3: Fig. S2.

Table 1 Cohort description

BMI: body mass index; KLG: Kellgren-Lawrence grades; mJSW: medial joint space width; ns: not significant; SD: standard deviation; SE: standard error; VAS: visual 
analog scale

Variables NYU cohort (N = 106) SMC cohort (N = 147) Difference between 
cohorts (p value)

Age, mean (SD) years 61.0 (10.2) 63.6 (6.6) 0.026

BMI, mean (SD) kg/m2 26.6 (3.6) 29.0 (4.5) 0.0007

Gender, no. female (%) 69 (65) 82 (56) ns

Race, no. White/Black/other (%) 70 (66)/26 (25)/10 (9) 147 (100)/0/0 < 0.0001

Pain, mean (SE) VAS 0‑100 mm 42.1 (2.7) 48.2 (2.1) ns

mJSW on signal knee, mean (SE) mm 3.63 (0.10) 3.31 (0.09) 0.022

KLG, Frequency (%)

 0–1 29 (27) 0 0.030

 2 20 (19) 129 (88)

 3–4 57 (54) 18 (12)

Table 2 Correlation (multiple linear regression) between PRO‑C2 and baseline characteristics

Data are shown as partial r (p value), where non-significant (ns) is p > 0.1

BMI: Body mass index; mJSW: medial joint space width; ns: not significant, VAS: visual analogue scale

*Signal knee

Age BMI Gender Race Pain VAS* mJSW*

NYU 0.41 (0.0001) 0.19 (ns) 0.17 (ns) 0.34 (0.0010) 0.06 (ns) 0.20 (ns)

SMC − 0.10 (ns) 0.24 (0.0013) 0.11 (ns) – − 0.09 (ns) − 0.54 (< 0.0001)
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Fig. 2 Association between baseline levels of PRO‑C2 and 2‑year radiographic progression (JSN). Patients were dichotomized based on the 
median to low and high levels of PRO‑C2 and the degree of progression was compared in a the NYU and b the SMC cohort. c Assessment of 
“dose–response” of JSN as a function of PRO‑C2 levels in the combined dataset (all subjects in NYU cohort and the placebo arm of SMC subcohort). 
Analyses were adjusted for age, BMI, gender, VAS pain, and baseline medial JSW using two‑way analysis of covariates (ANCOVA). Data are presented 
as mean with standard error of mean (SEM). Asterisks: **p < 0.01; #p < 0.1
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Subjects with very low levels of baseline PRO‑C2 are more 
likely to progress
We investigated the odds ratio (OR) for progression of 
the different groups using the high PRO-C2 group (Q4 in 
Fig. 2) as a reference. Participants in the very low group 
(Q1) were more likely to progress over the two-year 
period than the high group: OR 3.4 (1.4–8.6), p = 0.0087 
(Fig. 3). A similar likelihood of progression was observed 
in the very low PRO-C2 group of participants with defi-
nite radiographic OA (KLG ≥ 2): OR 3.9 (1.4–11.3), 
p = 0.011 (Fig.  3). Subjects with low (Q2) and moderate 
(Q3) levels were not more likely to progress compared 
with those with high levels (Q4) (Fig. 3).

PRO‑C2 levels and treatment response
First we investigated whether there was a propor-
tional difference in the number of responders and non-
responders to oral salmon calcitonin in low and high 
PRO-C2 subgroups. There were proportionally fewer 
non-responders in the low PRO-C2 – sCT arm (Chi 
squared of 6.5, p = 0.011) (Table 3).

Lastly we assessed the pharmacodynamic effect of sCT 
versus placebo in either low or high PRO-C2 groups. In 
patients with low baseline PRO-C2, there was an approx-
imate 20% increase in PRO-C2 levels in patients treated 
with sCT; however, this was not significantly different 
from the increase (approximately 15%) observed in the 
placebo (Fig.  4). Both treatment arms in patients with 
high baseline PRO-C2 showed decreasing levels in PRO-
C2 of approximately 15% (Fig.  4). The response to sCT 

based on PRO-C2 stratification can be found in the sup-
plementary data file (Additional file 5: Fig. S3).

Discussion
Type II collagen is nearly exclusively localized to carti-
lage, being the major structural component of this tissue. 
Recently, immunoassays suitable for measuring serologi-
cal collagen type IIB N-propeptide fragment (PIIBNP or 
PRO-C2) were developed and proposed for the estima-
tion of cartilage formation [14]. In the present study, we 
investigated the clinical utility of PRO-C2. Low baseline 
PRO-C2 identified a more rapidly progressing subgroup 
in two independent knee OA clinical cohorts. This sug-
gests that low cartilage formation may be associated with 
an endotype of higher structural loss. These data agree 
with results from the FNIH initiative on PIIANP [23], 
another type II collagen biomarker indicative of colla-
gen formation. In addition, cartilage oligomeric protein 
(COMP) and urinary CTX-II (uCTX-II) have all shown 
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Fig. 3 The odds ratio (OR) for progression in groups of patients with 
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progression (JSN > 0) over 2‑years in analyses including all subjects 
in NYU cohort and the placebo arm of SMC subcohort (n = 185, 
black) and individuals with baseline KL ≥ 2 (n = 156, grey). Analyses 
were adjusted for age, BMI, gender, VAS pain, and baseline medial 
JSW using logistic regression. Data are presented as OR and 95% 
confidence intervals (CI). Asterisks: **p < 0.01; *p < 0.05

Table 3 Proportion of responders and non‑responders in high 
and low baseline PRO‑C2 groups

Non-responders were defined as those with mJSN > 0.35 mm. Data are shown as 
number of subjects (%)

mJSN: medial joint space narrowing; sCT: salmon calcitonin
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(SEM) percentage difference from baseline. Time dependent effects 
were investigated by ANCOVA adjusting for BMI, sex, age, and 
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potential as prognostic biomarkers [23–28]. Interest-
ingly, however, uCTX-II and PIIANP did not provide the 
same prognostic nor predictive value in the current study 
(Additional file  4: Fig. S4), and COMP was not investi-
gated. Nevertheless, the fact that PRO-C2 and several 
other biomarkers, all indicative of joint tissue turnover, 
are able to predict progression supports the potential to 
identify one or more clinically relevant endotypes of OA 
using molecular markers. This is the long-lost promise of 
precision medicine. Although several initiatives are cur-
rently underway to qualify molecular biomarkers for use 
in OA trials, such as the Applied Public–Private Research 
enabling Osteoarthritis Clinical Headway (APPROACH) 
consortium and the FNIH initiative on soluble biomark-
ers for OA, there is still an urgent need to develop novel 
and sensitive biomarkers that could be used for cat-
egorizing patients, trial enrichment, and personalized 
healthcare in OA [29, 30].

In the osteoporosis field, it is well known that bone 
turnover activity is positively associated with the level of 
response to treatment [31]. In other words, patients with 
osteoporosis and a high bone turnover respond better 
to antiresorptive (anticatabolic) [31] and proformation 
(anabolic) therapies [32]. Additionally, patients with high 
fibrogenic activity or fibrosis formation (namely rapid 
progressors) are more likely to respond to an antifibrotic 
therapy in the liver fibrosis [11]. By analogy to both dis-
eases, a similar approach and paradigm may be appli-
cable to OA and assist in the path towards developing a 
more endotype specific approach OA therapy, thereby 
allowing for personalized musculoskeletal health care. 
Biomarkers related to disease progression and response 
to a selected intervention would greatly aid the success 
of drug development in OA. Participants with lower 
baseline PRO-C2 had a better response to treatment 
with sCT, as measured by JSN, compared with the pla-
cebo group. This suggests that PRO-C2 could serve as a 
biomarker not only for prediction of OA progression but 
also for treatment response. We recently demonstrated 
that FGF-18 induced PRO-C2 in both human and animal 
chondrocytes [14, 33]. In addition, in the phase II FGF-18 
Osteoarthritis Randomized Trial with Administration of 
Repeated Doses (FORWARD) study, intra-articular FGF-
18 demonstrated a dose-dependent increase in the carti-
lage thickness on magnetic resonance imaging (MRI) [34, 
35]. In this trial, synovial fluid PRO-C2 levels increased 
over time in OA patients treated with FGF18, whereas no 
change was observed in the placebo arm (unpublished 
data). Moreover, there were notable differences of car-
tilage thickness change over 2-years in the total femo-
rotibial joint between OA patients with lower levels of 
PRO-C2 at baseline and those with high PRO-C2. Com-
pared with the high PRO-C2 subgroup, the low PRO-C2 

subgroup demonstrated greater increase in total cartilage 
thickness and improved outcomes for WOMAC total 
scores after 2 years of treatment of FGF18 compared with 
the placebo group [36]. These combined data suggest a 
causal relationship between PRO-C2 and cartilage for-
mation [37]. It may be possible to extend the treatment 
response predictability of PRO-C2 to other DMOADs.

OA is a heterogeneous disease, and multiple phe-
notypes of OA have been identified based on risk fac-
tors such as aging, metabolic syndrome, trauma, and 
endocrine, inflammatory, and subchondral bone-driven 
progression of OA [38–41]. Some corresponding molec-
ular and/or cellular endotypes have also been reported 
(Fig. 5), although the terms “endotype” and “phenotype” 
have been used in confusing ways in different reports. 
For instance, recent work by Ji et  al. investigated the 
relationships between seven endotypes of OA cartilage 
chondrocytes and OA severity [42, 43]. They stated that 
the subgroups of proliferative chondrocytes, pre-hyper-
trophic chondrocytes, and fibrocartilage chondrocytes 
were correlated with worse clinical outcomes. The study 
by Zhang WD et al. identified two metabolic endotypes 
of knee osteoarthritis that differed in synovial fluid con-
centrations of acylcarnitine and carnitine [44], which 
would help to unravel the pathogenesis and develop tar-
geted therapies for OA. In a recent study, glucosepane 
markedly increased with age and disease progression in 
both a guinea pig model of knee OA and osteoarthri-
tis in patients [45]. The association of glucosepane with 
aging-related OA may, for the first time, improve early-
stage OA diagnosis and prognosis. Additionally, Hueb-
ner et al. observed that a high bone absorption endotype 
(measured by alpha CTX-I) was associated with OA pro-
gression defined by features of JSN and osteophyte in a 
longitudinal study of patients with symptomatic OA [46]. 
This indicates that OA treatment should include the tar-
geting of the subchondral bone. In an inflammatory OA 
phenotype, six synovial fluid biomarkers were recently 
reported to be specific indicators of an endotype char-
acterized by activated macrophages and neutrophils 
[47]. In the present study, we discovered a low cartilage 
formation endotype (measured by the type II collagen 
formation biomarker, PRO-C2) corresponding to a carti-
lage-driven phenotype presenting with a higher level of 
disease progression and superior response to a potential 
OA treatment. All in all, the progress of understanding 
the meaning of molecular endotypes and clinical phe-
notypes could help shed light on the pathophysiological 
mechanism of OA and aid in patient stratification, better 
design of clinical trials, and personalized treatments for 
knee OA patients.

There are several limitations associated with the cur-
rent study. First, the cut-off values, based on the median 
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concentrations in the two cohorts SMC and NYU, were 
different (Additional file 2: Fig. S5). This was due to dif-
ferent levels in serum and plasma but also a consequence 
of distinct clinical characteristics of the two cohorts. The 
difference seemed to have nothing to do with the fasting 
versus non-fasting sampling, in that there was no sig-
nificant difference in PRO-C2 levels between fasting and 
non-fasting blood from healthy individuals (Additional 
file  1: Fig. S1). Further validation in larger populations 
will be needed to determine the specific optimal thresh-
old values for distinguishing OA progression risk. Sec-
ond, the durations of follow-up for both NYU and SMC 
cohorts were only 2 years; hence, it remains unknown 
whether PRO-C2 would predict progression over a longer 
follow-up period. Third, the number of participants 
investigated in the longitudinal assessment was relatively 
small; larger populations (e.g., the entire SMC021-2301 
cohort) are required to confirm these findings. Fourth, 
further studies comparing serum and synovial fluid con-
centrations of PRO-C2 in well-characterized OA cohorts 
are warranted to reveal the clinical significance of PRO-
C2, considering the fact that synovial fluid is subject to 
less interference from systemic sources of noise. Fifth, we 
used only radiographic medial JSW, not MRI, as a surro-
gate marker for evaluating cartilage degradation of OA 

progression, as both cohorts were designed one decade 
ago when MRI features and lateral JSW were not com-
monly assessed in trials. Lastly, this study examined only 
knee OA patients, and therefore the results may not be 
generalizable to patients with other types of OA, e.g., 
hand and/or hip OA (Additional file 5: Fig. S3).

Conclusion
In conclusion, these data suggest that endotyping in knee 
OA patients is feasible. We report that low cartilage for-
mation based on PRO-C2 appears to be a quantifiable 
OA endotype associated with structural OA progression 
and response to treatment.

Fig. 5 Emerging phenotypes and endotypes of osteoarthritis. ARGS: N‑terminal neoepitope of the aggrecanase‑mediated aggrecan degradation 
fragment; C1M: MMP‑derived collagen degradation neoepitopes of collagen I; C3M: MMP‑derived collagen degradation neoepitopes of collagen 
III; CRPM: MMP‑depended degradation product of C‑reactive protein; CTX‑I: C‑terminal telopeptide of collagen I; IL‑6: interleukin‑6; IL‑17: 
interleukin‑17; MCP‑1: monocyte chemoattractant protein 1; MMP‑3: matrix metalloproteinase‑3; PIIBNP (N‑terminal propeptide of procollagens IIB); 
sICAM‑1: soluble intracellular adhesion molecule 1; sVCAM‑1: soluble vascular cell adhesion molecule 1; TNF‑α: tumor necrosis factor‑alpha; TIMP‑1: 
tissue inhibitor of metallopeptidase inhibitor 1; VEGF: vascular endothelial growth factor



Page 9 of 11Luo et al. J Orthop Traumatol           (2021) 22:10  

Abbreviations

ACR : American College of Rheumatology; ARGS: 
N-terminal neoepitope of the aggrecanase-
mediated aggrecan degradation fragment; BMI: 
Body mass index; C1M: MMP-derived collagen 
degradation neoepitopes of collagen I; C3M: 
MMP-derived collagen degradation neoepitopes 
of collagen III; COMP: Cartilage oligomeric protein; 
CRPM: MMP-depended degradation product of 
C-reactive protein; CTX-II: C-terminal telopeptide 
of collagen II; CV: Coefficient of variation; DMOAD: 
Disease-modifying osteoarthritis drug; ECLIA: 
Electrochemiluminescence immunoassay; ECM: 
Extracellular matrix; FGF18: Fibroblast growth 
factor 18; GDF5: Growth differentiation factor 
5; IL-6: Interleukin-6; IL-17: Interleukin-17; KLG: 
Kellgren–Lawrence grades; LLOD: Lower limit of 
detection; LLOQ: Lower limit of quantification; 
MCP-1: Monocyte chemoattractant protein 1; 
mJSW: Medial joint space width; MMP-3: Matrix 
metalloproteinase-3; MRI: Magnetic resonance 
imaging; ns: Not significant; OA: Osteoarthritis; 
PLB: Placebo; PIIANP: Procollagen IIA N-terminal 
propeptide; PIIBNP: Procollagen IIB N-terminal 
propeptide; sCT: Salmon calcitonin; SD: Standard 
deviation; SE: Standard error; SEM: Standard 
error of mean; sICAM-1: Soluble intracellular 
adhesion molecule 1; sVCAM-1: Soluble vascular 
cell adhesion molecule 1; TGF-β1: Transforming 
growth factor-beta 1; TNF-α: Tumor necrosis factor-
alpha; TIMP-1: Tissue inhibitor of metallopeptidase 
inhibitor 1; VAS: Visual analogue scale; VEGF: 
Vascular endothelial growth factor; WOMAC: 
Western Ontario and McMaster Universities 
Osteoarthritis Index.Supplementary information
The online version contains supplementary material available at https ://doi.
org/10.1186/s1019 5‑021‑00572 ‑0.

Additional file 1: Fig. S1. 

Additional file 2: Fig. S5. 

Additional file 3: Fig. S2. 

Additional file 4: Fig. S4. 

Additional file 5: Fig. S3. 

Acknowledgements
The authors would like to thank Niamh Higgins for sorting out serum samples 
in the SMC subcohort. This study was financially supported by the Danish 
Research Foundation (Den Danske Forskningsfond).

Authors’ contributions
ACBJ, MA, MK and IB designed the study and contributed to the discussions; 
JS, SK, IB, SBA MAK and MA were responsible for clinical data acquisition; YL, YH 
and ACBJ carried out the biomarker measurement, data analysis and drafted 
the manuscript; YL, YH, ACBJ, VBK, MK, SBA, and MA were major contributors in 

writing the manuscript. All authors commented, reviewed and approved the 
final manuscript for submission.

Funding
The NYU study was supported by National Institute of Health, National 
Institute of Arthritis and Musculoskeletal and Skin Diseases: R01 AR052873 (to 
SBA). The funding sources had no role in study design, in collection, analysis 
or interpretation of data, or in writing the manuscript and decision to submit 
the manuscript.

Availability of data and materials
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Approval for the study was obtained from the institutional ethics review com‑
mittee at NYU and the CCBR Aalborg study centre.

Consent for publication
Not applicable.

Competing interests
YH, IB, MAK and ACBJ are full‑time employees, and the latter two are share‑
holders of Nordic Bioscience. YL are associated Nordic Bioscience as visiting 
scientist, however, employed by University of Copenhagen.

Author details
1 Rheumatology, Biomarkers and Research, Nordic Bioscience, Herlev Hoved‑
gade 207, 2730 Herlev, Denmark. 2 Faculty of Health and Medical Sciences, 
University of Copenhagen, Copenhagen, Denmark. 3 Division of Rheuma‑
tology, NYU School of Medicine and NYU Langone Orthopaedic Hospital, 
New York, USA. 4 Clinical Development, Nordic Bioscience, Herlev, Denmark. 
5 Division of Rheumatology, Department of Medicine, Duke University School 
of Medicine, Durham, USA. 6 Duke Molecular Physiology Institute, Duke Uni‑
versity School of Medicine, Durham, USA. 

Received: 29 August 2020   Accepted: 22 February 2021

References
 1. Berenbaum F (2013) Osteoarthritis as an inflammatory disease (osteoar‑

thritis is not osteoarthrosis!). Osteoarthr Cartil. https ://doi.org/10.1016/j.
joca.2012.11.012

 2. Issa SN, Sharma L (2006) Epidemiology of osteoarthritis: an update. Curr 
Rheumatol Rep. 8:7–15

 3. Felson DT (2010) Identifying different osteoarthritis phenotypes 
through epidemiology. Osteoarthr Cartil. https ://doi.org/10.1016/j.
joca.2010.01.007

 4. Driban JB, Sitler MR, Barbe MF, Balasubramanian E (2010) Is osteoarthritis 
a heterogeneous disease that can be stratified into subsets? Clin Rheu‑
matol. https ://doi.org/10.1007/s1006 7‑009‑1301‑1

 5. Wenzel SE (2012) Asthma phenotypes: the evolution from clinical to 
molecular approaches. Nat Med. https ://doi.org/10.1038/nm.2678

 6. Kuruvilla ME, Lee FEH, Lee GB (2019) Understanding asthma phenotypes, 
endotypes, and mechanisms of disease. Clin Rev Allergy Immunol. https 
://doi.org/10.1007/s1201 6‑018‑8712‑1

 7. Mobasheri A, van Spil WE, Budd E, Uzieliene I, Bernotiene E, Bay‑Jensen 
AC, Larkin J, Levesque MC, Gualillo O, Henrotin Y (2019) Molecular 
taxonomy of osteoarthritis for patient stratification, disease management 
and drug development: biochemical markers associated with emerging 
clinical phenotypes and molecular endotypes. Curr Opin Rheumatol 
31:80–89. https ://doi.org/10.1097/BOR.00000 00000 00056 7

 8. Bierma‑Zeinstra SM, van Middelkoop M (2017) In search of pheno‑
types. Nat Rev Rheumatol 13:705–706. https ://doi.org/10.1038/nrrhe 
um.2017.181

 9. Jutel M, Gajdanowicz P (2019) Implementing precision medicine in 
best practices of chronic airway diseases: Chapter 5 ‑ revised disease 

https://doi.org/10.1186/s10195-021-00572-0
https://doi.org/10.1186/s10195-021-00572-0
https://doi.org/10.1016/j.joca.2012.11.012
https://doi.org/10.1016/j.joca.2012.11.012
https://doi.org/10.1016/j.joca.2010.01.007
https://doi.org/10.1016/j.joca.2010.01.007
https://doi.org/10.1007/s10067-009-1301-1
https://doi.org/10.1038/nm.2678
https://doi.org/10.1007/s12016-018-8712-1
https://doi.org/10.1007/s12016-018-8712-1
https://doi.org/10.1097/BOR.0000000000000567
https://doi.org/10.1038/nrrheum.2017.181
https://doi.org/10.1038/nrrheum.2017.181


Page 10 of 11Luo et al. J Orthop Traumatol           (2021) 22:10 

nomenclature including disease endotypes. Academic, Cambridge. https 
://doi.org/10.1016/B978‑0‑12‑81347 1‑9.00029 ‑3

 10. Tachmazidou I, Hatzikotoulas K, Southam L, Esparza‑Gordillo J, Haberland 
V, Zheng J, Johnson T, Koprulu M, Zengini E, Steinberg J, Wilkinson JM, 
Bhatnagar S, Hoffman JD, Buchan N, Süveges D, Yerges‑Armstrong L, 
Smith GD, Gaunt TR, Scott RA, McCarthy LC, Zeggini E (2019) Identifica‑
tion of new therapeutic targets for osteoarthritis through genome‑wide 
analyses of UK Biobank data. Nat Genet. https ://doi.org/10.1038/s4158 
8‑018‑0327‑1

 11. Karsdal MA, Henriksen K, Nielsen MJ, Byrjalsen I, Leeming DJ, Gardner S, 
Goodman Z, Patel K, Krag A, Christiansen C, Schuppan D (2016) Fibrogen‑
esis assessed by serological type III collagen formation identifies patients 
with progressive liver fibrosis and responders to a potential antifibrotic 
therapy. Am J Physiol Gastrointest Liver Physiol. https ://doi.org/10.1152/
ajpgi .00283 .2016

 12. Fernandes RJ, Hirohata S, Engle JM, Colige A, Cohn DH, Eyre DR, Apte 
SS (2001) Procollagen II amino propeptide processing by ADAMTS‑3. 
Insights on dermatosparaxis. J Biol Chem. 276:31502–31509. https ://doi.
org/10.1074/jbc.m1034 66200 

 13. Gudmann N, Wang J, Hoielt S, Chen P, Siebuhr A, He Y, Christiansen T, 
Karsdal M, Bay‑Jensen A (2014) Cartilage turnover reflected by metabolic 
processing of type II collagen: a novel marker of anabolic function in 
chondrocytes. Int J Mol Sci 15:18789–18803. https ://doi.org/10.3390/
ijms1 51018 789

 14. Luo Y, He Y, Reker D, Gudmann NS, Henriksen K (2018) A novel high sensi‑
tivity type II collagen blood‑based biomarker, PRO‑C2, for assessment of 
cartilage formation. Int J Mol Sci 19:3485. https ://doi.org/10.3390/ijms1 
91134 85

 15. Attur M, Belitskaya‑lévy I, Oh C, Lee S, Patel J, Al‑mussawir H, Mcdaniel 
G (2011) Increased IL‑1 beta gene expression in peripheral blood leuko‑
cytes is associated with increased pain and predicts risk for progression 
of symptomatic knee osteoarthritis. Arthritis Rheumatol. 63:1908–1917. 
https ://doi.org/10.1002/art.30360 .Incre ased

 16. Attur M, Statnikov A, Samuels J, Li Z, Alekseyenko AV, Greenberg JD, 
Krasnokutsky S, Rybak L, Lu QA, Todd J, Zhou H, Jordan JM, Kraus VB, Aliferis 
CF, Abramson SB (2015) Plasma levels of interleukin‑1 receptor antagonist 
(IL1Ra) predict radiographic progression of symptomatic knee osteoarthritis. 
Osteoarthr Cartil. 23:1915–1924. https ://doi.org/10.1016/j.joca.2015.08.006

 17. Krasnokutsky S, Oshinsky C, Attur M, Ma S, Zhou H, Zheng F, Chen M, Patel 
J, Samuels J, Pike VC, Regatte R, Bencardino J, Rybak L, Abramson S, Pillinger 
MH (2017) Serum urate levels predict joint space narrowing in non‑gout 
patients with medial knee osteoarthritis. Arthritis Rheumatol. 69:1213–1220. 
https ://doi.org/10.1002/art.40069 

 18. Bournazou E, Samuels J, Zhou H, Krasnokutsky S, Patel J, Han T, Bencardino J, 
Rybak L, Abramson SB, Junker U, Brown KS, Attur M (2019) Vascular adhesion 
protein‑1 (VAP‑1) as predictor of radiographic severity in symptomatic knee 
osteoarthritis in the New York University Cohort. Int J Mol Sci 20:2642. https 
://doi.org/10.3390/ijms2 01126 42

 19. Karsdal M, Byrjalsen I, Alexandersen P, Bihlet A, Andersen JR, Riis BJ, Bay‑
Jensen C, Christiansen C (2015) Treatment of symptomatic knee osteoarthri‑
tis with oral salmon calcitonin: results from two phase 3 trials. Osteoarthr. 
Cartil. 23:532–543. https ://doi.org/10.1016/j.joca.2014.12.019

 20. Karsdal MA, Michaelis M, Ladel C, Siebuhr AS, Bihlet AR, Andersen JR, 
Guehring H, Christiansen C, Bay‑Jensen AC, Kraus VB (2016) Disease‑mod‑
ifying treatments for osteoarthritis (DMOADs) of the knee and hip: lessons 
learned from failures and opportunities for the future. Osteoarthr Cartil. 
https ://doi.org/10.1016/j.joca.2016.07.017

 21. N. Bellamy, W.W. Buchanan, C.H. Goldsmith, J. Campbell, L.W. Stitt, Validation 
study of WOMAC: A health status instrument for measuring clinically impor‑
tant patient relevant outcomes to antirheumatic drug therapy in patients 
with osteoarthritis of the hip or knee, J. Rheumatol. (1988)

 22. Kraus VB, Collins JE, Charles HC, Pieper CF, Whitley L, Losina E, Nevitt M, 
Hoffmann S, Roemer F, Guermazi A, Hunter DJ (2018) Predictive validity of 
radiographic trabecular bone texture in knee osteoarthritis: the Osteoarthri‑
tis Research Society International/Foundation for the National Institutes of 
Health Osteoarthritis Biomarkers Consortium. Arthritis Rheumatol. 70:80–87. 
https ://doi.org/10.1002/art.40348 

 23. Kraus VB, Collins JE, Hargrove D, Losina E, Nevitt M, Katz JN, Wang SX, 
Sandell LJ, Hoffmann SC, Hunter DJ (2017) Predictive validity of biochemi‑
cal biomarkers in knee osteoarthritis: data from the FNIH OA Biomarkers 

Consortium. Ann Rheum Dis 76:186–195. https ://doi.org/10.1136/annrh 
eumdi s‑2016‑20925 2

 24. Garnero P, Ayral X, Rousseau J‑C, Christgau S, Sandell LJ, Dougados M, 
Delmas PD (2002) Uncoupling of type II collagen synthesis and degradation 
predicts progression of joint damage in patients with knee osteoarthritis. 
Arthritis Rheum 46:2613–2624. https ://doi.org/10.1002/art.10576 

 25. Sharif M, Kirwan J, Charni N, Sandell LJ, Whittles C, Garnero P (2007) A 5‑yr 
longitudinal study of type IIA collagen synthesis and total type II collagen 
degradation in patients with knee osteoarthritis–association with disease 
progression. Rheumatology 46:938–943. https ://doi.org/10.1093/rheum 
atolo gy/kel40 9

 26. Valdes M, Meulenbelt I, Chassaing E, Arden NK, Bierma‑Zeinstra S, Hart D, 
Hofman A, Karsdal M, Kloppenburg M, Kroon HM, Slagboom EP, Spector TD, 
Uitterlinden G, Van Meurs JB, Bay‑Jensen C (2014) Large scale meta‑analysis 
of urinary C‑terminal telopeptide, serum cartilage oligomeric protein 
and matrix metalloprotease degraded type II collagen and their role in 
prevalence, incidence and progression of osteoarthritis. Osteoarthr. Cartil. 
22:683–689. https ://doi.org/10.1016/j.joca.2014.02.007

 27. Struglics A, Larsson S, Kumahashi N, Frobell R, Lohmander LS (2015) 
Changes in cytokines and aggrecan ARGS neoepitope in synovial fluid and 
serum and in C‑terminal crosslinking telopeptide of type II collagen and 
N‑terminal crosslinking telopeptide of type I collagen in urine over five years 
after anterior cruciate ligame. Arthritis Rheumatol. 67:1816–1825. https ://
doi.org/10.1002/art.39146 

 28. Schaefer LF, Sury M, Yin M, Jamieson S, Donnell I, Smith SE, Lynch JA, Nevitt 
MC, Duryea J (2017) Quantitative measurement of medial femoral knee 
cartilage volume–analysis of the OA Biomarkers Consortium FNIH Study 
cohort. Osteoarthr Cartil https ://doi.org/10.1016/j.joca.2017.01.010

 29. Kraus VB, Blanco FJ, Englund M, Karsdal M, Lohmander LS (2015) Call 
for standardized definitions of osteoarthritis and risk stratification for 
clinical trials and clinical use. Osteoarthr Cartil. https ://doi.org/10.1016/j.
joca.2015.03.036

 30. Karsdal MA, Christiansen C, Ladel C, Henriksen K, Kraus VB, Bay‑Jensen AC 
(2014) Osteoarthritis‑a case for personalized health care? Osteoarthr Cartil. 
22:7–16. https ://doi.org/10.1016/j.joca.2013.10.018

 31. Lee JP, Murray E, Bennett AJ, Ellis DJP (2016) Response of bone turnover 
markers to three oral bisphosphonate therapies in postmenopausal osteo‑
porosis: the TRIO Study. Osteoporos Int 27:21–31

 32. Fitzpatrick LA, Eastell R, Hu M, Black DM, Wang Y, Mitlak BH (2019) Bone 
turnover markers to explain changes in lumbar spine BMD with abalo‑
paratide and teriparatide: results from ACTIVE. Osteoporos Int. https ://doi.
org/10.1007/s0019 8‑018‑04819 ‑1

 33. Reker D, Kjelgaard‑Petersen CF, Siebuhr AS, Michaelis M, Gigout A, Karsdal 
MA, Ladel C, Bay‑Jensen AC (2017) Sprifermin (rhFGF18) modulates extracel‑
lular matrix turnover in cartilage explants ex vivo. J Transl Med. 15:1–12. 
https ://doi.org/10.1186/s1296 7‑017‑1356‑8

 34. Eckstein F, Wax S, Aydemir A, Wirth W, Maschek S, Hochberg M (2018) 
Intra‑articular sprifermin reduces cartilage loss in addition to increasing 
cartilage gain independent of femorotibial location: a post hoc analysis of a 
randomized, placebo‑controlled phase ii clinical trial. Osteoarthr Cartil. https 
://doi.org/10.1016/j.joca.2018.02.590

 35. Hochberg MC, Guermazi A, Guehring H, Aydemir A, Wax S, Fleuranceau‑
Morel P, Reinstrup Bihlet A, Byrjalsen I, Ragnar Andersen J, Eckstein F (2019) 
Effect of intra‑articular sprifermin vs placebo on femorotibial joint cartilage 
thickness in patients with osteoarthritis. J Am Med Assoc. https ://doi.
org/10.1001/jama.2019.14735 

 36. C. Ladel, H. Guehring, A.‑C. Bay‑Jensen, M. Karsdal, P. Qvist, Metabolic 
biomarkers for predicting responsiveness to FGF‑18 compound, WO 
2019/063758 Al, 2019

 37. Eckstein F, Wirth W, Guermazi A, Maschek S, Aydemir A (2015) Brief report: 
intraarticular sprifermin not only increases cartilage thickness, but also 
reduces cartilage loss: location‑independent post hoc analysis using mag‑
netic resonance imaging. Arthritis Rheumatol. 67:2916–2922. https ://doi.
org/10.1002/art.39265 

 38. Van der Esch M, Knoop J, van der Leeden M, Roorda LD, Lems WF, Knol DL, 
Dekker J (2015) Clinical phenotypes in patients with knee osteoarthritis: a 
study in the Amsterdam osteoarthritis cohort. Osteoarthr. Cartil. https ://doi.
org/10.1016/j.joca.2015.01.006

 39. Karsdal M, Bihlet A, Byrjalsen I, Alexandersen P, Ladel C, Michaels M, 
Andersen JR, Riis BJ, Kraus V, Bay‑Jensen C, Christiansen C (2015) OA pheno‑
types, rather than disease stage, drive structural progression – identification 

https://doi.org/10.1016/B978-0-12-813471-9.00029-3
https://doi.org/10.1016/B978-0-12-813471-9.00029-3
https://doi.org/10.1038/s41588-018-0327-1
https://doi.org/10.1038/s41588-018-0327-1
https://doi.org/10.1152/ajpgi.00283.2016
https://doi.org/10.1152/ajpgi.00283.2016
https://doi.org/10.1074/jbc.m103466200
https://doi.org/10.1074/jbc.m103466200
https://doi.org/10.3390/ijms151018789
https://doi.org/10.3390/ijms151018789
https://doi.org/10.3390/ijms19113485
https://doi.org/10.3390/ijms19113485
https://doi.org/10.1002/art.30360.Increased
https://doi.org/10.1016/j.joca.2015.08.006
https://doi.org/10.1002/art.40069
https://doi.org/10.3390/ijms20112642
https://doi.org/10.3390/ijms20112642
https://doi.org/10.1016/j.joca.2014.12.019
https://doi.org/10.1016/j.joca.2016.07.017
https://doi.org/10.1002/art.40348
https://doi.org/10.1136/annrheumdis-2016-209252
https://doi.org/10.1136/annrheumdis-2016-209252
https://doi.org/10.1002/art.10576
https://doi.org/10.1093/rheumatology/kel409
https://doi.org/10.1093/rheumatology/kel409
https://doi.org/10.1016/j.joca.2014.02.007
https://doi.org/10.1002/art.39146
https://doi.org/10.1002/art.39146
https://doi.org/10.1016/j.joca.2017.01.010
https://doi.org/10.1016/j.joca.2015.03.036
https://doi.org/10.1016/j.joca.2015.03.036
https://doi.org/10.1016/j.joca.2013.10.018
https://doi.org/10.1007/s00198-018-04819-1
https://doi.org/10.1007/s00198-018-04819-1
https://doi.org/10.1186/s12967-017-1356-8
https://doi.org/10.1016/j.joca.2018.02.590
https://doi.org/10.1016/j.joca.2018.02.590
https://doi.org/10.1001/jama.2019.14735
https://doi.org/10.1001/jama.2019.14735
https://doi.org/10.1002/art.39265
https://doi.org/10.1002/art.39265
https://doi.org/10.1016/j.joca.2015.01.006
https://doi.org/10.1016/j.joca.2015.01.006


Page 11 of 11Luo et al. J Orthop Traumatol           (2021) 22:10  

of structural progressors from 2 phase III randomized clinical studies 
with symptomatic knee OA. Osteoarthr. Cartil. 23:550–558. https ://doi.
org/10.1016/j.joca.2014.12.024

 40. Dell’Isola A, Allan R, Smith SL, Marreiros SSP, Steultjens M (2016) Identifica‑
tion of clinical phenotypes in knee osteoarthritis: a systematic review of 
the literature. BMC Musculoskelet Disord. https ://doi.org/10.1186/s1289 
1‑016‑1286‑2

 41. Mobasheri A, Rayman MP, Gualillo O, Sellam J, Van Der Kraan P, Fearon U 
(2017) The role of metabolism in the pathogenesis of osteoarthritis. Nat Rev 
Rheumatol. https ://doi.org/10.1038/nrrhe um.2017.50

 42. Berenbaum F (2019) Deep phenotyping of osteoarthritis: a step forward. 
Ann Rheum Dis 78:3–5. https ://doi.org/10.1136/annrh eumdi s‑2018‑21386 4

 43. Ji Q, Zheng Y, Zhang G, Hu Y, Fan X, Hou Y, Wen L, Li L, Xu Y, Wang Y, Tang F 
(2019) Single‑cell RNA‑seq analysis reveals the progression of human osteo‑
arthritis. Ann Rheum Dis. https ://doi.org/10.1136/annrh eumdi s‑2017‑21286 
3

 44. Zhang W, Likhodii S, Zhang Y, Aref‑Eshghi E, Harper PE, Randell E, Green R, 
Martin G, Furey A, Sun G, Rahman P, Zhai G (2014) Classification of osteoar‑
thritis phenotypes by metabolomics analysis. BMJ Open 4:e006286. https ://
doi.org/10.1136/bmjop en‑2014‑00628 6

 45. Legrand C, Ahmed U, Anwar A, Rajpoot K, Pasha S, Lambert C, Davidson 
RK, Clark IM, Thornalley PJ, Henrotin Y, Rabbani N (2018) Glycation marker 
glucosepane increases with the progression of osteoarthritis and correlates 
with morphological and functional changes of cartilage in vivo. Arthritis Res. 
Ther. https ://doi.org/10.1186/s1307 5‑018‑1636‑6

 46. Huebner JL, Bay‑Jensen AC, Huffman KM, He Y, Leeming DJ, McDaniel GE, 
Karsdal MA, Kraus VB (2014) Alpha C‑telopeptide of type I collagen is associ‑
ated with subchondral bone turnover and predicts progression of joint 
space narrowing and osteophytes in osteoarthritis. Arthritis Rheumatol. 
66:2440–2449. https ://doi.org/10.1002/art.38739 

 47. Haraden CA, Huebner JL, Hsueh MF, Li YJ, Kraus VB (2019) Synovial fluid 
biomarkers associated with osteoarthritis severity reflect macrophage and 
neutrophil related inflammation. Arthritis Res Ther. https ://doi.org/10.1186/
s1307 5‑019‑1923‑x

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1016/j.joca.2014.12.024
https://doi.org/10.1016/j.joca.2014.12.024
https://doi.org/10.1186/s12891-016-1286-2
https://doi.org/10.1186/s12891-016-1286-2
https://doi.org/10.1038/nrrheum.2017.50
https://doi.org/10.1136/annrheumdis-2018-213864
https://doi.org/10.1136/annrheumdis-2017-212863
https://doi.org/10.1136/annrheumdis-2017-212863
https://doi.org/10.1136/bmjopen-2014-006286
https://doi.org/10.1136/bmjopen-2014-006286
https://doi.org/10.1186/s13075-018-1636-6
https://doi.org/10.1002/art.38739
https://doi.org/10.1186/s13075-019-1923-x
https://doi.org/10.1186/s13075-019-1923-x

	A low cartilage formation and repair endotype predicts radiographic progression of symptomatic knee osteoarthritis
	Abstract 
	Background: 
	Materials and methods: 
	Results: 
	Conclusion: 
	Level of evidence: 

	Introduction
	Methods
	Study design and participants
	The NYU cohort
	The SMC cohort

	Assessment of PRO-C2
	Statistical analysis

	Results
	Study populations and baseline characteristics
	Association between baseline PRO-C2 and medial joint space narrowing
	Subjects with very low levels of baseline PRO-C2 are more likely to progress
	PRO-C2 levels and treatment response

	Discussion
	Conclusion
	Acknowledgements
	References




