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Cartilage tissue turnover increases 
with high- compared to low-intensity resistance 
training in patients with knee OA
Christian S. Thudium1*†, Amalie Engstrøm1,2†, Anne‑Christine Bay‑Jensen1, Peder Frederiksen1, 
Nuria Jansen3, Arjan De Zwart3, Marike van der Leeden3,4, Joost Dekker4, Willem Lems3,5, Leo Roorda3, 
Willem Evert van Spil6,7 and Martin Van der Esch3,8 

Abstract 

Objectives To investigate cartilage tissue turnover in response to a supervised 12‑week exercise‑related joint loading 
training program followed by a 6‑month period of unsupervised training in patients with knee osteoarthritis (OA). To 
study the difference in cartilage tissue turnover between high‑ and low‑resistance training.

Method Patients with knee OA were randomized into either high‑intensity or low‑intensity resistance supervised 
training (two sessions per week) for 3 months and unsupervised training for 6 months. Blood samples were collected 
before and after the supervised training period and after the follow‑up period. Biomarkers huARGS, C2M, and PRO‑
C2, quantifying cartilage tissue turnover, were measured by ELISA. Changes in biomarker levels over time within and 
between groups were analyzed using linear mixed models with baseline values as covariates.

Results huARGS and C2M levels increased after training and at follow‑up in both low‑ and high‑intensity exercise 
groups. No changes were found in PRO‑C2. The huARGS level in the high‑intensity resistance training group increased 
significantly compared to the low‑intensity resistance training group after resistance training (p = 0.029) and at 
follow‑up (p = 0.003).

Conclusion Cartilage tissue turnover and cartilage degradation appear to increase in response to a 3‑month 
exercise‑related joint loading training program and at 6‑month follow‑up, with no evident difference in type II col‑
lagen formation. Aggrecan remodeling increased more with high‑intensity resistance training than with low‑intensity 
exercise.

These exploratory biomarker results, indicating more cartilage degeneration in the high‑intensity group, in combina‑
tion with no clinical outcome differences of the VIDEX study, may argue against high‑intensity training.
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Introduction
A major step forward in designing effective exercise 
therapy interventions for knee OA patients is to better 
understand the mechanisms why exercise therapy helps 
to alleviate OA symptoms, including a better under-
standing of the direct effect exercise therapy has on the 
cartilage turnover of the knee joint [1].

A direct effect of exercise-related joint loading is 
believed to have a significant effect on cartilage turno-
ver [2]. This belief is based on studies examining carti-
lage turnover, but with frequently contradictory results. 
High joint loading by sport showed an increased total 
cartilage surface area and increased thickness of patel-
lar cartilage [3, 4]. However, knee joint unloading and 
inactivity showed cartilage thinning [5, 6]. In persons 
at risk of developing OA, exercise-related joint loading 
was associated with an increased risk of patellar carti-
lage volume loss and an increased cartilage glycosami-
noglycan (GAG) content [7, 8]. To gain more insight 
into the effects of high exercise-related joint loading, a 
previously performed randomized clinical trial (RCT), 
the VIDEX trial, provided an opportunity to study the 
effects of cartilage turnover in response to exercise-
induced joint loading, by studying cartilage biomark-
ers [9]. Biomarkers related to degradation and synthesis 
of cartilage extracellular matrix proteins have allowed 
sensitive quantification of metabolic changes in the car-
tilage tissue in response to interventions [10]. Because 
of the conflicting results and because it was not the pri-
mary aim of the VIDEX trial, no predefined hypothesis 
was formulated.

Aggrecan and type II collagen are the two most abun-
dant extracellular matrix proteins of the cartilage. In 
healthy subjects, there is a delicate balance between 
the remodeling of these components ensuring carti-
lage tissue homeostasis. In OA, a hallmark of the dis-
ease is the degradation of cartilage due to increased 
proteolytic activity. This activity results in the release 
of specific extracellular degradation fragments. In the 
VIDEX study, the a disintegrin and metalloproteinase 
with a thrombospondin type 1 motif (ADAMTS) gen-
erated aggrecan marker huARGS was used to quan-
tify aggrecan degradation. Formation and degradation 
of type II collagen were assessed with the biomarkers 
PRO-C2 and C2M, respectively. These three biomark-
ers have previously been measured in serum sam-
ples from clinical OA trials and have shown to reflect 
changes in cartilage tissue turnover [11–16]. In the 
VIDEX study, cartilage-related biomarkers were quan-
tified to examine the impact of high-intensity (HI) ver-
sus low-intensity (LI) resistance training (RT). It can 
be speculated that the HI resistance training would 
result in higher exercise-related knee joint loading and 

therefore impact cartilage turnover more than LI resist-
ance training. Therefore, changes in biomarkers result-
ing from both RT interventions, high versus low, were 
assessed.

The objective of this study was to investigate cartilage 
tissue turnover in patients with knee OA in response to 
a supervised 12-week exercise-related joint loading train-
ing program followed by a 6-month period of unsuper-
vised gym training. A second objective was to study the 
difference in cartilage tissue turnover between HI and LI 
resistance training.

Methods
Study design and patients
This study represents a secondary analysis of the VIDEX 
trial (registration number: NL47786.048.14, EudraCT 
Number: 2014-000047-33) [9]. The VIDEX trial was 
a single-blinded randomized controlled trial includ-
ing 177 patients of older age (between 55 and 80 years) 
diagnosed with knee OA according to ACR criteria [17]. 
In total, there were 12 exclusion criteria including other 
forms of arthritis than OA, absolute contra-indications 
for exercise due to uncontrolled high blood pressure 
or other co-morbidities, performed or scheduled total 
knee arthroplasty and/or strength training in the past 
3 months, and psychoneuroticism [9]. Patients were 
allowed to take pain medication before and during the 
study. Patients were randomized into two groups: HI or 
LI RT. In both the HI and LI RT groups, patients trained 
in 3 sessions per week with a focus on upper leg muscle 
strength. In the HI RT group, patients performed the 
exercises at 70–80% of their individual 1 repetition maxi-
mum (1RM), whereas patients in the LI RT group were 
instructed to perform at 40–50% of their individual 1RM. 
For 12 weeks, patients performed a supervised resistance 
training intervention, whereafter they were encouraged 
to continue the training program independently during 
the following 6 months. Serum samples were collected 
before the training start (PRE-XT), after the 12-week 
training intervention (POST-XT), and after the 6-month 
follow-up period (FU) as depicted in Fig. 1. Samples were 
stored at −80 °C until biomarker assessment.

Of the 177 patients included in the study, PRE-XT sam-
ples were not available for 4 persons. In addition, sam-
ples from a total of 13 patients were lost to follow-up and 
had neither POST-XT nor FU samples available. Further-
more, patients who failed to complete a minimum of 80% 
of the scheduled home training program during the 6 
months between POST-XT and FU were excluded from 
the analysis. Thus, 145 patients were analyzed, hereunder 
76 patients in the HI RT group and 69 patients in the LI 
RT group. The CONSORT diagram is shown in Fig. 2.
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Biomarkers
Three cartilage turnover biomarkers were measured 
in the serum: huARGS quantifies ADAMTS-mediated 
aggrecan degradation by targeting a neoepitope of the 
aggrecan G2 domain. C2M measures a matrix-met-
allo-proteinase (MMP) generated neoepitope of type 
II collagen indicative of collagen degradation. PRO-
C2 measures type II collagen formation via targeting 
the type IIB N-terminal pro-peptide region. Human 
ARGS (huARGS) was assessed by a chemiluminescence 
sandwich ELISA [18], C2M was measured with a com-
petitive ELISA [19], and PRO-C2 was measured using 
a competitive electrochemiluminescence assay [20] 
(Nordic Bioscience, Herlev, Denmark). The measure-
ments were performed in duplicate and blinded to the 
assigned HI or LO RT groups. Sample duplicates with 
a coefficient of variance (CV) above 15% were rerun. 
For each plate, three internal and two kit controls were 
measured to observe the intra- and inter-assay CV. 
Intra- and inter-CV% were huARGS: ≤2.1% and ≤ 4.8–
9.6%, C2M: ≤ 4.8% and ≤19.6%, and PRO-C2: ≤ 5.4% 
and ≤ 13.6%.

Statistical analysis
HI and LI RT groups were compared using t-tests with Bon-
ferroni adjustment or chi-square test as appropriate. For all 
analyses, biomarker data were log-transformed to obtain 
normal distributions. Differences in biomarker levels within 
and between HI and LI RT groups at POST-XT and FU 
were assessed using a linear mixed model with interaction 
between the two fixed effects intensity and time. Patient ID 
was included as a random effect and PRE-XT biomarker 
level as a covariate. Multiple pairwise comparisons were 
adjusted with Tukey’s test. Statistical tests were performed 
in R version 4.1.0 (R Foundation for Statistical Computing, 
Vienna, Austria) and RStudio version 1.4.1106 (RStudio, 
PBC, Boston, MA). The results were plotted in GraphPad 
Prism version 9.1.2 (GraphPad Software, San Diego, CA).

Results
Patients
The baseline characteristics of patients are summarized 
in Table 1. Approximately 70% of the patients had bilat-
eral knee OA. Overall, there were no significant differ-
ences between the two groups. There were more patients 

Fig. 1 Overview of the study design

Fig. 2 CONSORT diagram of the study patients
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with low Kellgren and Lawrence (KL) scores in the HI 
RT and LI RT groups (39 and 30% respectively, with KL 
grade 1). There were no differences in biomarker levels at 
baseline between the two groups.

The effect of resistance training on biomarker levels
The changes in huARGS and C2M levels from PRE-XT to 
POST-XT and from PRE-XT to FU were used as outcomes 
in the applied mixed model analysis. Both huARGS and 
C2M levels increased from PRE-XT to FU. Within the HI 
RT group, huARGS levels increased POST-XT by 25% (p < 
0.0001) and by 50% (p < 0.0001) at FU (Table 2). The huARGS 
levels increased by 9% (p = 0.045) at POST-XT and 24% (p < 
0.0001) at FU in the LI RT group. In the HI RT group, C2M 
levels were elevated at POST-XT by 27% (p < 0.0001) and by 
42% (p < 0.0001) at FU. The C2M levels increased by 17% (p < 
0.0001) at POST-XT and 54% (p < 0.0001) at FU in the LI RT 
group. For PRO-C2, no change in serum levels was observed 
from PRE-XT to FU within both groups.

The effect of training intensity on biomarker levels
Only huARGS serum levels significantly differed at 
POST-XT and FU between the HI and LI RT groups 
(Fig.  3A); the HI RT group showed an increase in 
huARGS of 15% (p = 0.014) at POST-XT and an increase 
of 21% (p = 0.0014) at FU, compared to the LI RT group. 
Neither C2M nor PRO-C2 levels differed between the 
two training groups (Fig. 3B, C).

Discussion
The present study investigated cartilage-related biomark-
ers in serum from knee OA patients participating in 
either HI RT or LI RT. We assessed changes in aggrecan 

and type II collagen biomarker levels during training 
intensity programs. Our main findings were that both 
huARGS and C2M biomarker levels in serum increased 
with resistance training within the HI as well as the LI 
exercise groups and that huARGS levels increased more 
after 3 months of supervised training and after 6 months 
of home training in the HI RT group compared to the 
LI RT group. These data suggest that RT induces altera-
tions in the cartilage tissue turnover in knee OA patients. 
Interestingly, the increase in huARGS and C2M levels 
continued from POST-XT to FU despite the transition 
from supervised training to unsupervised training.

The cartilage turnover and degradation seem to be 
increased during high-intensity training, not only dur-
ing the training, measurement at 3 months, but also after 
additional 3 months of follow-ups, which means rela-
tively long-term elevated turnover.

The increased serum levels of huARGS and C2M 
could be a consequence of changes in cartilage tissue 
turnover from training. The increased huARGS levels 
observed in the HI RT group may represent an addi-
tional increase in tissue turnover. This increase in turno-
ver was also found in C2M but not differently between 
the HI and LI RT groups. In the current study, aggrecan 
degradation or remodeling appeared to be more related 
to training intensity than the C2M biomarker. However, 
the increase in C2M levels in both HI and LI RT groups 
from PRE-XT to FU may suggest that RT induces a cata-
bolic or remodeling effect in type II collagen in cartilage, 
but that response is more resistant to the magnitude of 
intensity. Evidence of an interplay between aggrecan 
remodeling and type II collagen formation was presented 
in an ex  vivo study investigating the recombinant form 

Table 1 Patient demographics at PRE‑XT

High-intensity resistance training Low-intensity resistance training

N Mean ± SD or n (%) N Mean ± SD or n (%)

Age(yrs) 76 67.4 ± 5.5 69 68.4 ± 5.9

BMI(kg/m2) 76 28.4 ± 4.3 69 27.9 ± 4.7

Female 76 48 (63.2 %) 69 40 (58.0 %)

Bilateral OA 76 73 (96.1 %) 69 66 (95.7 %)

WOMAC pain 76 6.4 ± 3.5 66 6.3 ± 3.8

WOMAC physical function 76 20.8 ± 12.2 67 20.8 ± 13.0

WOMAC stiffness 76 3.4 ± 1.8 67 3.2 ± 2.0

KL grade 1 76 30 (39.5 %) 69 21 (30.4 %)

KL grade 2 76 30 (39.5 %) 69 18 (26.1 %)

KL grade 3 76 8 (10.5 %) 69 15 (21.7 %)

KL grade 4 76 7 (9.2 %) 69 15 (21.7 %)

huARGS 76 184.4 (60.0) 69 178.6 (67.5)

C2M 76 0.20 (0.07) 69 0.21 (0.07)

PRO‑C2 76 24.2 (8.5) 69 22.8 (5.1)
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of fibroblast growth factor 18 (FGF-18), Sprifermin, on 
human cartilage explants [21]. A peak in aggrecanase-
mediated aggrecan degradation preceded PRO-C2 
release. It has been suggested that aggrecan degradation 
and tissue remodeling allow space for chondrocyte pro-
liferation which in turn enables cartilage formation to 
occur [22, 23]. The present study did not show a change 
in PRO-C2, but it is worth noting that structural changes 
in the cartilage matrix in response to stimulation, 
whether by exercise or by drug candidates, may occur in 
temporal phases [11, 21].

In the present study, we observed that the huARGS 
and C2M levels increased over time. Whether the change 
over time is a positive or a negative finding should be 
considered. It seems that high-intensity exercise has 
a stimulating effect on cartilage tissue turnover, but it 
is not clear whether these increased levels are part of a 
remodeling response or associated with net cartilage 
degradation. It is therefore difficult to draw conclusions, 
partly due to the design of this study in which a second-
ary analysis was performed in an RCT (the VIDEX study) 
[9]. This RCT did not include a control of healthy people. 
Therefore, it is not well known what effect HI RT has on 
cartilage turnover. The acute response of huARGS and 
C2M to exercise therapy has previously been investi-
gated [14, 24]. Exercising a joint might affect the dynam-
ics/kinetics of the biomarkers. If the cartilage load is 
higher, more biomarkers might be released from it. A 
study to support this showed an acute increase of blood 
biomarker levels right after some exercise. A similar 
mechanism might explain our findings [25]. In response 
to running or cycling, serum ARGS levels showed a 
slight elevation in the 3 h after exercise in both healthy 

controls and OA patients, while C2M showed a signifi-
cant increase in the 3 h after cycling in OA patients [14, 
24]. These changes in serum ARGS levels might be due 
to changes in tissue turnover but be just as well a con-
sequence of changed biomarker dynamics (e.g., increased 
lymph flow from the joint because of exercise). Biochem-
ical markers from joint tissue turnover and inflammatory 
markers have been shown to differ between OA patients 
and healthy subjects [26, 27]. Matrix degradation might 
be part of cartilage regeneration; in other words, both 
matrix degradation and synthesis might occur in the pro-
cess of cartilage regeneration. We cannot fully support 
this alternative explanation for our finding with our own 
study results though, as PRO-C2 levels did not change. 
Our study did not have a control group of healthy sub-
jects; thus, it is unclear which role OA plays in our 
observations. Previous findings showed similar changes 
in serum COMP levels in response to 30-min walking 
in both patients with knee OA and in healthy controls, 
suggesting that the acute response to moderate physi-
cal activity is similar in healthy subjects and OA patients 
[28]. It is clear that a long-term study is needed with con-
trast between the groups including a healthy, no joint-
pain group.

It is worth considering that there might not be a lin-
ear relationship between training intensity and efficacy 
but perhaps that exercise in OA patients functions by a 
goldilocks principle of a “just right” amount. This range 
of beneficial exercise for OA patients may be defined by 
lower thresholds than for healthy subjects. Two longi-
tudinal studies investigated the general recommenda-
tions of 10,000 steps/day or 150 min/week of moderate/
vigorous activity and found that ≥10,000 steps/day was 

Table 2 Effect of RT on biomarker levels from PRE‑XT to POST‑XT and FU. Serum samples were collected before RT start (T1), after 
3‑month supervised RT (T2), and after 6‑month home training (T3). The biomarker data were log‑transformed, and the difference in 
biomarker levels from PRE‑XT to POST‑XT and from PRE‑XT to FU was calculated and used as an outcome as a model was fitted to the 
data using linear mixed models. The difference in biomarker levels was used to calculate p values using probability cumulative analysis 
on Student’s t‑distribution

T2 T3

Percent change from T1 Percent change from T1

Mean 95% CI p-value Mean 95% CI p-value

High-intensity resistance training
Log huARGS 25.0 15.73, 35.11 <0.0001 50.2 15.73, 62.28 <0.0001
Log C2M 27.9 18.67, 38.05 <0.0001 42.0 31.24, 53.64 <0.0001
Log PRO‑C2 ‑3.9 ‑9.56, 2.16 0.203 5.7 ‑0.83, 12.60 0.883

Low-intensity resistance training
Log huARGS 8.7 0.186, 17.86 0.045 23.9 13.80, 34.90 <0.0001
Log C2M 17.8 8.80, 27.51 0.0001 54.1 41.77, 67.39 <0.0001
Log PRO‑C2 ‑6.0 ‑11.80, 0.24 0.059 2.6 ‑8.88, 4.20 0.447
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associated with degenerative effects and that the thresh-
old for moderate/vigorous exercise needed for improv-
ing function was approximately half that recommended 
[29, 30]. Similarly, another longitudinal cohort study of 
subjects with or at risk for developing OA found that 
both sedentary lifestyle and high levels of physical activ-
ity were associated with degenerative cartilage changes 
[31]. Studies suggested that both too little and too much 
exercise are unhealthy for the cartilage tissue and impor-
tantly that this range of beneficial exercise may be lower 
in OA patients than in healthy subjects [29–31]. In the 
rheumatoid arthritis (RA) field, studies in RA patients 
subjected to increased intensity training find more 
structural joint deterioration in patients with severe 
RA at baseline compared to less severe. These find-
ings may lead to speculation that more intense training 
in late-stage OA patients could prove detrimental [32]. 
The exact mechanisms behind this decreased threshold 
for exercise in persons with or at risk of OA remain to 
be elucidated; however, in  vivo studies of mice which 

have undergone surgical destabilization of the medial 
meniscus (DMM) showed that joint loading and espe-
cially shear stress induced OA [33, 34]. This is perhaps 
enforced in subjects at risk of OA development, where 
obesity and previous joint trauma among others are fac-
tors that contribute to joint instability and malalignment 
which in turn may increase the shear stress applied to 
the knee joint. In the current study, previous knee sur-
gery was not an exclusion criterion, but the number of 
patients having prior surgeries was balanced between 
the two groups. Similarly, the use of NSAIDS or injec-
tions was allowed, but was similar between groups. The 
use of NSAIDS could be important, as it might hypo-
thetically affect levels of biomarkers. However, a recent 
study investigating the modulation of joint-related bio-
markers in hand OA patients treated with prednisolone 
found no modulation [35].

The large number of patients and the longitudinal design 
of the VIDEX study provided a good opportunity to gain 
more insight into the change in biomarker levels as a result 

Fig. 3 Effect of high‑intensity (HI) and low‑intensity (LI) resistance training (RT) on cartilage‑related biomarkers huARGS, C2M and PROC2. Serum 
samples were collected before RT start (PRE‑XT), after 3‑month supervised RT (POST‑XT), and after 6‑month home training (FU). The biomarker 
data was log‑transformed, and using a linear mixed model, a model was fitted. PRE‑XT values are used as covariates; hence, the mean of PRE‑XT 
biomarker values across the two groups is plotted here. Log‑transformed data are presented on a linear y‑axis as mean and 95% confidence 
intervals (CI). Group mean differences were assessed with linear mixed models with Tukey adjustment and the significance levels are presented with 
asterisks: *p < 0.05, **p < 0.01 which p value: versus baseline, or high versus low intensity
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of knee joint loading through the exercises. However, there 
are several limitations of the study. The VIDEX rand-
omized control trial did not include a control group which 
did not receive exercise therapy, and therefore, a compari-
son of the results to a group without exercise interven-
tion was not possible. Furthermore, it will be important 
to better understand how biomarker response differs 
between OA patients and healthy controls subjected to a 
similar level of physical activity or exercise intervention. 
An important limitation is also that actual endpoints of 
structural damage are yet unknown. Biomarker levels are 
therefore difficult to interpret. It is also difficult to bridge 
the clinical relevance as it is not known whether increased 
degradation of aggrecan leads to net loss or whether it is 
a sign of remodeling and reinforcement of the cartilage. 
Therefore, future studies should also relate changes in bio-
marker levels with changes in the clinical parameters as 
a result of exercise, for example WOMAC functionality 
scores, knee pain severity, and performance tests.

In conclusion, cartilage tissue turnover appears to 
increase in response to an exercise-related joint loading 
training program with no evident difference in type II 
collagen turnover between high- and low-intensity exer-
cises. Only aggrecan remodeling was found to increase 
with high-intensity resistance training. Given the absence 
of a favorable effect on clinical signs and symptoms in 
high versus low exercise-treated patients, these explora-
tory results indicate that the combination of clinical 
findings of the VIDEX study (no difference in clinical out-
comes) and the findings on the biomarker analyses (more 
cartilage degeneration in the high-intensity group) argue 
against high-intensity training in knee OA patients.

Abbreviations
OA  Osteoarthritis
GAG   Glucosaminoglycan
RCT   Randomized clinical trial
ADAMTS  A disintegrin and metalloproteinase with a thrombospondin type 

1 motif
HI  High intensity
LI  Low intensity
RT  Resistance training
1RM  1 repetition maximum
MMP  Matrix metalloproteinase
CV  Coefficient of variation
KL  Kellgren and Lawrence
FGF‑18  Fibroblast growth factor 18

Authors’ contributions
ADZ, MvdL, JD, WL, LR, WEvS, and MVdE conducted the clinical trial. AE and NJ 
measured the biomarkers. PF, AE, and CST conducted the statistical analysis 
and prepared all figures and tables. CST, AE, and MVdE drafted the manuscript 
text. All authors critically reviewed the manuscript. The author(s) read and 
approved the final manuscript.

Funding
AE is funded by the Danish Research Foundation. The study was funded by 
the Dutch Arthritis Association.

Availability of data and materials
Not applicable.

Declarations

Ethics approval
The VIDEX study protocol was approved by the Medical Ethical Review Board 
of the Reade/Slotervaart hospital (NL47786.048.14). The participants provided 
their written consent according to the Helsinki Declaration. The study was per‑
formed according to the rules and regulations of the EMGO research institute 
(Vrije Universiteit Amsterdam) derived from Good Clinical Practice.

Competing interests
CST, AE, ACBJ, and PF are employees of Nordic Bioscience, a biotech company 
specialized in the development and application of biomarkers. CST and ACBJ 
are shareholders of Nordic Bioscience. The remaining authors declare that they 
have no competing interests.

Received: 27 October 2022   Accepted: 27 January 2023

References
 1. Beckwée D, Vaes P, Cnudde M, Swinnen E, Bautmans I. Osteoarthritis of 

the knee: why does exercise work? A qualitative study of the literature. 
Ageing Res Rev. 2013;12:226–36.

 2. Sun HB. Mechanical loading, cartilage degradation, and arthritis. Ann N Y 
Acad Sci. 2010;1211:37–50.

 3. Eckstein F, Faber S, Mühlbauer R, Hohe J, Englmeier KH, Reiser M, et al. 
Functional adaptation of human joints to mechanical stimuli. Osteoarthr 
Cartil. 2002;10:44–50.

 4. Gratzke C, Hudelmaier M, Hitzl W, Glaser C, Eckstein F. Knee cartilage 
morphologic characteristics and muscle status of professional weight lift‑
ers and sprinters: a magnetic resonance imaging study. Am J Sports Med. 
2007;35:1346–53.

 5. Vanwanseele B, Eckstein F, Knecht H, Spaepen A, Stüssi E. Longitudinal 
analysis of cartilage atrophy in the knees of patients with spinal cord 
injury. Arthritis Rheum. 2003;48:3377–81.

 6. Hinterwimmer S, Krammer M, Krötz M, Glaser C, Baumgart R, Reiser M, 
et al. Cartilage atrophy in the knees of patients after seven weeks of 
partial load bearing. Arthritis Rheum. 2004;50:2516–20.

 7. Roos EM, Dahlberg L. Positive effects of moderate exercise on glycosami‑
noglycan content in knee cartilage: a four‑month, randomized, controlled 
trial in patients at risk of osteoarthritis. Arthritis Rheum. 2005;52:3507–14.

 8. Teichtahl AJ, Wluka AE, Forbes A, Wang Y, English DR, Giles GG, et al. Longitu‑
dinal effect of vigorous physical activity on patella cartilage morphology in 
people without clinical knee disease. Arthritis Care Res. 2009;61:1095–102.

 9. de Zwart AH, Dekker J, Roorda LD, van der Esch M, Lips P, van Schoor NM, 
et al. High‑intensity versus low‑intensity resistance training in patients 
with knee osteoarthritis: a randomized controlled trial. Clin Rehabil. 2022. 
https:// doi. org/ 10. 1177/ 02692 15521 10730 39.

 10. Kraus VB, Karsdal MA. Osteoarthritis: current molecular biomarkers and 
the way forward. Calcif Tissue Int. 2021;109:329–38.

 11. Bay‑Jensen AC, Manginelli AA, Karsdal M, Luo Y, He Y, Michaelis M, et al. 
Low levels of type II collagen formation (PRO‑C2) are associated with 
response to sprifermin: a pre‑defined, exploratory biomarker analysis 
from the FORWARD study. Osteoarthr Cartil. 2022;30:92–9.

 12. Siebuhr AS, Petersen KK, Arendt‑Nielsen L, Egsgaard LL, Eskehave T, 
Christiansen C, et al. Identification and characterisation of osteoarthritis 
patients with inflammation derived tissue turnover. Osteoarthr Cartil. 
2014;22:44–50.

 13. Luo Y, Samuels J, Krasnokutsky S, Byrjalsen I, Kraus VB, He Y, et al. A low 
cartilage formation and repair endotype predicts radiographic progres‑
sion of symptomatic knee osteoarthritis. J Orthop Traumatol. 2021;22:10.

 14. Bjerre‑Bastos JJ, Nielsen HB, Andersen JR, Karsdal M, Bay‑Jensen AC, 
Boesen M, et al. Does moderate intensity impact exercise and non‑
impact exercise induce acute changes in collagen biochemical markers 
related to osteoarthritis? – an exploratory randomized cross‑over trial. 
Osteoarthr Cartil. 2021;29:986–94.

https://doi.org/10.1177/02692155211073039


Page 8 of 8Thudium et al. Arthritis Research & Therapy           (2023) 25:22 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your �eld

• 
 

rapid publication on acceptance

• 
 

support for research data, including large and complex data types

•

  

gold Open Access which fosters wider collaboration and increased citations 

 

maximum visibility for your research: over 100M website views per year •

  
At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 15. Kjelgaard‑Petersen CF, Sharma N, Kayed A, Karsdal MA, Mobasheri A, Häg‑
glund P, et al. Tofacitinib and TPCA‑1 exert chondroprotective effects on 
extracellular matrix turnover in bovine articular cartilage ex vivo. Biochem 
Pharmacol. 2019;165:91–8.

 16. Siebuhr AS, Werkmann D, Bay‑Jensen A‑C, Thudium CS, Karsdal MA, 
Serruys B, et al. The anti‑ADAMTS‑5 nanobody® M6495 protects cartilage 
degradation ex vivo. Int J Mol Sci. 2020;21:5992.

 17. Altman R, Asch E, Bloch D, Bole G, Borenstein D, Brandt K, et al. Develop‑
ment of criteria for the classification and reporting of osteoarthritis: clas‑
sification of osteoarthritis of the knee. Arthritis Rheum. 1986;29:1039–49.

 18. Wang B, Chen P, Jensen A‑CB, Karsdal MA, Madsen SH, Sondergaard B‑C, 
et al. Suppression of MMP activity in bovine cartilage explants cultures 
has little if any effect on the release of aggrecanase‑derived aggrecan 
fragments. BMC Res Notes. 2009;2:259.

 19. Bay‑Jensen AC, Liu Q, Byrjalsen I, Li Y, Wang J, Pedersen C, et al. Enzyme‑
linked immunosorbent assay (ELISAs) for metalloproteinase derived 
type II collagen neoepitope, CIIM‑Increased serum CIIM in subjects with 
severe radiographic osteoarthritis. Clin Biochem. 2011;44:423–9.

 20. Luo Y, He Y, Reker D, Gudmann NS, Henriksen K, Simonsen O, et al. A novel 
high sensitivity type II collagen blood‑based biomarker, PRO‑C2, for 
assessment of cartilage formation. Int J Mol Sci. 2018;19:1–15.

 21. Reker D, Siebuhr AS, Thudium CS, Gantzel T, Ladel C, Michaelis M, et al. 
Sprifermin (rhFGF18) versus vehicle induces a biphasic process of extra‑
cellular matrix remodeling in human knee OA articular cartilage ex vivo. 
Sci Rep. 2020;10:6011.

 22. Reker D, Kjelgaard‑Petersen CF, Siebuhr AS, Michaelis M, Gigout A, Karsdal 
MA, et al. Sprifermin (rhFGF18) modulates extracellular matrix turnover in 
cartilage explants ex vivo. J Transl Med. 2017;15:250.

 23. Gigout A, Guehring H, Froemel D, Meurer A, Ladel C, Reker D, et al. Sprifer‑
min (rhFGF18) enables proliferation of chondrocytes producing a hyaline 
cartilage matrix. Osteoarthr Cartil. 2017;25:1858–67.

 24. Bjerre‑Bastos JJ, Nielsen HB, Andersen JR, He Y, Karsdal M, Bay‑Jensen 
A‑C, et al. Evaluation of serum ARGS neoepitope as an osteoarthritis bio‑
marker using a standardized model for exercise‑induced cartilage extra 
cellular matrix turnover. Osteoarthr Cartil Open. 2020;2:100060.

 25. Dreiner M, Munk T, Zaucke F, Liphardt A‑M, Niehoff A. Author correction: 
Relationship between different serum cartilage biomarkers in the acute 
response to running and jumping in healthy male individuals. Sci Rep. 
2022;12:6721.

 26. Bay‑Jensen AC, Thudium CS, Mobasheri A. Development and use of bio‑
chemical markers in osteoarthritis: current update. Curr Opin Rheumatol. 
2018;30:121–8.

 27. Hao HQ, Zhang JF, He QQ, Wang Z. Cartilage oligomeric matrix protein, 
C‑terminal cross‑linking telopeptide of type II collagen, and matrix 
metalloproteinase‑3 as biomarkers for knee and hip osteoarthritis (OA) 
diagnosis: a systematic review and meta‑analysis. Osteoarthr Cartil. 
2019;27:726–36.

 28. Mündermann A, King KB, Smith RL, Andriacchi TP. Change in serum 
COMP concentration due to ambulatory load is not related to knee OA 
status. J Orthop Res. 2009;27:1408–13.

 29. Doré DA, Winzenberg TM, Ding C, Otahal P, Pelletier JP, Martel‑Pelletier J, 
et al. The association between objectively measured physical activity and 
knee structural change using MRI. Ann Rheum Dis. 2013;72:1170–5.

 30. Dunlop DD, Song J, Lee J, Gilbert AL, Semanik PA, Ehrlich‑Jones L, 
et al. Physical activity minimum threshold predicting improved func‑
tion in adults with lower‑extremity symptoms. Arthritis Care Res. 
2017;69:475–83.

 31. Lin W, Alizai H, Joseph GB, Srikhum W, Nevitt MC, Lynch JA, et al. Physical 
activity in relation to knee cartilage T2 progression measured with 3 T 
MRI over a period of 4 years: data from the Osteoarthritis Initiative. Osteo‑
arthr Cartil. 2013;21:1558–66.

 32. de Jong Z, Munneke M, Zwinderman AH, Kroon HM, Jansen A, Ronday 
KH, et al. Is a long‑term high‑intensity exercise program effective and safe 
in patients with rheumatoid arthritis? Results of a randomized controlled 
trial. Arthritis Rheum. 2003;48:2415–24.

 33. Burleigh A, Chanalaris A, Gardiner MD, Driscoll C, Boruc O, Saklatvala J, 
et al. Joint immobilization prevents murine osteoarthritis and reveals the 
highly mechanosensitive nature of protease expression in vivo. Arthritis 
Rheum. 2012;64:2278–88.

 34. Blalock D, Miller A, Tilley M, Wang J. Joint instability and osteoarthritis. Clin 
Med Insights Arthritis Musculoskelet Disord. 2015;8:CMAMD.S22147.

 35. van de Stadt LA, Kroon FPB, Thudium CF, Bay‑Jensen AC, Kloppenburg M. 
Serum biomarkers in prednisolone‑treated hand osteoarthritis patients. 
Rheumatology. 2022. https:// doi. org/ 10. 1093/ rheum atolo gy/ keac4 42.

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

https://doi.org/10.1093/rheumatology/keac442

	Cartilage tissue turnover increases with high- compared to low-intensity resistance training in patients with knee OA
	Abstract 
	Objectives 
	Method 
	Results 
	Conclusion 

	Introduction
	Methods
	Study design and patients

	Results
	Patients

	Discussion
	References


