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To my family.  

If we could give every individual the right 

amount of nourishment and exercise, not too 

little and not too much, we would have found 

the safest way to health. 

(Hippocrates) 
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Thesis at a glance 

Paper Aim Included 
studies 

Methods Conclusion 

I To investigate 
the impact of a 
daily exercise 
dose on 
cartilage 
composition and 
structure in 
healthy animals. 

29 randomized 
controlled trials 
(RCTs), involving 
64 study 
comparisons. 
The outcome 
measures were 
cartilage 
aggrecan, 
collagen and 
thickness. 

Systematic 
review and 
meta-
analysis 
RCTs  

In healthy animals, a 
moderate dose of 
exercise is not 
harmful for articular 
cartilage, while a dose 
of exercise that is too 
high (e.g. dogs 
running a marathon 
every day for a year) 
or too low (e.g. short 
bouts of activity for 
rodents) may have 
detrimental effects on 
cartilage structure and 
composition. The 
quality of evidence 
was low. 

II To investigate 
the impact of 
knee joint 
loading exercise 
on MRI-
assessed 
articular 
cartilage in 
people at risk of, 
or with knee 
osteoarthritis. 

Nine RCTs, 
involving 14 
study 
comparisons for 
different cartilage 
outcomes. 
Cartilage MRI-
assessed 
outcome 
measures were 
grouped into 
morphometry, 
morphology and 
composition. 

Systematic 
review 
RCTs 

Knee joint loading 
exercise seems to not 
be harmful for 
articular cartilage in 
participants at risk of, 
or with, knee OA, 
despite high impact 
jumping activities 
being included in one 
study. The overall 
quality of evidence 
was low. 

III To investigate 
the impact of 
knee joint 
loading exercise 
on molecular 
biomarkers 
related to 
cartilage and 
inflammation in 
people at risk of, 
or with 
established, 
knee 
osteoarthritis. 

12 RCTs, 
involving 55 
study 
comparisons.  
We grouped 
molecular 
markers into 
biomarkers of 
inflammation and 
biomarkers 
related to 
cartilage 
extracellular 
matrix turnover. 

Systematic 
review and 
meta-
analysis 
RCTs 

Knee joint loading 
exercise is not 
harmful, as it does not 
increase the 
concentration of 
molecular biomarkers 
related to 
inflammation and 
cartilage turnover 
implicated in 
osteoarthritis 
progression. The 
overall quality of 
evidence was low. 
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Abbreviations 

  

OA Osteoarthritis 

GAG Glycosaminoglycans 

ECM Extracellular matrix 

MRI Magnetic resonance imaging 

95% CI 95% Confidence Interval 

BMI Body Mass Index 

SMD Standardized mean difference 

SD Standard deviation 

GRADE Grading of Recommendations Assessment, Development and 

Evaluation 
WoS Web of Science 

CINAHL Cumulative Index to Nursing and Allied Health Literature 

TIAB Title and abstract 

CENTRAL Cochrane Central Register of Controlled Trials 

CRP C-reactive protein 

IL-6 Interleukin-6 

TNF-α Tumour necrosis factor alpha 

TGF-β1 Transforming growth factor beta-1 

sIL-6r Soluble interleukin 6 receptor 

TNFR1 and 

TNFR2 

Soluble TNF-α receptor-1 and -2 

MMP-3 Matrix metalloprotease 3 

CPII Type II collagen carboxy propeptide 

C2C Neoepitope of type II collagen 

CTX-II C-terminal crosslinking of type II collagen 

HP Hydroxyproline 

COMP Cartilage oligomeric matrix protein 

DMMB 1,9-Dimethyl-Methylene Blue 

CS Chondroitin sulphate 

KS Keratan sulphate 

HA Hyaluronic acid 
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Introduction 

Knee osteoarthritis  

Osteoarthritis (OA) is the most common joint disease and its prevalence in the western 

world has doubled since the mid-20th Century (1). One out five people in Denmark self-

report OA (2) and by 2050, 130 million people world-wide are expected to suffer from 

OA (3). OA represents one of the main reasons for disability and pain, where knee OA 

is responsible for over 80% of the disease burden (4). OA commonly develops slowly 

over time, over approximately 10–15 years, as a continuum from early to late stages. 

Although cartilage breakdown remains the hallmark of OA, this disease affects the 

person as a whole due to the strong link between symptoms and the central nervous 

system (5).  

OA development 

OA is a multifactorial disease, where many factors such as age, BMI, knee injury, 

inflammation, sex and family history, independently and as a result of their interaction, 

contribute to its development (6-8). For example, previous knee injury is an 

independent risk factor for OA development. An ACL injury increases the chances 

fourfold of developing radiographic OA later in life (9) and this risk further increases if 

the ACL injury is concomitant with a meniscus injury. Obesity is also a strong risk factor 

for OA development: every 5kg of weight gained increases the risk of OA development 

by 36% (10). These two examples show that OA can be initiated by different 

mechanisms: in the first example, the high compression forces in the knee joint due to 

the traumatic event generate an acute inflammatory reaction which triggers cartilage 

breakdown (11-13), and in the second example, the increased knee joint loading due 

to weight gain promotes a low level systemic inflammation ultimately leading to 

cartilage breakdown (14). However, regardless of how OA is initiated, cartilage 

breakdown progression is considered to be mechanically driven due to the strong 

association between joint loading and osteochondral structural changes, including 

changes to articular cartilage (1, 6, 15, 16).  
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OA structural progression 

From a structural point of view, articular cartilage is the tissue primarily affected in knee 

OA (6). The structural changes that affect articular cartilage due to OA alter its ability 

to sustain and distribute forces through the knee joint. This leads to further 

degenerative changes, not only to the cartilage but also to the other joint tissues 

present in the knee (17). The most common structural features of OA, besides cartilage 

breakdown, include thickening of the subchondral surface, development of 

osteophytes at the edges of the joint surface, inflammation of the synovium, meniscal 

extrusion and eventually ligament and tendon rupture (18). Muscle architecture also 

seems to change in the early stages of OA, in particular the atrophy of type II fibres 

and increased fibrosis in the quadriceps (19) (Figure 1). 

 

Figure 1. Pathology of osteoarthritis. Schematic representation of a healthy knee 

and a knee with OA. Reproduced and adapted with permission (20). 

Articular cartilage 

Structure and composition 

Articular cartilage is the structure studied in this thesis. Articular cartilage is a 

connective tissue that covers bone ends in the joints and provides lubrication of the 

meeting surfaces, allowing the transmission of loads with a low frictional coefficient 

(21). In healthy adults, articular cartilage is a 2-5 mm thick tissue (22) while in the 
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presence of OA, the thickness decreases annually by 0.06-0.32 mm, depending on the 

OA severity and presence of knee pain (23). Articular cartilage is comprised of an 

extracellular matrix containing water, cells and molecules (22). Water is the main 

constituent (80% of the total weight) and cells (i.e. chondrocytes) make up the smallest 

component (only 1% of the total weight). Chondrocytes are the only type of cell present 

in articular cartilage and they are responsible for the synthesis and maintenance of the 

extracellular matrix. Collagen type II fibres (60-86% of dry weight) and aggrecan (15-

40% of dry weight) e.g. proteoglycans or glycosaminoglycans are the main solid 

constituents of articular cartilage. They allow cartilage to resist a wide range of loading 

magnitudes (24-26): the collagen matrix is mainly responsible for resisting tensile and 

shear loading, while aggrecan molecules resist dynamic compressions. Thus, the loss 

of these components jeopardize cartilage health (27). The molecule constituents are 

molecular biomarkers, substances that can be found in urine and joint fluids (22) 

related to the metabolism of the cartilage. Overall, aggrecan, collagen and molecular 

biomarkers are responsible for maintaining cartilage integrity, function and metabolism 

(28) (Figure 2).  

 

Figure 2. Articular cartilage structure and composition. COMP=cartilage 

oligomeric matrix protein. Reproduced and adapted with permission (29). 
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Articular cartilage assessment 

Articular cartilage assessment is challenging. In animal studies, cartilage has mainly 

been investigated via histological assessments, whereas in humans, imaging and 

molecular biomarkers are by far the most common assessments for monitoring 

cartilage integrity due to their non-invasive approach and ability to detect structural 

changes (30-32). Regarding imaging biomarkers, whereas conventional radiography 

is the most common imaging technique for the evaluation of known or suspected OA 

in clinical practice and research, it has limitations that have become evident in large 

magnetic resonance imaging (MRI) studies of people with knee OA (33). Only MRI can 

assess all the structures of the joint, including cartilage, meniscus, ligaments, muscle, 

sub-articular bone marrow and synovium, at a sufficiently high quality, without using 

contrast agents. Initial histological changes of cartilage degeneration involve disruption 

to the collagen network and loss of aggrecan content, resulting in increased 

permeability to water. These changes (e.g. cartilage thickness, cartilage defects) do 

not cause an immediate substance loss, which is evident in later stages of knee OA 

and which can be evaluated using morphometric and morphological techniques (34). 

Measurement of cartilage morphometry and morphology requires high-resolution 3D 

imaging sequences that delineate the bone–cartilage interface and cartilage surface 

with adequate contrast. Cartilage quantification requires segmentation of the hyaline 

cartilage tissue and exploits the 3D nature of MRI datasets to evaluate tissue 

dimensions. To detect early compositional variations, compositional MRI techniques 

(e.g. delayed gadolinium-enhanced MRI of cartilage (dGEMRIC), T1rho and T2) can 

identify these biochemical changes in the cartilage extracellular matrix, even before 

morphological changes occur (35, 36).  These techniques are therefore sensitive to 

early, pre-morphologic changes that cannot be seen on conventional MRI. 

Nevertheless, compositional MRI techniques are not used in routine clinical practice 

and remain a sophisticated research tool where the application in clinical trials and 

observational studies is increasing. 
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Besides the use of clinical risk factors to predict OA and structural findings on MRI, it 

has been shown that molecular biomarkers in blood, urine and joint fluid are another 

set of promising disease markers that are helpful in diagnosing early-stage OA, in 

predicting OA progression and assessing therapeutic response (37). Thus, molecular 

biomarkers related to inflammation and cartilage turnover in terms of synthesis, 

assembly and degradation of the extracellular matrix, may serve as possible indicators 

for determining the effects of knee joint loading exercise on articular cartilage. 

The importance of mechanical loading for articular cartilage 

Mechanical loading is essential to preserve cartilage integrity and composition (22, 

38). In contrast to muscles and tendons, articular cartilage has limited capacity to repair 

or heal, due to the lack of nerves or blood vessels, which would have supplied it with 

nutrients necessary for the healing process. Cartilage contains cells with 

mechanosensitive properties (i.e. chondrocytes), which have the ability to convert 

mechanical loading into cellular response. Similar to other tissues such as bones, 

muscles and ligaments, when stimulated by mechanical loading, cartilage may 

promote the synthesise of extracellular matrix components such as aggrecan 

molecules, collagen matrix and molecular biomarkers, all essential for its integrity and 

composition  (28, 39-41).  

Impact of loading type, frequency and duration on articular cartilage  

The type of loading, duration and frequency has an impact on cartilage health. While 

cyclic and dynamic loading have been shown to enhance synthesis, assembly and 

degradation of the ECM components (42), static loads are linked to a decreased matrix 

production (43). A systematic review investigating the impact of cyclic strain on 

chondrocyte metabolism suggested that short-term (2 h), low frequency loading (0.17 

Hz) and low strain (<3%) cyclic loading amplitude promote little or no chondrocyte 

response. In contrast, moderate (3-10%) strain amplitudes at higher frequencies (0.5 

Hz) for longer periods (up to 12 h) did promote aggrecan synthesis. A further increase 

in loading strain, frequency and duration, similar to static loads, suppressed aggrecan 
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synthesis and caused inflammatory (catabolic) reactions (28, 39, 44). Additionally, 

moderate and dynamic loading have been associated with the suppression of 

molecular biomarkers related to inflammation such as Il-6 and TNF-a, which at 

increased concentrations down-regulate aggrecan synthesis. In diseased cartilage, 

similar anabolic and catabolic reactions occur in response to mechanical loading, 

however, in this case, particularly due to the loss of aggrecan, cartilage tolerates lower 

loading magnitude and frequencies compared to healthy cartilage. This suggests the 

importance of regular mechanical loading for cartilage health.  

Mechanical loading through knee joint loading exercise   

‘Physical activity’, ‘exercise’ and ‘exercise therapy’ are terms that can describe 

different types of knee joint loading activities (Table 1). In this thesis, I use the term 

'knee joint loading exercise’ to refer to the stimuli that are applied to articular cartilage 

structure and composition from different types of physical activities, including exercise 

and exercise therapy (45). 

Table 1. Knee joint loading exercise definition. 

Knee joint 

loading 

exercise type Definition 

Physical activity “any bodily movement produced by skeletal muscles that 

requires energy expenditure” (46). 

Exercise “physical activities, which are usually done on a regular basis with 

the intention of improving or maintaining physical fitness or 

health” (46). 

Exercise 

therapy 

“a regimen or plan of physical activities designed and prescribed 

for specific therapeutic goals with the purpose to restore normal 

musculoskeletal function or to reduce pain caused by diseases 

or injuries” (Medical Subjects Headings (MeSH) term)  
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Knee joint loading exercise has been shown to be clinically safe (47) and effective to 

reduce symptoms and improve functionality in people at risk of, or with, OA (48, 49) 

but its impact on articular cartilage is less known. Given the strong association between 

mechanical loading and cartilage health, the load generated from exercise on the knee 

joint is believed to promote structural and compositional cartilage changes in 

combination with pro-inflammatory and cell biology factors. Furthermore, due to the 

multifactorial nature of the OA disease, other factors may mediate the relationship 

between knee joint loading exercise and cartilage health by slowing down or 

accelerating the progression of the disease (Figure 3). 

 

Figure 3. Theoretical framework by which knee joint loading exercise may lead 

to articular cartilage changes.  

 

Dose-response relationship between knee joint loading exercise and articular 

cartilage health 

Observational studies in humans and randomized controlled trials (RCTs) in animals 

have shown a possible dose-response relationship between knee joint loading and 

cartilage health. In those at risk of OA, moderate levels of knee joint loading exercise 

may slow collagen matrix degradation (as assessed via Magnetic Resonance Imaging 
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(MRI) transverse relaxation time T2) and/or aggrecan content (assessed via 

dGEMRIC) (50, 51). Similarly in animals, a moderate dose of exercise did not cause 

detrimental effects on cartilage (52). Other studies in humans did not observe an 

association between knee joint loading and cartilage health (53, 54). However, a 

growing body of evidence, both in human and animal studies, suggests that the 

inappropriate and prolonged combination of high and low loading magnitudes and 

frequencies generated to the knee joint from exercise, may cause detrimental effects 

on cartilage integrity and composition (50, 55-57). For example, the absence of knee 

joint loading in the form of knee immobilization (i.e. complete absence of loading) or 

sedentary behaviour (51) (i.e. low-impact, low-frequency loading) may cause 

morphological, mechanical and biochemical cartilage changes (58). A study 

comparing knee joints of humans from the 20th Century with humans who lived in the 

pre-historic and pre-industrial era, reported that humans who typically lived a more 

sedentary life in the 20th Century compared to humans of the pre-historic and pre-

industrial era, had significantly higher signs of OA, even when controlling for age, BMI 

and other variables. Similar detrimental effects on cartilage can be seen following an 

excess of knee joint loading exercise (i.e. overloading). Performing high impact 

activities (i.e. jumping) and participating in sports is associated with cartilage 

deformation, aggrecan loss and increased risk of radiographic OA (59-61).  

Knee joint loading exercise as treatment for articular cartilage 

Collectively, the dose-response relationship shown in in-vitro animal and human 

studies between joint loading and cartilage health serves as a rationale for the 

application of a moderate dose of exercise to promote the beneficial effects on 

cartilage (Figure 4). Knee joint loading exercise is indeed applied to facilitate the 

healing process of cartilage in people at increased risk of, or with, OA. After cartilage 

surgery, a frequent and progressive knee joint loading intervention has been shown to 

not be harmful to the cartilage (62, 63) and promote more favourable clinical outcomes, 

compared to a delayed intervention (64, 65). Similarly, after an ACL injury, low and 
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high intensity plyometric knee joint loading exercise is a safe intervention both in terms 

of cartilage outcomes and pain (66). Yet, in patients having had meniscectomy, a 

moderate knee joint loading weight-bearing exercise intervention increased 

glycosaminoglycan content (67). In the OA population, knee joint loading exercise is a 

first-line treatment (68). It has been shown to be clinically safe (47), reduce symptoms 

and improve function and quality of life. Supervised exercise therapy three times a 

week, aimed at improving aerobic capacity, quadriceps muscle strength or lower 

extremities performance, is considered the optimal therapeutic exercise for knee OA 

(69).  

However, despite the known therapeutic effects of knee joint loading exercise on 

symptoms, functionality and quality of life, its impact on articular cartilage health has 

only been investigated in individual studies. 

 

Figure 4. Dose-response relationship between knee joint loading and cartilage 

health. X-axis=Knee joint loading exercise dose; Y-axis=effect of knee joint loading 

exercise on cartilage health. 
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Methods to summarize the current evidence  

Systematic reviews are a cornerstone in the healthcare decision-making process (70). 

They consist of identifying, appraising and synthesizing all the empirical evidence that 

meets pre-specified eligibility criteria to answer a specific research question (71). It is 

possible to conduct systematic reviews on a wide range of different study designs (70) 

(Figure 5). However, to provide recommendations for the best treatment for each 

patient, RCTs produce the highest quality of evidence (71).  

Systematic reviews involve many steps and include: a clearly stated set of objectives; 

an explicit, reproducible methodology to identify, include and assess the validity of all 

relevant trials; a systematic search that attempts to identify all studies that would meet 

the eligibility criteria; an assessment 

of the validity of the findings of the 

included studies, (e.g. risk of bias, 

GRADE); and systematic 

presentation, and synthesis of the 

characteristics and findings of the 

included studies (72). A detailed 

description of the steps involved in a 

systematic review is presented in 

Figure 5. 

 

To get an overview of the evidence, 

summarizing the results of the 

individual studies included either 

narratively or statistically is 

recommended. A narrative synthesis 

involves reporting the results of the 

individual studies included in the 

systematic review (73), whereas, a 

Figure 5. What authors do in systematic 

reviews. 

http://navigatingeffectivetreatments.org.au/explori

ng_systematic_reviews_what_authors_do.html. 

Licensed under CC BY-SA 3.0 via Commons. 
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meta-analysis is the statistical method of combining data from different studies to 

create a pooled estimate and its graphical representation is usually in the form of a 

forest plot (70, 74). Combining the results of different studies provides a more precise 

estimate of the ‘true’ effect in order to reduce uncertainty (75). Assessing the quality 

of each study and the overall quality of evidence in systematic reviews is another 

important step in evidence synthesis. The Grading of Recommendations Assessment, 

Development and Evaluation (GRADE) approach (76) serves to assess the overall 

quality of evidence. For each outcome, the GRADE classifies evidence into four 

categories ranging from very low to high (Figure 6).   

The quality of evidence is assessed in several domains by at least two authors of the 

study. These domains are: 1) the risk of bias assessment (methodological flaws of the 

studies), 2) indirectness (the generalizability of the findings to the general population), 

3) inconsistency (the consistency of results across studies), 4) imprecision 

(examination of the 95% confidence interval) and publication bias.  

 

  

Figure 6. The GRADE approach for rating the quality of evidence 
(75).  
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Aim of the thesis 

The overall aim of this thesis was to compile the evidence with regard to the impact of 

knee joint loading exercise on knee joint articular cartilage health, assessed via 

histology in healthy animals and via imaging (MRI) and molecular biomarkers (from 

joint fluids and urine) in people at risk of, or with, knee OA. This aim was investigated 

in three different studies.  

Specific aims (Papers I, II and III) 

Paper I.  

To investigate the impact of a daily exercise dose on cartilage composition (aggrecan 

and collagen) and structure (thickness), by conducting a systematic review of RCTs 

involving healthy animals. 

Paper II. 

To investigate the impact of knee joint loading exercise on MRI-assessed articular 

cartilage in people at risk of, or with established, knee osteoarthritis, by conducting a 

systematic review of RCTs. 

Paper III. 

To investigate the impact of knee joint loading exercise on molecular biomarkers 

related to cartilage and inflammation in people at risk of, or with established, knee 

osteoarthritis, by conducting a systematic review of RCTs. 
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Method  

This thesis is composed of three papers investigating the effect of knee joint loading 

on cartilage health, as shown in Figure 7. The overview of the evidence synthesis 

approach used in this thesis is described below. 

 

 

Figure 7. Thesis overview. Papers I, II and III represent the three systematic 

reviews conducted in this thesis and the OA continuum is represented by the red 

arrow. 

Eligibility criteria (PICO design) 

The aims of the three papers included in this thesis, were converted to a search 

strategy addressing Participants, Interventions, Comparisons, Outcomes and Study 

design (PICOS)(77) as reported in Table 2. 

 

  

Healthy knees Knees at risk of OA Knees with OA

Paper I Paper II Paper III

Impact of knee joint loading exercise on articular cartilage

Histological 

assessment 

of cartilage
MRI-assessed 

cartilage

Molecular 

biomarkers 

assessment

MRI-assessed 

cartilage

Molecular 

biomarkers 

assessment
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Table 2. Eligibility criteria for studies included this thesis. 

 Paper I Paper II Paper III 

Participants Healthy animals Individuals at risk of, or with, OA* 

Interventions At least one intervention group receiving any type of knee joint 

loading exercise intervention 

Comparisons Non-exposed group receiving control treatment, usual care or 

placebo 

Outcomes Cartilage 

aggrecan content, 

collagen content 

and cartilage 

thickness 

Cartilage MRI-

assessed 

Cartilage and 

inflammation molecular 

biomarkers assessed 

via blood, urine and 

joint fluid samples 

Study design Randomized controlled trials 

*As defined by the authors of the original papers, participants at risk of knee OA are 

those with risk factors (e.g. knee injury treated with or without surgery, or BMI ≥25) 

associated with the development or progression of the disease, while participants with 

OA are those with a clinical diagnosis of OA (i.e. according to the American College of 

Rheumatology criteria) with or without pain or radiographic signs of knee OA (Kellgren-

Lawrence (KL) grade >1), in the tibiofemoral and/or patellofemoral compartments of 

one or both knees. 

Identification of trials and data extraction 

Literature search: In all three studies, the literature searches were performed in the 

databases MEDLINE, EMBASE, CINAHL and Web of Science, with no restriction on 

publication year or language. Additionally, for Papers II and III, involving people at risk 

of, or with, knee OA, the Cochrane Central Register of Controlled Trials (CENTRAL) 

was searched for relevant publications. The search strategy was firstly applied in 

MEDLINE using the following search categories: “exercise” AND “cartilage” AND 

“knee”. Subsequently, it was customized for EMBASE, CINAHL and Web of Science 

and CENTRAL. All terms were searched, and if possible, both as keywords [MeSH] 
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and as text words in titles and abstracts [TIAB]. The detailed literature search 

strategies for the three studies (Papers I, II and III are reported in the appendix).  

A customized data extraction form was developed for each of the outcomes. Data were 

extracted by the first and second authors (AB and CJ) from tables and graphs of 

published manuscripts (Table 3). 

 

Table 3. Overview of identification of trials and data extraction. 

 Paper I Paper II Paper III 

When? 

(Date for 

literature search) 

Up to 

October 2015 

Up to June 2017 Up to September 2017 

Who? 

(Study selection) 

In all three studies the same two members of the study team 

(AB and CJ) independently scrutinized titles and abstracts of 

the identified trials. The reviewers (AB and CJ) discussed 

disagreements about inclusion until consensus was reached. 

What? 

(Data extraction) 

The following information was mandatory: authors of the 

study, year of publication, design of trial, intervention 

characteristics, location of the trial (in the case of multi-centre 

studies, primary investigator affiliation was applied), number 

of participants allocated (to the exercise and control groups 

respectively), the average age of participants, average body 

mass index (BMI), the duration of the study (presented in 

weeks), and outcome characteristics. 

 

Knee joint loading exercise dose 

In Paper I, the dose of exercise was classified as low, moderate or high. In dog studies, 

we used the British Kennel Club recommendations for exercise: little (<30 min/day), 

moderate (2 h/day), or considerable (>2 h/day), to categorize dogs into low, moderate 

or high dose of exercise. In rodent studies, we used the American Physiological 

Society guideline for the design of animal exercise protocols (78). In rabbits and sheep, 
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we used the authors' own classifications, since no existing exercise dosage 

classifications were found in the literature (79-81).  

In Paper II, based on a combination of theoretical and clinical considerations, two of 

the authors (CJ and EMR) independently assessed the anticipated impact of the knee 

joint loading interventions on cartilage (low, moderate or high) and if the dose was 

considered adequate to presume positive cartilage modifications. This process was 

conducted due to the diversity of knee joint loading exercise interventions and their 

varying susceptibility to different biases. A detailed description of the interventions and 

judgment can be found in Paper II. 

In Paper III, we used the authors' own classifications, to define the type of knee joint 

loading intervention. 

Synthesis of results 

We performed a meta-analysis, when at least three studies investigated the same 

outcome in comparable populations, otherwise we summarized the effect of knee joint 

loading exercise on cartilage health narratively. This was pre-specified in the 

systematic review protocols published in the SYRCLE database for Paper I and in the 

PROSPERO database for Papers II and III.  

Overall summary of results 

A narrative synthesis of the results was carried out for studies not eligible for meta-

analysis. In Papers I, II and III, for the effect of knee joint loading exercise on articular 

cartilage, we reported either a statistically significant (P < 0.05) decrease, increase or 

no difference in the outcome of interest, between the knee joint loading intervention 

group versus the control group. 

In Papers I and II, we interpreted the effect of knee joint loading exercise as beneficial 

(‘+’) or detrimental (‘-‘) when a statistically significant (P<0.05) improvement or decline 

in the outcome of interest was reported for the overall cartilage or at least one of the 

cartilage compartments assessed in the intervention group compared to the control 
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group. If none of the compartments showed an increase or a decrease in the outcome 

of interest, we reported this finding as no effect (‘=’) (Figure 8).  

 

Figure 8. Schematic representation of the narrative synthesis of the effect of 

exercise on knee joint cartilage in Papers I and II. 

 

Meta-analysis 

The impact of exercise on cartilage was estimated in random effects meta-analysis 

using the standardized mean difference (SMD) as the difference between mean 

change in the intervention and control groups, divided by the pooled standard deviation 

(SD). The SD was extracted or estimated from the standard error (SE) of the mean, 

the 95% confidence interval (95% CI), P value, or other methods recommended by the 

Cochrane Collaboration (71). Between-study heterogeneity was calculated using the 

I2 statistic (82), measuring the proportion of variation (i.e. inconsistency) in the 

combined estimates due to between-study variance (83). An I2 value of 0% indicates 

no inconsistency among the results of individual trials, while an I2 value of 100% 

indicates maximum inconsistency. When several intervention groups were compared 

to one control group, the number of participants/animals in the control group was 

divided by the number of intervention groups and each was analysed as a separate 

study comparison (71). 
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Additional analyses 

Additional analyses were performed in all the papers to investigate the impact of study 

level covariates. In Papers I and III, a relevant study level covariate was defined as 

one that was able to decrease inconsistency measured as the I2 statistic, and thus the 

between-study variance (i.e. tau2). In Paper II, we performed a within-group difference 

analysis to explore the relationship between studies and identify factors that might 

explain the direction of results such as compliance with the interventions and 

participant characteristics. 

Quality of evidence  

In Paper I, we assessed the quality of the evidence using the SYRCLE risk of bias tool 

for animal studies (84), while in Papers II and III we used the GRADE assessment. In 

all the studies, the quality of evidence was assessed independently by two authors 

(AB and CJ) from the study team.  
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Results 

An overview of the studies selected and the outcomes assessed in this thesis (Figure 

9) according to the eligibility criteria are reported in Table 1. 

 

Figure 9. Schematic overview of the included studies. Flow chart of the included 

studies in Papers I, II and III. *Each study investigated at least one outcome of interest, 

however, some studies investigated more than one outcome. MRI=magnetic 

resonance imaging, GAG=glycosaminoglycan.  
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Impact of exercise on knee joint articular cartilage in healthy 

animals 

We included 29 RCTs which included 64 study comparisons: 18 studies (22 

comparisons) investigated aggrecan content, 12 studies (16 comparisons) collagen 

content, and 21 studies (26 comparisons) cartilage thickness.  

The studies included healthy animals of both sexes and of four different types:  14 

studies (22 comparisons) in dogs, 16 studies (35 comparisons) in rodents, 4 studies 

(6 comparisons) in rabbits and 1 study (1 comparison) in sheep. 

The impact of knee joint loading exercise in healthy animals is reported in Figure 10. 

In the low dose exercise group, 9 out of 25 (36%) study comparisons reported a 

detrimental effect on cartilage thickness (2 comparisons), aggrecan (5 comparisons) 

and collagen (2 comparisons). Twelve out of 25 (48%) study comparisons reported no 

effect on cartilage thickness (4 comparisons), aggrecan (1 comparisons) and collagen 

(7 comparisons) and 4 out of 25 (16%) study comparisons reported a beneficial effect 

on cartilage thickness (2 comparisons) and aggrecan (2 comparisons). In the moderate 

dose exercise group, none of the 12 study comparisons reported a negative effect in 

any of the outcomes of interest. Six out of 12 (50%) study comparisons reported no 

effect on cartilage thickness (3 comparisons) and collagen (3 comparisons) and 6 out 

of 12 (50%) study comparisons reported a beneficial effect on cartilage thickness (3 

comparisons) and aggrecan (3 comparisons).  In the high dose exercise group, 19 out 

of 27 (70%) comparisons reported negative effects on cartilage thickness (6 

comparisons), aggrecan (10 comparisons) and collagen (3 comparisons). Six out of 

27 (23%) study comparisons reported no effect on cartilage thickness (4 comparisons), 

aggrecan (1 comparison) and collagen (1 comparison) and 2 out of 27 (7%) study 

comparisons reported a beneficial effect on cartilage thickness (2 comparisons). 
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Figure 10. Narrative summary of results on the impact of daily dose of exercise 

on cartilage aggrecan, collagen and thickness in healthy animals. A=Aggrecan; 

C=Collagen; T=Thickness. Cartilage thickness resulting from meta-analyses are 

reported as: beneficial if SMD is >0.2; as no effect if SMD is -0.2 to 0.2; and as 

detrimental if SMD is <-0.2. SMD= difference between mean change in the intervention 

and control groups, divided by the pooled SD. 

 

For cartilage thickness, we compared exercise dose groups using meta-regression 

analysis (Figure 11). The result shows that the high and low dose groups had greater 

cartilage thinning compared to the moderate group; (high vs. moderate: SMD -0.78; 

95% CI -1.57 to 0.001; P=0.05) (low vs. moderate: SMD -0.61; 95% CI -1.59 to 0.35; 

P=0.19), although the comparisons did not reach statistical significance. Additionally, 

we found no association between cartilage thickness and exercise type (running vs 

walking), frequency (5 vs 7 days a week), duration, and animal species or age.  
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Figure 11. Bubble plot showing the meta-regression analysis of the studies 

included in the meta-analysis for the impact of exercise dose on cartilage 

thickness. SMDs of cartilage thickness (y-axis) and dosage of exercise (x-axis) are 

shown. Weights of included trials were based on the inverse of the total variance and 

are shown by the size of the circles (a smaller circle contributes less to the overall 

result). The zero line indicates the threshold separating cartilage thickness increase 

(positive values of SMDs) and decrease (negative values of SMDs). 
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Impact of knee joint loading exercise on MRI-assessed articular 

cartilage, in people at risk of, or with, knee osteoarthritis 

We included 9 RCTs, including 14 study comparisons of different cartilage outcomes, 

of which 2 studies (2 comparisons) included participants at increased risk of knee OA 

and 7 studies (12 comparisons) included people with established knee OA. In the 2  

studies including people at risk of OA, articular cartilage was assessed as cartilage 

morphology using the semi-quantitative scoring systems, and cartilage composition as 

GAG with dGEMRIC index(67). In the 7 studies (12 comparisons) focusing on people 

with established knee OA, articular cartilage was assessed using cartilage 

morphometry in 4 and morphology with semi-quantitative scoring systems in 3 study 

comparisons. Cartilage composition was assessed in 4 studies (7 comparisons): as 

GAG via dGEMRIC in 3 and collagen via T2–mapping in 4 study comparisons. 

Knee joint loading exercise interventions differed substantially among studies and the 

compliance with the knee joint loading exercise interventions was reported in 6 of the 

9 studies and varied between 15% and 88% (Table 4).   
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Table 4. Exercise therapy and outcome characteristics of the included studies. ROI= region of interest; TF=tibiofemoral; M=medial; L=lateral; P=patella; 

/Week= times per week; min= minutes; WB= weight bearing; **=No serious adverse events were reported. 

 
KNEE JOINT LOADING EXERCISE CHARACTERISTICS 

OUTCOMES 

CHARACTERISTICS 

 
Study 

comparisons 
Type 

Frequency 
and 

duration 

Exercise sessions 
attended /scheduled 
sessions (n and %) 

Non-serious 
adverse events 

in the 
intervention 

group** 

ROI Outcomes 

Armagan et 
al. 2015 

Home exercise 
therapy vs. Oral 

glucosamine 
sulphate 

WB and non-WB 
(Quadriceps and hamstring 
strengthening and dynamic 

stair step exercises) 

24 weeks - - TFML 
Morphology (Semi-
quantitative scoring) 

Dincer et al. 
2016 

Supervised and 
home exercise, 
TENS and hot 
pack vs. TENS 
and hot-pack 

WB (Closed kinetic chain 
exercises, transcutaneous 
electrical nerve stimulation 

(TENS) and hot-pack)  

5 T/W 
30 min 

12 weeks 
- 

n=2 (Increase 
knee pain),  n=1 
(increase blood 

pressure) 

TFML and 
P 

Morphometry 
(Thickness and 

volume) 

Henriksen et 
al. 2014 

Supervised and 
home exercise vs. 

Non-exposed 
group 

WB (Circuit training)  
3 T/W 
60 min 

16 weeks 

n=7/47 

15% 
- TFML 

Morphology (Semi-
quantitative scoring) 

Hunter et al. 
2015 

Supervised and 
home exercise & 
diet vs. Diet only 

WB (Aerobic walking, 
strength training) 

3 T/W 
60 min 

72 weeks 

n=142/216 

64% 

n=1 (muscle 
strain), n=2 
(trips/falls) 

TFM 
Morphometry 

(Thickness and 
volume) 

Landsmeer 
et al. 2016 

Supervised 
Exercise and diet 
vs. Oral placebo 
supplementation 

WB (Nordic walking, 
volleyball, bowling, salsa 
dancing, tai chi, softball, 
belly dance and modern 

dance) 

1 T/W 
60 min 

20 weeks 

n=7/20 

35% 

n=2 (side effects 
non-specified) 

TFML and 
P 

Morphology (Semi-
quantitative scoring) 
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Multanen et 
al. 2014 

Supervised 
exercise therapy 
vs. Non-exposed 

group 

WB (Aerobic, step aerobics 
and jumping exercise) 

3 T/W 
55 min 

48 weeks 

n=98/144 

68% 
- 

TF 
anterior 
posterior 
central 

Composition (GAG 
via dGEMRIC, 

Collagen via T2-
mapping) 

Koli et al. 
2015 

Same as 
Multanen 

Same as Multanen 
Same as 
Multanen 

Same as Multanen 
Same as 
Multanen 

Patellar 
Composition 

(Collagen via T2-
mapping) 

Munukka et 
al. 2016 

Supervised 
exercise therapy 
vs. Non-exposed 

group 

Non-WB (aquatic exercise 
therapy) 

3 T/W 
60 min 

16 weeks 

n=42/48 

88% 

n=2 (bilateral 
knee pain and 

dyspnoea) 

TF 
anterior 
posterior 
central 

Composition (GAG 
via dGEMRIC, 

Collagen via T2-
mapping)  

Ochiai et al. 
2014 

Home exercise 
vs. Local heat 

treatment 

Non-WB (2 sets of straight 
leg raise, abductor training, 
and adductor training (20 

reps per set) in the morning 
and evening every day) 

14 T/W 
- 

12 weeks 
- 

n=1 (dizziness 
during exercise 

therapy) 
TFML 

Composition 
(Collagen via T2-

mapping) 

Roos and 
Dahlberg 

2005 

Supervised 
individually 
progressed 

exercise therapy 
vs. Non-exposed 

group 

WB (Weight-bearing 
neuromuscular exercises) 

1-5/Week 
60 min 

16 weeks 

n=31/54 

54% 
- 

F 
central/ 

posterior 

Composition (GAG 
via dGEMRIC) 
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In people at risk of knee OA, one study comparison reported no effect on cartilage 

defects and one had positive effects on GAG. In people with knee OA, six study 

comparisons reported no effect on cartilage thickness, volume or defects; one reported 

a negative effect and one no effect on GAG; two reported a positive effect and two no 

effect on collagen. Overall, only one out of 14 comparisons reported a negative effect 

on knee joint articular cartilage assessed via MRI. (Figure 12). 

 

Figure 12. Impact of knee joint loading exercise on MRI-assessed cartilage in 

people at risk of, or with, knee OA. Outcomes from people at risk of knee OA are 

reported in circles with black lines. Increased T2 values have been associated with 

deteriorated collagen orientation and increased hydration, which are considered to 

have a negative impact on the cartilage. Therefore, increased T2 values were reported 

as detrimental and decreased T2 values as beneficial for the cartilage. 
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Impact of knee joint loading exercise on molecular biomarkers 

related to cartilage and inflammation, in people at risk of, or with, 

knee OA  

We included 12 RCTs, including 55 comparisons of molecular biomarkers related to 

inflammation (CRP, IL-6, TNF-α), cytokines and cytokine receptors (TGF-β1, sIL-

6rTNFR1 and TNFR2), proteases (MMP-3) and markers of turnover of cartilage 

extracellular matrix as collagen markers (CPII, C2C, CTX-II and HP), glycoproteins 

(COMP) and glycosaminoglycan (GAG, CS, KS and HA). Only one study included 

people at risk of OA.  

The types of knee joint loading interventions were, strengthening exercise therapy in 

5 studies (15 comparisons), aerobic exercise therapy in 3 studies (10 comparisons) 

and a combination of strengthening and aerobic exercise therapy in 5 studies (30 

comparisons). One study investigated aerobic and strengthening exercise therapy with 

two different intervention groups. The compliance with the knee joint loading exercise 

interventions was reported in only 5 out of 12 studies and varied from 24% to 90%, 

(Table 5). 
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Table 5. Knee joint loading exercise characteristics. IG=intervention group, CG=control group; n/a= not assessed; VO2 max = maximal oxygen uptake; 

HRR= heart rate reserve; *=study including people at risk of knee OA. 

 

 KNEE JOINT LOADING EXERCISE CHARACTERISTICS 

 Study comparison n of IG/CG Exercise type 

Volume 
T/W 

Minutes 
Weeks 

Intensity 

n of 
exercise 
sessions 

attended/tot
al sessions 

n of drop 
out from 

IG/tot n of IG 
participants 

Adverse 
events 

related to 
the IG 

Andersso
n et al. 
2006 

Supervised and home 
exercise vs. Non-exercising 

control group 
29/29 

Weight-bearing 
exercises 

(strengthening 
and 

neuromuscular) 

2 
60 
6 

60% maximum 
heart rate 

11/12 3/29 

1 with 
increased 

knee 
symptoms 

Bautch et 
al. 1997 

Supervised exercise vs. 
Non-exercising group 

(healthy advice) 
15/15 

Aerobic and 
flexibility 

3 
60 
12 

50% Vo2 max n/a 9/15 n/a 

Bautch al. 
2000 

Supervised exercise vs. 
Non-exercising group 

(healthy advice) 
11/10 

Aerobic and 
flexibility 

3 
60 
12 

50% Vo2max n/a n/a n/a 

Chua et 
al. 2008  

 

Supervised exercise vs. 
Non-exercising group 

(healthy advice) 

Supervised exercise and 
Diet (weight loss) vs. Diet 

(weight loss) 

45/52 
Aerobic and 

strengthening 
exercise 

3 
60 
24 

50-75 HRR n/a n/a n/a 
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Hunt et al. 
2013 

Supervised exercise home 
Exercise vs. Non-exercising 

control group 
9/8 

Strengthening 
exercise of lower 

extremity 

4 
n/a 
10 

Additional 
resistance with ankle 

cuff weights for 
participants to 

complete 3 sets of 
10 repetitions for 
each exercise. 

36/40 0/9 None 

Messier et 
al. 2013 

Supervised exercise and 
Diet (weight loss) vs. Diet 

(weight loss) 
152/152 

Aerobic and 
strengthening 

exercise 

3 
60 
24 

n/a 17/72 14/152 

3; one 
muscle strain 

and two 
trips/falls. 

Nagaoka 
et al. 2010 

Exercise vs. Non-exercising 
control group 

Exercise + Chicken comb 
extract vs. Chicken comb 

extract 

11/11 

 

11/10 

Aerobic, 
strengthening 

and pool 
exercise 

n/a 

n/a 

16 

n/a n/a n/a n/a 

Nicklas et 
al. 2004* 

Exercise vs. Non-exercising 
control group 

 
Exercise and Diet (weight 
loss) vs Diet (weight loss) 

67/70 

 

64/71 

Aerobic and 
strengthening 

exercise 

3 
60 
16 

Aerobic: 50-75% 
HRR 

 
 Strength: Cuff 

weights and 
weighted vests were 

used to provide 
resistance 

29/48 
(Exerci

se) 

31/48 
(Exerci

se 
+Diet) 

9/67  
 

6/64 

n/a 

Samut et. 
al 2015 

Exercise vs. Non-exercising 
control group 

 
Exercise vs. Non-exercising 

control group 

15/12 

 

14/12 

Aerobic or 
Strengthening 

exercise 

3 
n/a 
6 

Aerobic: 70-75% 
HRR 

Strength: 5 
concentric flexion 
and extension at 

angular velocities of 
60° /s, 90°/s, 120° 

/s, and 180°/s. 

n/a n/a n/a 
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Simao et 
al. 2012 

Exercise vs. Non-exercising 
control group 

 
Exercise vs. Non-exercising 

control group 

10/12 

 

10/12 

Squat training 
exercise 

 

Vibratory 
platform training 

exercise 

3 
n/a 
12 

Squat: from 10° to 
60° of knee flexion. 

Platform: (35 to 
40Hz, the amplitude 

was 4 mm, 
acceleration range 

(2.78 to 3.26 g) 

35/36 
(Squat) 

 

35/36 
(Platfor

m) 

1/10 

 

1/10 

n/a 

Wang et 
al. 2015 

Supervised exercise and 
vibratory platform vs. 

Exercise 
49/50 

Quadriceps 
exercise and 

vibratory 
platform 

vs. 
Quadriceps 

exercise 

5 
30 
24 

Platform (35 Hz; 
amplitude of 4 mm to 
6 mm displacement) 

n/a 0/49 

one 
increased 
knee pain 

 

Zhang et 
al. 2013 

Exercise + diclofenac sodium 
vs. 

diclofenac sodium 
50/50 

Flexibility and 
Isometric 

quadriceps 
exercise+ 

Diclofenac (75 
mg, twice daily) 

4 
n/a 
4 

10 sec. isometric 
contraction of the 

quadriceps femoral 
at 0˚ and 90˚knee 
joint angle and 10 

sec. rest. 
Repeated 10 times 

for one exercise 
circle. 

n/a 0/50 n/a 
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Overall, 17 out of 55 (31%) study comparisons reported a decrease in cartilage 

molecular biomarkers, 34 out of 55 (62%) reported no effect and 4 out of 55 (7%) 

reported an increase in favour of the intervention group. Meta-analyses showed that 

exercise therapy seems to be associated with reductions of C-reactive protein, C-

terminal crosslinking telopeptide of type II collagen, tumour necrosis factor alpha (TNF-

α), soluble TNF-α receptor-1 and -2, C2C neoepitope of type II collagen and cartilage 

oligomeric matrix protein in comparison to the control group (Figure 13). 

  

Figure 13. Impact of knee joint loading exercise on molecular biomarkers related 

to inflammation and cartilage, in people at risk of, or with, knee OA. C2C, C2C 

neoepitope of type II collagen; COMP, cartilage oligomeric matrix protein; CPII, type II 

collagen carboxy propeptide; CRP, C-reactive protein; CS, chondroitin sulfate; CTX-II, 

C-terminal crosslinking of type II collagen; DMMB, 1,9-Dimethyl-Methylene Blue; GAG, 

glycosaminoglycan; HA, hyaluronic acid; HP, Hydroxyproline; IL, interleukin; KS, 

keratan sulfate; MMP-3, matrix metalloprotease-3; sIL-6r, soluble interleukin 6 

receptor; TGF-β1, transforming growth factor beta-1; TNF-α, tumor necrosis factor 

alpha; TNFR1 and 2, soluble TNF-α receptor-1 and -2; S, serum;  SF, synovial fluid; 
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U, urine. Results from meta-analyses are reported as increase if SMD is > 0.2; as no 

effect if SMD is -0.2 to 0.2; and as decrease if SMD is < -0.2. SMD= difference between 

mean change in the intervention and control groups, divided by the pooled SD. 

Quality of evidence 

Overall, the quality of evidence for the impact of knee joint loading exercise on cartilage 

health is low. In healthy animal studies, most of the individual items on the risk of bias 

assessment were scored as ‘unclear’ due to the lack of information about 

randomization, study protocol registrations and blinding of outcome assessors. Thus, 

the methodological quality of the studies was deemed to be low. In human studies, the 

overall quality of evidence (GRADE approach) was downgraded from high to low due 

to inconsistency (large I-square) and imprecision (wide 95% CI) of the pooled 

estimated in the meta-analysis, most likely due to the limited number of studies 

included. Regarding study methodology, some studies did not specify, or inadequately 

addressed, dropouts of participants in the analyses (i.e. attrition bias) and failed to 

report whether outcome assessors (i.e. the people responsible for analysing the 

imaging or molecular biomarkers) were blinded to the intervention (i.e. detection bias). 

However, in this thesis, there is no evidence that studies with higher risk of bias 

overestimated the effect of knee joint loading exercise on cartilage health. Regarding 

indirectness, the included studies compared the impact of knee joint loading exercise 

on the population of interest for this thesis (i.e. people at risk of, or with, OA) and 

reported appropriate outcomes to assess cartilage health. Regarding publication bias, 

there was no evidence for small study bias as the results of small studies did not tend 

to differ from larger trials. Finally, no evidence of missing studies (e.g. registered but 

not published) was found when the screening of the databases clinicaltrials.gov and 

who.int was performed. 
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Discussion 

This thesis aimed to investigate the role of knee joint loading exercise on cartilage 

health, by summarizing the available literature on healthy animals and people at risk 

of, or with, knee OA. In those at risk of, or with, knee OA, joint loading exercise appears 

to not be harmful for articular cartilage. Similarly, this was found for moderate dose 

exercise in healthy animals. On the contrary, a dose of exercise that was too high (e.g. 

dogs running a marathon every day) or too low (e.g. short bouts of activity for rodents) 

may have detrimental effects on cartilage health. 

Interpretation of results 

Cartilage is a resilient tissue which has the ability to adapt its structure and composition 

across a wide range of loading magnitudes and frequencies (24, 28, 85, 86). 

Poroelasticity is the mechanism mainly responsible for the mechanical behaviour of 

the cartilage (87, 88). While the collagen network of cartilage resists tensile and shear 

loading, aggrecan is mainly responsible for resisting both static and dynamic 

compressive loads. Osmotic and electrostatic repulsive interactions between aggrecan 

GAG chains are mainly responsible for resisting static and very low frequency 

compression. At the same time, aggrecan GAG chains resists intra-cartilage fluid flow 

caused by dynamic compression of the highly hydrated tissue (89). The resistance to 

dynamic compression-induced fluid flow associated with aggrecan molecules (28) 

leads to fluid pressurization inside cartilage (90). Thus, normal healthy cartilage, 

containing a physiological amount of aggrecan, has a unique ‘self-stiffening’ property: 

the apparent compressive stiffness of cartilage is higher with increasing compressive 

loading frequencies. In addition, the stiffening of the pericellular and interritorial matrix 

in response to dynamic loading serves to protect chondrocytes (91). These 

mechanisms allow the cartilage to resist daily dynamic loading activities (e.g. walking, 

running) without leading to detrimental effects on its macromolecules (i.e. aggrecan). 

This suggests that the load generated on cartilage by the exercise interventions in 
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humans was within the loading range tolerated by cartilage, despite one study 

including a high impact (i.e. jumping) exercise. This highlights that high impact activity 

at low frequency may still be safe for cartilage health. In animals, the extreme knee 

joint loading interventions: dogs running a marathon daily for one year (i.e. overload) 

and short bouts of exercise in caged animals (i.e. underload) caused detrimental 

changes to cartilage compared to an exercise dose between these two extreme 

interventions (e.g. 4 km daily of running). 

Overall, this thesis highlights the need for future RCTs investigating the dose-response 

relationship between knee joint loading exercise and cartilage in people at risk of, or 

with, knee OA.   

Suggestions for future RCTs 

Based on the findings of this thesis, the following suggestions can be made to improve 

the design of future RCTs to test the hypothesis that knee joint loading exercise is 

beneficial for cartilage health in those at risk of, or with knee, OA. 

Participants 

People at increased risk of OA may benefit more than people with an advanced stage 

of OA from a knee joint loading intervention aimed at improving cartilage health. Given 

that the cartilage in people at increased risk of OA is thicker, with greater aggrecan 

content and lower inflammation compared to people in more advanced stages of OA, 

those at risk may potentially slow down the disease progression by preventing 

aggrecan loss with a knee joint loading intervention.  

Interventions 

The evidence suggests that supervised weight-bearing exercise may be the knee joint 

loading intervention which promotes more favourable cartilage outcomes. The reasons 

include: i) to benefit from an exercise intervention, adherence to the treatment is 

required, and studies including supervised exercise report higher compliance with the 



 47 

interventions compared to those including unsupervised exercise (92); ii) weight-

bearing exercise may promote the mechanical stimuli chondrocytes required to trigger 

an anabolic reaction, including proteoglycan synthesis (28). Regarding the optimal 

amount of exercise, one systematic review including healthy people indicated that very 

high doses of exercise, such as running marathons, have been associated with 

detrimental effect on cartilage aggrecan but not collagen matrix (60). It is important to 

take into account that diseased cartilage tolerates lower loading magnitudes and 

frequencies compared to healthy cartilage (28, 93).  Hence in the OA population, a 

lower dose of exercise may be potentially sufficient to replicate such harmful changes. 

For example, although one study included high impact (i.e. jumping) exercise without 

causing detrimental cartilage changes, not all people with OA tolerate high impact 

activities such as jumping (94). This type of knee joint loading exercise does not seem 

to cause detrimental cartilage changes but may cause pain and not be the generally 

recommended type of exercise for this population. 

Comparisons 

Knee joint loading exercise is a first-line treatment for knee OA, and more than 50 

RCTs have shown its clinical relevance (49), and therefore, not offering a knee joint 

loading intervention to the control group may be considered unethical. Future RCTs 

should include a control group exercising at a different dose, type or frequency 

compared to the intervention group. 

Outcomes 

Aggrecan 

For future studies, to increase the possibility of detecting a between-group difference 

in cartilage outcomes, our results suggest including composite outcomes, such as 

glycosaminoglycan assessed via MRI with dGEMRIC. Aggrecan, particularly GAGs, 

has faster turnover in the extracellular matrix and it is sensitive to mechanical loading 

either in healthy or diseased cartilage (95). Our results are in line with this knowledge. 
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In Paper I, aggrecan was the outcome most sensitive to detect a change following an 

exercise intervention. Similarly, in Paper II, two knee joint loading exercise 

interventions showed the ability to increase or decrease MRI-assessed aggrecan 

content. An increase in aggrecan content is interpreted as a beneficial effect and a 

decrease is associated with OA development or progression. It is important to note 

that the study that promoted a decrease in aggrecan content used aquatic exercise 

therapy as the knee joint loading intervention. Therefore, the unloading environment 

where the exercises were performed (i.e. water) was unlikely to have resulted in a 

detrimental effect on the posterior of the medial femoral cartilage compartment. One 

possible explanation, as reported by the authors of this paper, is that the size of the 

observed decrease in dGEMRIC falls within the upper limit of the measurement error 

(inter-observer error (CVRMS) from 2.8% to 4%). So, the detrimental effect observed 

might not have been the consequence of the intervention, but could have been 

measurement error. 

Collagen matrix 

Cartilage collagen matrix is minimally influenced by the OA disease or mechanical 

loading (95), and therefore the possibility of detecting a change in collagen following a 

knee joint loading intervention is limited. Our results in Paper I and Paper III, are in line 

with these findings, where collagen content was assessed either in healthy animals via 

histology or in people at risk of, or with, OA with molecular biomarkers, respectively. 

Overall, both papers show no effect of exercise on collagen content. By contrast, in 

Paper II, where collagen was assessed with MRI, one study investigating high impact 

exercise (96) and another study investigating aquatic exercise therapy (51) reported a 

beneficial effect on collagen type-II in the patellofemoral and femoral compartment, 

respectively. One interpretation of these results is that the changes observed with MRI 

transverse relaxation time T2, in the aquatic exercise therapy study, are very close to 

the measurement error, suggesting that the observed beneficial effect on collagen may 
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be not necessarily be the result of the mechanical stimuli generated by the knee joint 

loading intervention. 

Thickness, volume and defects  

Cartilage morphometric and morphological changes occur secondarily to 

compositional changes (34). In Papers I and II, we observed no effect of knee joint 

loading intervention in cartilage thickness, volume and defects. However, in the studies 

included in Paper III, the compliance with the knee joint loading intervention was low, 

leaving uncertainty about the effect of knee joint loading exercise on these outcomes. 

To interpret these results, it is important to consider that, in interventions with higher 

compliance, knee joint loading exercise did not harm articular cartilage composition, 

therefore, it is unlikely that detrimental changes would have been detected in these 

outcomes even with a higher compliance. 

Molecular biomarkers 

The best candidate molecular biomarkers for future studies are most likely to be 

structural molecules or fragments linked to cartilage, bone or synovial membrane and 

may be specific to one type of joint tissue or common to them all (97). In OA, a single 

molecular biomarker could be an effector molecule (e.g. an operator of joint damage), 

the result of joint damage, or both, as in the case of cartilage extracellular matrix 

fragments. An immediate increase or decrease in concentration may be expected due 

to exercise. However, the concentration returns to baseline values shortly after 

exercise. This behaviour may be attributed to physiological changes due to exercise 

rather than beneficial or detrimental changes in the knee joint (98). Our results are in 

line with these findings. In fact, we found no changes in molecular biomarkers related 

to inflammation and articular cartilage when taken after the immediate physiological 

increase or decrease due to exercise.   
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Methodological considerations 

The approach used in this thesis is considered the gold standard to summarize the 

available evidence, however this thesis has some limitations.  

Limitations of this thesis 

Due to the limited literature available, we could not perform meta-analyses for the 

impact of knee joint loading exercise on cartilage aggrecan and collagen in healthy 

animals (Paper I), on MRI-assessed cartilage (Paper II) and some molecular 

biomarkers in people at risk of, or with, OA (Paper III). More precisely, in Papers I and 

III, we were unable to extract data to be pooled in meta-analysis from at least three 

studies, since the outcomes assessed were reported in figures or ratio values between 

groups. In Paper II, the heterogeneous outcomes and interventions did not allow us to 

perform a meta-analysis. Although different statistical approaches can be used to 

account for heterogeneous outcomes and participants, for the meta-analysis to be 

relevant, it is important to consider the conceptual diversity of the included studies (99). 

We performed meta-analysis of the effect of exercise on cartilage thickness in healthy 

animals and on cartilage molecular biomarkers in people at risk, or with, knee OA. We 

used the SMD due to the wide range of continuous cartilage outcomes assessed. A 

possible limitation of using the SMD is that pooling together small studies with 

homogeneous participants and larger studies with heterogeneous participants may 

result in the small studies within the meta-analysis having more weight in the pooled 

estimate. Although small studies usually receive less weight in the meta-analysis, 

additional analysis is warranted to investigate the impact of these studies. In Paper I, 

for the meta-analysis on cartilage thickness, we performed a sensitivity analysis 

removing studies with more favourable results to investigate if the dose-response 

relationship indicated by the main analysis was driven by small studies with extreme 

results. The results of the sensitivity analysis did not differ from the main analysis, 

suggesting no impact of small study size. In Paper III, for meta-analysis of the impact 
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of knee joint loading exercise on molecular biomarkers, similar results were observed 

across all the included studies regardless of study size. As with the results from Paper 

I, it suggests no impact of small study size on the meta-analyses. 

Studies with statistically significant positive results are more likely to be published than 

studies with negative results (84, 100), leading to an overestimation of the findings 

(101) (102). For example, in animal stroke studies, it has been suggested that 14% of 

the conducted experiments are not published (103). In Paper I, the visual inspection 

of the funnel plot suggests that for the moderate dose group, the presence of small 

study bias lowers the confidence in our results for the beneficial effect of exercise on 

cartilage. It is important to note that, in humans, attention to this topic has improved 

due to collaborations such as the Cochrane Collaboration (from 1992) and EQUATOR 

(from 2006), while for animal studies, initiatives such as the SYRCLE or NC3R 

organizations emerged later (104). Therefore, the lack of guidelines and campaigns 

aimed at improving the quality of animal research might have contributed to publication 

bias in Paper I, since the studies we included were mainly performed in the 1990s. On 

the contrary, in human studies, although we could not perform statistical analyses on 

small study bias due to the limited number of studies found, the consistency of the 

negative results (e.g. no between-group difference) either for imaging or molecular 

biomarkers, suggests no impact of publication bias.  

The overall quality of evidence was deemed to be low. To interpret this judgment, it is 

important to consider that in studies including people at risk of, or with, knee OA, the 

majority of the papers have followed proper guidelines in conducting and reporting the 

results of the studies. However, the small number of studies for each outcome and the 

few participants involved limit confidence in our results. Therefore, the low quality of 

evidence in human studies, rather than being related to the methodological flaws of 

the included studies, is caused by the limited literature available. 
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Strengths of this thesis 

The quality of systematic reviews and meta-analyses is strictly dependent on the 

comprehensiveness of the included studies.  Our search strategies, performed in at 

least the five major databases, seems to have captured all the relevant studies for this 

topic. In fact, no additional relevant papers were identified in recently published 

systematic reviews or reference lists of the included original studies. The screening, 

the data extraction and the quality evidence assessment were performed by two 

reviewers independently and in the case of disagreement, consensus was reached by 

discussion. Additionally, to validate the results of the main findings, it is important to 

conduct sub-groups and sensitivity analyses. We performed several sensitivity 

analyses where possible. For the impact of exercise on cartilage thickness in animals 

we performed meta-regression analyses to investigate the impact of study level 

covariates (i.e. exercise dose, animal sex). The meta-regression analysis indicated the 

presence of a dose-response relationship, where a dose of exercise that was too high 

or too low caused a detrimental effect on cartilage thickness, regardless of animal type 

and sex. In Paper II for the impact of knee joint loading exercise on MRI-assessed 

cartilage, we performed a within-group analysis suggesting that the effect of exercise 

on articular cartilage was not harmful and if anything, beneficial. In Paper III, the large 

heterogeneity seen in all the meta-analyses was partially explained by the different 

joint fluids (i.e. blood and synovial fluid) from the location the molecular biomarkers 

were taken. Synovial fluid molecular biomarkers were shown to be more sensitive in 

detecting changes from exercise compared to blood and urine. Overall, all the 

additional analyses performed supported the findings of the primary analysis in Papers 

I, II and III. 
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Conclusions 

This thesis summarizes the evidence on the impact of knee joint loading exercise on 

articular cartilage. No evidence was found to support beneficial effects of knee joint 

loading exercise on articular cartilage, although in people at risk of, or with, knee OA, 

knee joint loading exercise is not harmful for articular cartilage structure and 

composition. Similarly, in healthy animals, a moderate dose of exercise does not harm 

articular cartilage, but a dose of exercise that is too high (e.g. dogs running a marathon 

every day for a year) or too low (e.g. rodents allowed only shorts bouts of exercise) 

may have detrimental effects.  
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Abstract in English 

Osteoarthritis (OA) is the most common joint disease. By 2050, 130 million people 

world-wide are expected to suffer from OA, and the knee is responsible for over 80% 

of the disease burden.  OA affects the whole person, causing pain, disability and a 

decline in quality of life. Inactivity and being overweight, together with other 

biomechanical and pro-inflammatory factors, are thought to be the major causes of 

increased articular cartilage breakdown, the hallmark of OA. To date, no cure exists 

for OA. Weight management together with knee joint loading exercise, in the forms of 

physical activity and exercise therapy, are cornerstones in the management of healthy 

and osteoarthritic joints. It is well established that exercise therapy reduces pain, 

improves function and increases quality of life. However, less is known about the 

impact of knee joint loading exercise on joint structures such as articular cartilage. 

Since many patients express a concern that exercise may affect their joint cartilage 

negatively, there was a need to summarize the available evidence. Therefore, the 

overall aim of this thesis was to investigate the impact of knee joint loading exercise 

on knee joint articular cartilage. 

Systematic reviews and meta-analyses of randomized controlled trials (RCT) involving 

knee joint loading exercise interventions in healthy animals and people at risk of, or 

with, knee OA, were performed. The outcome of choice to address knee joint health in 

this thesis was knee joint articular cartilage, assessed via histology in healthy animals, 

or via Magnetic Resonance Imaging (MRI) or molecular biomarkers obtained from 

synovial fluid, serum, plasma and urine samples in people at risk of, or with, knee OA. 

The quality of evidence of the impact of knee joint loading exercise on articular 

cartilage was evaluated using the GRADE (Grading of Recommendations 

Assessment, Development and Evaluation) approach. 

In healthy animals, we found 29 RCTs involving 64 study comparisons, including knee 

joint loading exercise interventions of low, moderate or high dose investigating 
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cartilage structure (i.e. thickness) and composition (i.e. aggrecan and collagen). 

Overall, in the low dose exercise group, 21 out of 25 (84%) comparisons reported 

negative or no effect on cartilage thickness, aggrecan and collagen. In the moderate 

dose exercise group, all 12 comparisons reported no or positive effect. In the high dose 

exercise group, 25 out of 27 (93%) comparisons reported no or negative effect. 

In people at risk of, or with, knee OA, MRI-assessed articular cartilage outcomes were 

investigated in nine RCTs, including 14 study comparisons, investigating cartilage 

morphometry (i.e. thickness and volume), morphology (i.e. defects) or composition (i.e. 

glycosaminoglycans (GAG) and collagen). Two studies included participants at 

increased risk of knee OA and 12 studies included participants with knee OA. In 

participants with increased risk of OA, one study comparison reported no effect on 

cartilage defects and one had positive effects on GAG. In participants with established 

OA, six study comparisons reported no effect on cartilage thickness, volume or 

defects; one reported a negative effect and one no effect on GAG; two reported a 

positive effect and two no effect on collagen. Overall, only one out of 14 comparisons 

reported a negative effect on knee joint articular cartilage assessed by MRI. 

In people at risk of, or with, knee OA, molecular biomarkers related to systemic 

inflammation and to turnover of cartilage extracellular matrix were investigated in 12 

RCTs, involving 55 comparisons. Overall, 17 out of 55 (31%) study comparisons, 

reported a decrease in cartilage molecular biomarkers, 34 out of 55 (62%) reported no 

effect and 4 out of 55 (7%) reported an increase, in favour of the intervention group. 

Meta-analyses showed that exercise therapy seems to be associated with reductions 

of C-reactive protein, C-terminal crosslinking telopeptide of type II collagen, tumour 

necrosis factor alpha (TNF-α), soluble TNF-α receptor-1 and -2, C2C neoepitope of 

type II collagen and cartilage oligomeric matrix protein in comparison to the control 

group. 
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Knee joint loading exercise does not harm articular cartilage in people at risk of, or 

with, knee OA. Similarly, in healthy animals, a moderate dose of exercise does not 

harm articular cartilage structure and composition, while a dose that is too high (e.g. 

dogs running a marathon every day for a year) or too low (e.g. rodents allowed only 

shorts bouts of exercise), may have a detrimental effect. The overall quality of evidence 

was deemed to be low, due to the small number of studies reporting results from the 

same outcome domain and the few participants involved, limiting confidence in our 

results. 
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Abstract in Danish 

Artrose (slidgigt) er den mest almindelige ledsygdom. I 2050 forventes 130 millioner 

mennesker at lide af artrose, og knæet er ansvarlig for over 80% af sygdomsbyrden. 

Artrose påvirker patienten både fysisk og psykisk; forårsager smerte, nedsætter den 

fysiske funktion og livskvaliteten. Inaktivitet og overvægt, sammen med biomekaniske 

og pro-inflammatoriske faktorer, menes at være hovedårsagerne til den øgede 

nedbrydning af ledbrusk, hvilket er kendetegnende for artrose. Der findes ingen kur 

mod artrose. Fysisk aktivitet og træning, er centrale for både sunde og osteoartritiske 

led. Det er veletableret, at træning reducerer smerte, forbedrer fysisk funktion og 

livskvalitet. Dog er der mindre kendskab til effekten af fysisk træning med belastning 

på knæleddene på strukturer såsom ledbrusk. Da mange patienter udtrykker 

bekymring for at motion måske kan påvirke deres ledbrusk negativt, er der behov for 

at sammenfatte de foreliggende viden. Derfor var det overordnede mål med denne 

afhandling at undersøge påvirkningen af træning, med belastning for knæleddene, på 

knæledsbrusk. 

Systematiske review og meta-analyser af randomiserede kontrollerede forsøg (RCT), 

der involverer træning med belastning på knæleddene hos raske dyr og personer med 

risiko for, eller med, artrose i knæene blev gennemført. Ændringer på knæledsbrusken 

blev i denne afhandling, vurderet via histologi hos raske dyr eller via magnetisk 

resonans (MR) scanning eller molekylære biomarkører fra synovialvæske (SF), serum 

(S), plasma (P) og urin (U) hos mennesker med risiko for, eller med knæ artrose. Den 

samlede evidens for betydningen af træning, med belastning på knæleddene, for 

ledbrusken blev vurderet med GRADE (Vurdering af Anbefalinger Vurdering, Udvikling 

og Evaluering).  

Hos sunde dyr fandt vi 29 RCT'er, der involverede 64 sammenligninger, af 

træningsinterventioner med lav, moderat eller høj knæbelastning, der undersøger 

effekten på bruskens struktur (dvs. tykkelse) og sammensætning (dvs. aggrecan og 
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kollagen). Samlet set rapporterede 21 ud af 25 (84%) sammenligninger med lav 

belastining på knæledsbrusken en negativ eller ingen effekt på brusk tykkelse, 

aggrecan og collagen. I gruppen med moderat belasting rapporterede alle 12 

sammenligninger ingen eller positiv effekt. I gruppen med høj beslastning på 

knæbrusken rapporterede 25 ud af 27 (93%) sammenligninger ingen eller negativ 

effekt. 

Hos personer med risiko for, eller med knæ OA blev knæledsbrusken undersøgt med 

MR-scanning i ni RCT'er, med ialt 14 gruppesammenligninger, i form af en 

undersøgelse af bruskmorfometri (dvs. tykkelse og volumen), morfologi (dvs. defekter) 

eller sammensætning (dvs. glycosaminoglycaner (GAG) og kollagen). To 

gruppesammenligninger inkluderede deltagere med øget risiko for knæ OA og 12 

sammenligninger inkluderede deltagere med knæ OA. Hos deltagere med øget risiko 

for OA rapporterede én gruppesammenligning ingen effekt på brusken, og én havde 

positive påvirkninger på GAG. Hos deltagere med OA rapporterede seks 

gruppesammenligninger ingen effekt på brusktykkelse, volumen eller brusk skader; én 

rapporterede en negativ effekt og én ingen effekt på GAG; to rapporterede en positiv 

effekt og to ingen effekt på collagen. Samlet set rapporterede kun én ud af 14 

sammenligninger en negativ effekt på knæledsbrusk vurderet med MR-scanning. 

Hos mennesker med risiko for, eller med knæ OA blev molekylære biomarkører 

relateret til systemisk inflammation og omsætning af bruskens ekstracellulær matrix 

undersøgt i 12 RCT'er, der involverede 55 gruppesammenligninger. Samlet set 

rapporterede 17 ud af 55 (31%) gruppesammenligninger et fald i den molekylære 

biomarkør i brusk, 34 ud af 55 (62%) rapporterede ingen effekt, og 4 ud af 55 (7%) 

rapporterede en stigning til fordel for træningsgruppen. Meta-analyser viste, at træning 

synes at være forbundet med reduktioner af C-reaktivt protein, C-terminalt 

tværbindende telopeptid af type II-kollagen, tumornekrosefaktor alfa (TNF-a), 

opløselig TNF-a-receptor-1 og -2 , C2C neoepitope af type II kollagen og brusk 

oligomert matrixprotein i sammenlignet med kontrolgruppen. 
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Træning med belastning af knæleddene påvirker ikke ledbrusk hos personer i risiko 

for, eller med knæ OA. Samtidigt ødelægger en moderat dosis af øvelser ikke ledbrusk, 

bruskstruktur og sammensætning, mens en for høj dosis, såsom at løbe et marathon 

hver dag i 55 uger, eller en lav dosis for lidt træning, f.eks. kort træningstid, kan have 

en skadelig påvirkning. Den samlede evidens blev anset for lav på grund af det lille 

antal af studier, der rapporterede det samme domæne, og de få involverede deltagere, 

hvilket begrænsede tilliden til vores resultater. 
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Abstract  

Purpose. To investigate the impact of knee joint loading exercise on articular cartilage 

in people at risk of, or with established, knee osteoarthritis (OA) by conducting a 

systematic review of randomized controlled trials. 

Methods. We performed a literature search with no restriction on publication year or 

language in MEDLINE, EMBASE, CINAHL, the Cochrane Central Register of 

Controlled Trials and Web of Science up to September 2017. A narrative synthesis of 

the effect of knee joint loading exercise interventions on MRI-assessed articular 

cartilage morphometry (thickness and volume), morphology (defects) and composition 

(glycosaminoglycans and collagen) was performed.  

Results. We included nine trials, including 14 comparisons of different cartilage 

outcomes, of which two included participants at increased risk of knee OA and 12 

included participants with knee OA. In participants at increased risk, one study 

comparison reported no effect on cartilage defects and one had positive effects on 

glycosaminoglycans (GAG). In participants with OA, six study comparisons reported 

no effect of knee joint loading exercise on cartilage thickness, volume or defects; one 

reported a negative effect and one no effect on GAG; two reported a positive effect 

and two no effect on collagen. 

Conclusions. Knee joint loading exercise seems to not be harmful for articular 

cartilage in people at increased risk of, or with, knee OA. However, the quality of 

evidence was low including some interventions considered to have too low or too high 

a dose to positively impact on cartilage, particularly for studies evaluating cartilage 

volume, thickness and defects. 

Keywords: Exercise, cartilage, humans, collagen and glycosaminoglycans. 
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What is already known? 

• Knee joint loading exercise is a cornerstone in the management of knee OA. 

• Knee joint loading exercise in the form of exercise therapy has a moderate 

effect in reducing pain and improving physical function in knee OA patients. 

What are the new findings? 

• Knee joint loading exercise seems to not be harmful for articular cartilage in 

participants at increased risk of, or with, knee OA.  

• Knee joint loading exercise interventions at a dose sufficient to improve 

cartilage health need to be investigated.   
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INTRODUCTION 

Knee osteoarthritis (OA) is the most common joint disease. It affects all the 

components of the knee joint and is responsible for over 80% of the burden of OA (1). 

OA has no cure; however, a combination of non–pharmacological treatments such as 

patient education, exercise therapy and weight loss; pharmacological treatments; and, 

in more severe cases, surgical treatments, are used to improve pain and physical 

function and to reduce other OA symptoms (2, 3).  

The important role of mechanical loading in the development and progression of OA is 

well established (4, 5); both overloading (6, 7) and underloading (8) have been shown 

to trigger common mechanisms, ultimately leading to articular cartilage degeneration, 

while moderate loading has been shown to be beneficial for the articular cartilage (5, 

9, 10). Therefore, the mechanical loading generated from exercise, in combination with 

cell biology, and in some cases inflammatory factors, may alter the function of articular 

cartilage, leading to beneficial or detrimental structural changes (5, 11). This suggests 

a potential therapeutic effect of knee joint loading exercise, not only on muscle, but 

also on articular cartilage (12), the hallmark joint structure affected in knee OA. 

However, to date, current knowledge in this area has not been summarized 

systematically. Our aim was, therefore, to review the existing evidence regarding the 

impact of knee joint loading exercise on articular cartilage. A systematic review of 

randomized controlled trials (RCTs) including participants at risk of, or with, knee OA 

might identify a possible relationship between knee joint loading exercise and change 

in articular cartilage quantity and quality. 

METHODS 

Terminology 

As defined by the authors of the original papers, participants at risk of knee OA are 

those with risk factors (e.g. knee injury treated with or without surgery, or BMI ≥25) 

associated with the development or progression of the disease, while participants with 
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OA are those with a clinical diagnosis of OA (i.e. according to the American College of 

Rheumatology criteria) with or without radiographic signs of knee OA (Kellgren-

Lawrence (KL) grade >1), in the tibiofemoral and/or patellofemoral compartments of 

one or both knees (13).  

Articular cartilage outcomes assessed by Magnetic Resonance Imaging (MRI) were 

classified into morphometry (i.e. thickness and volume), morphology (i.e. defects) or 

composition (i.e. glycosaminoglycans assessed by dGEMRIC and collagen assessed 

with T2-mapping in seven comparisons). 

The term ‘knee joint loading exercise’ refers to “the stimuli applied to the knee joint 

from ‘exercise’ or ‘exercise therapy”. The term ‘exercise’ refers to “physical activities, 

which are usually done on a regular basis with the intention of improving or maintaining 

physical fitness or health” and ‘physical activity’ refers to “any bodily movement 

produced by skeletal muscles that requires energy expenditure”. The term ‘exercise 

therapy’ refers to “a regimen or plan of physical activities designed and prescribed for 

specific therapeutic goals with the purpose to restore normal musculoskeletal function 

or to reduce pain caused by diseases or injuries” (14). 

Protocol 

This systematic review is reported according to the Preferred Reporting Items for 

Systematic Reviews and Meta-Analyses (PRISMA) guidelines. Study selection, 

eligibility criteria, data extraction and statistical analysis were performed according to 

the Cochrane Collaboration guidelines (15) and published in a protocol in the 

PROSPERO database (CRD42016039536).  

Eligibility criteria 

We included RCTs investigating the impact of knee joint loading exercise on articular 

cartilage in people over 18 years of age. Studies were excluded when no-full text was 
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available, and when treatment arms involved interventions other than knee joint 

loading exercise that might have impacted on the articular cartilage. 

Literature search 

A systematic literature search was performed with no restriction on publication year or 

language in MEDLINE via PubMed, EMBASE via Ovid, CINAHL (including 

preCINAHL) via EBSCO, the Cochrane Central Register of Controlled Trials 

(CENTRAL) and Web of Science (WoS) up to May 2016. The search was repeated for 

the period from May 2016 to September 2017 in these databases to identify additional 

studies published before manuscript submission. 

Search methods and study selection 

The search was firstly performed in MEDLINE (Appendix A) and then customized for 

EMBASE, CENTRAL, WoS and CINAHL. All terms were searched, if possible, both as 

keywords [MeSH] and as text words in titles and abstracts [TIAB].  In MEDLINE and 

EMBASE, animal studies were identified and removed before screening all the studies, 

using a validated animal filter (16, 17). Initially, two reviewers (AB and CJ) 

independently screened titles and abstracts and all studies deemed eligible by at least 

one of the reviewers was checked independently in full-text by the same two reviewers. 

In addition, reference lists from retrieved publications and systematic reviews 

published after January 2010 were screened. Disagreements between the two 

reviewers in inclusion were discussed until consensus was reached.  

Data collection 

A customized data extraction form was developed for each of the articular cartilage 

outcome categories: morphometry (i.e. thickness and volume), morphology (i.e. 

defects) or composition (i.e. glycosaminoglycans and collagen). These outcomes were 

estimated from the combination of different cartilage compartments (i.e. medial and 

lateral) when data were available. Otherwise, values from the medial and lateral values 
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of the tibia, femur and the patella were used. Data were extracted by the first and 

second authors (AB and CJ) from tables and graphs of published manuscripts. The 

following information was mandatory: authors of the study, year of publication, design 

of the trial, intervention characteristics, location of the trial (in the case of multi-center 

studies, primary investigator affiliation was applied), number of participants allocated 

(to the exercise and control groups respectively), the participants’ average age, 

average body mass index (BMI), the duration of the study (presented in weeks), and 

the MRI characteristics. 

Narrative synthesis of results 

Between–group difference 

We assessed the effect of knee joint loading exercise as positive (‘+’) or negative (‘-‘) 

when a statistically significant (P<0.05) improvement or decline in the outcome of 

interest was reported for the overall cartilage or at least one of the cartilage 

compartments assessed in the intervention group compared with the control group. If 

none of the compartments showed an increase or a decrease in the outcome of 

interest, we reported this finding as no effect (‘=’). Increased T2 values have been 

associated with deteriorated collagen orientation and increased hydration (18, 19), 

which is considered to have a negative impact on the cartilage. Therefore, we reported 

increased T2 values as negative (‘-‘) and decreased T2 values as positive (‘+’) for the 

cartilage. 

Within–group difference 

Additionally, we investigated within-group differences assessing the effect of knee joint 

loading exercise as positive (‘+’) or negative (‘-‘) when an improvement or a decline in 

the outcome of interest was reported between pre and post intervention, and as no 

effect (‘=’) if none of the compartments showed an increase or a decrease in the 

outcome of interest. 
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Overall quality of evidence 

Risk of bias 

Study quality was assessed by rating the risk of selection bias, performance bias, 

detection bias, attrition bias, reporting bias and other sources of bias. Two reviewers 

(AB and CJ) independently assessed whether each of the following domains was 

adequate (e.g. low, unclear, or high risk of bias): ‘sequence generation’, ‘allocation 

concealment’, 'blinding', ‘incomplete outcome data addressed’, ‘selective outcome 

reporting’ or ‘other bias’ (e.g. funding) (15). Disagreements in initial ratings of 

methodological quality assessment were discussed between the two reviewers until 

consensus was reached.  

Knee joint loading exercise quality assessment 

Based on a combination of theoretical and clinical considerations, two of the authors 

(CJ and EMR) independently assessed the anticipated impact of the knee joint loading 

interventions on cartilage (low, moderate or high) and if the dose was considered 

adequate to presume positive cartilage modifications were possible. This process was 

conducted due to the diversity of knee joint loading exercise interventions and their 

varying susceptibility to different biases.  

The GRADE assessment 

The overall quality of evidence for the estimates was evaluated using the GRADE 

(Grading of Recommendations Assessment, Development and Evaluation) approach 

(20). The GRADE is a systematic approach to rate the quality of evidence across 

studies for specific outcomes. It is based on five domains that involve the 

methodological flaws of the studies (i.e. risk of bias), the heterogeneity of results 

across studies (i.e. inconsistency), the generalizability of the findings to the target 

population (i.e. indirectness), the precision of the estimates and the risk of publication 

bias. 
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Figure 1. Flow chart of the included studies in the systematic reviews. RCT= 

randomized control trial. 
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RESULTS 

Study selection and characteristics 

The literature search identified a total of 2,868 unique publications, of which 21 

individual RCTs were identified as potentially eligible. Ultimately, we included nine 

papers, involving 14 study comparisons. MRI-assessed cartilage morphometry was 

investigated in four (20, 21), cartilage morphology in three (22, 24) and cartilage 

composition in seven comparisons (25-28). One study was reported in two different 

papers (25, 29). Multanen et al. (25) reported findings in the tibiofemoral compartment 

and Koli et al. (29) in the patellofemoral compartment of the same participants following 

the same exercise intervention. We included both papers and counted them as one 

study with two study comparisons, as suggested in the Cochrane guidelines (15). 

Two study comparisons investigated the effect of knee joint loading exercise in 

participants at increased risk of developing OA: one in participants having had 

arthroscopic partial meniscectomy (28) and the other in overweight or obese 

participants (24). Twelve study comparisons focused on participants with OA (20-23, 

25-27, 29).  

Participant characteristics 

The overall number of participants in the included studies was 702, with a mean age 

(SD) of 57.7 years (6.5) and a mean BMI (SD) of 29.5(4.4). The overall percentage of 

women was 81.7%, (Table 1). 

Outcome measures 

In the two study comparisons including participants at risk of OA, articular cartilage 

was assessed as cartilage morphology using the semi-quantitative MOAKS scoring 

system (24), and cartilage composition as GAG via dGEMRIC index (28). 
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In the 12 study comparisons focusing on participants with established OA, articular 

cartilage was assessed using cartilage morphometry in four (20,21) and morphology 

with semi-quantitative scoring systems in three (22,23). Cartilage composition was 

assessed in seven comparisons as GAG via dGEMRIC (25,26) or collagen via T2–

mapping (25-27, 30). Detailed characteristics of participants and outcome measure 

characteristics are reported in Table 1. 

Knee joint loading exercise interventions 

Knee joint loading exercise interventions differ substantially among studies, including 

supervised exercise therapy, home exercise and physical activity interventions. 

Detailed characteristics of knee joint loading exercise interventions are reported in 

Table 2.
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TABLE 1. Studies included in the qualitative synthesis. ROI= region of interest; TF=tibiofemoral; M=medial; L=lateral; P=patella; ROA= Radiographic knee 

osteoarthritis; OA= osteoarthritis; KL= Kellgren-Lawrence scale; IG= intervention group; CG= control group. ACR= American College of Rheumatology 

(Altman 1986).  

STUDY CHARACTERISTICS  PARTICIPANTS CHARACTERISTICS 

Author and year Study location  Inclusion criteria 
Participants 

included 
 (IG/CG) 

Women 
% 

Age (year) 
Mean 
(SD) 

BMI (Kg/m2) 
Mean 
(SD) 

Armagan et al. 
2015 

Eskisehir, 
Turkey 

 with OA (ACR criteria) 30/40 68% 56 
(0.6) 

30.9 
(0.2) 

Dincer et al. 2016 Istanbul, 
Turkey 

 with OA (ACR criteria) 19/16 80% 51 
(2.4) 

28.6 
(0.8) 

Henriksen et al. 
2014 

Copenhagen, 
Denmark 

 with OA (osteophytes and/or joint space narrowing 
assessed by a radiologist) 

59/63 - 64 
(0.8) 

37.2 
(0.7) 

Hunter et al. 2015 North Carolina, 
USA 

 with OA (RKOA KL 2 or 3, BMI of 27 to 37 and 
sedentary (<30 min exercise/week in the past 6 

months) 

36/33 72% 66 
(6) 

33,6 
(3.7) 

Landsmeer et al. 
2016 

Rotterdam, 
Holland 

 Risk of OA (Overweight/obese with 
no clinical knee OA 

according to ACR criteria) 

87/87 100% 56 
(3.2) 

32.3 
(4.2) 

Multanen et 
al.2014 and Koli et 

al. 2015 

Jyväskyla, 
Finland 

 with OA (Symptomatic and RKOA KL 1 or 2) 40/40 100% 58 
(4.2) 

26.9 

Munukka et al. 
2016 

Jyväskyla, 
Finland 

 with OA (Symptomatic and RKOA KL 1 or 2) 43/44 100% 64 
(2) 

27 
 (0.3) 

Ochiai et al. 2014 Chiba, 
Japan 

 with OA (RKOA KL 1,2,3) 9/11 100% 59 
(0.7) 

22.7 
(1) 

Roos and Dahlberg 
2005 

Malmö, 
Sweden 

 Risk of OA 
(Patients having had meniscectomy) 

22/23 33.30% 46 
(3.3) 

26.6 
(3.2) 
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TABLE 2. Knee joint loading exercise and outcome characteristics of included studies. ROI= region of interest; TF=tibiofemoral; M=medial; L=lateral; 

P=patella; /Week= times per week; min= minutes; WB= weight bearing; *=too little information available; **=No serious adverse events were reported. 

 KNEE JOINT LOADING EXERCISE CHARACTERISTICS 
OUTCOMES 

CHARACTERISTICS 
EXERCISE QUALITY 

 
Study 

comparisons 
Type 

Frequency 
and 

duration 

 

Exercise 
sessions 
attended 

/scheduled 
sessions (n 

and %) 

Non-serious 
adverse events 

in the 
intervention 

group** 

ROI 
 

Outcomes 
Anticipated 
impact on 
cartilage 

Adequate/ 

Inadequate 

Armagan 
et al. 2015 

Home exercise 
therapy vs. Oral 

glucosamine 
sulphate 

WB and non-WB 
(Quadriceps and 

hamstring 
strengthening and 
dynamic stair step 

exercises) 

24 weeks - - TFML 

Morphology 
(Semi-

quantitative 
scoring) 

Low to 
moderate 

Undeterminable* 

Dincer et 
al. 2016 

Supervised and 
home exercise, 
TENS and hot 
pack vs. TENS 
and hot-pack 

WB (Closed kinetic 
chain exercises, 
transcutaneous 
electrical nerve 

stimulation (TENS) 
and hot-pack) 

5 T/W 
30 min 

12 weeks 
- 

n=2 (Increase 
knee pain),  n=1 
(increase blood 

pressure) 

TFML 
and P 

Morphometry 
(Thickness 

and volume) 

Low to 
moderate 

Inadequate 

Henriksen 
et al. 2014 

Supervised and 
home exercise 

vs. Non-exposed 
group 

WB (Circuit training) 
3 T/W 
60 min 

16 weeks 

n=7/47 

15% 
- TFML 

Morphology 
(Semi-

quantitative 
scoring) 

Moderate Adequate 

Hunter et 
al. 2015 

Supervised and 
home exercise & 
diet vs. Diet only 

WB (Aerobic walking, 
strength training) 

3 T/W 
60 min 

72 weeks 

n=142/216 

64% 

n=1 (muscle 
strain), n=2 
(trips/falls) 

TFM 
Morphometry 

(Thickness 
and volume) 

Low to 
moderate 

Adequate 
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Landsmeer 
et al. 2016 

Supervised 
Exercise and 
diet vs. Oral 

placebo 
supplementation 

WB (Nordic walking, 
volleyball, bowling, 

salsa dancing, tai chi, 
softball, belly dance 
and modern dance) 

1 T/W 
60 min 

20 weeks 

n=7/20 

35% 

n=2 (side effects 
non-specified) 

TFML 
and P 

Morphology 
(Semi-

quantitative 
scoring) 

Low Inadequate 

Multanen 
et al. 2014 

Supervised 
exercise therapy 
vs. Non-exposed 

group 

WB (Aerobic, step 
aerobics 

and jumping exercise) 

3 T/W 
55 min 

48 weeks 

n=98/144 

68% 
- 

TF 
anterior 
posterior 
central 

Composition 
(GAG via 

dGEMRIC, 
Collagen via 
T2-mapping) 

High Inadequate 

Koli et al. 
2015 

Same as 
Multanen 

Same as Multanen 
Same as 
Multanen 

Same as 
Multanen 

Same as 
Multanen 

Patellar 
Composition 
(Collagen via 
T2-mapping) 

Same as 
Multanen 

Same as 
Multanen 

Munukka 
et al. 2016 

Supervised 
exercise therapy 
vs. Non-exposed 

group 

Non-WB (aquatic 
exercise therapy) 

3 T/W 
60 min 

16 weeks 

n=42/48 

88% 

n=2 (bilateral 
knee pain and 

dyspnoea) 

TF 
anterior 
posterior 
central 

Composition 
(GAG via 

dGEMRIC, 
Collagen via 
T2-mapping) 

 

Low Inadequate 

Ochiai et 
al. 2014 

Home exercise 
vs. Local heat 

treatment 

Non-WB (2 sets of 
straight leg raise, 

abductor training, and 
adductor training (20 
reps per set) in the 

morning and evening 
every day) 

14 T/W 
- 

12 weeks 
- 

n=1 (dizziness 
during exercise 

therapy) 
TFML 

Composition 
(Collagen via 
T2-mapping) 

Low Inadequate 

Roos and 
Dahlberg 

2005 

Supervised 
individually 
progressed 

exercise therapy 
vs. Non-exposed 

group 

WB (Weight-bearing 
neuromuscular 

exercises) 

1-5/Week 
60 min 

16 weeks 

n=31/54 

54% 
- 

F 
central/ 

posterior 

Composition 
(GAG via 

dGEMRIC) 
Moderate Adequate 
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Narrative synthesis of results 

Between-group difference 

In the participants at risk of OA, one study comparison in overweight women with a 

mean age of 56 years reported no effect on cartilage defects (MOAKS) (24) and one 

in mostly men with a mean age of 46 years, having had arthroscopic partial 

meniscectomy, reported positive cartilage composition changes on GAG as assessed 

from dGEMRIC (28). In participants with established OA, six study comparisons found 

no effect of knee joint loading exercise on cartilage thickness, volume or defects (20-

23), one study comparison reported no effect (25) on GAG and one reported a negative 

effect on the cartilage composition of the medial condyle of the femur, both assessing 

GAG via dGEMRIC (26). On the contrary, the same knee joint loading exercise 

intervention that reported negative effects on GAG also reported a positive effect on 

collagen assessed using T2-mapping in the cartilage of the posterior medial femoral 

condyle and central medial tibial condyle (26). Two publications from the same RCT 

reported a positive effect on collagen T2–mapping in the patellar cartilage (29) and no 

effect on the cartilage of the medial condyle of the femur (25). Lastly, one study 

comparison reported no effect on collagen T2-mapping (27) (Table 3a). 
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TABLE 3. Synthesis of nine studies for the effect of knee joint loading exercise on articular cartilage. a) Between–group difference; b) 

within intervention group difference; (‘+’)= Positive effect of exercise on cartilage. (‘-‘)= Negative effect of exercise on cartilage. (‘=’)= No effect of 

exercise on cartilage.  

a) 

Stage Author and year of study 

Between-group difference b) Within-group difference 

Morphometry Morphology Composition 
 

Morphometry Morphology Composition 

Thickness Volume Defects GAG Collagen 
 

Thickness Volume Defects GAG Collagen 

Increased 
OA risk 

Landsmeer et al. 2016     =         =     

Roos and Dahlberg 2005       +         +   

OA Armagan et al. 2015     =         +     

Dincer et al. 2016 = =       = +       

Henriksen et al 2014     =         =     

Hunter et al. 2015 = =       = =       

Multanen et al. 2014       = =       + = 

(Koli et al. 2015)         +         + 

Munukka et al. 2016       - +       - + 

Ochiai et al. 2014         =         = 
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Within-group difference  

The within-group differences analysis investigating articular cartilage changes pre-to 

post intervention (within-group findings), showed that knee joint loading exercise had 

a positive effect on cartilage volume (20), on cartilage defects (SPRG) in the medial 

femoral condyle (22) and on GAG in the medial and lateral compartment of the femur 

and lateral compartment of the tibia (25,28). Furthermore, positive effects were also 

reported on the patellar cartilage (29) and on the posterior medial femoral condyle and 

central medial tibial condyle (26). There was only one negative within-group finding out 

of 14 comparisons (Table 3b). 

Quality of evidence 

Risk of bias  

Overall, the majority of the studies applied proper randomization, allocation and 

blinding of the outcome assessment. In contrast, all the studies failed to clearly report, 

or inadequately addressed, dropouts of participants in the analyses (attrition bias, 

Figure 2).  

Knee joint loading exercise quality 

When evaluated and rated independently by two of the co-authors (CJ and EMR), 

some of the exercise interventions were assessed as inadequate (either too low or too 

high a load) to promote positive articular cartilage changes in morphology or 

morphometry (Table 2). 

The GRADE assessment 

The inadequacy of some knee joint loading interventions, the small number of studies 

and the few participants involved limits the generalizability of our findings. Therefore, 

due to this indirectness and imprecision, the overall quality of evidence was deemed 

low (20) (Appendix B).  
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Figure 2. Risk of bias graph: review authors’ judgements about each risk of bias 

item presented as percentages across all included studies. 

 

DISCUSSION 

Our findings suggest that knee joint loading exercise seems to not be harmful for 

articular cartilage in people at increased risk of, or with, knee OA. However, the quality 

of evidence was low, including some interventions with an exercise dosage considered 

to be too low or too high to positively impact on cartilage, particularly for studies 

evaluating cartilage volume, thickness and defects. 

Articular cartilage morphometry and morphology 

The inconclusive findings about knee joint loading and the impact on cartilage 

thickness, volume and defects may be related to the heterogeneity of the populations, 

the interventions studied, or the outcomes used. In fact, when evaluated and rated 

independently by two of the co-authors (CJ and EMR), not all the exercise 

interventions were assessed as adequate to promote positive articular cartilage 

changes. In some cases, the dose was considered too low and in one case, the type 

of exercise (jumps) was considered excessive for the cartilage of older women who 

had mild OA. Additionally, the compliance with the exercise interventions investigating 
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cartilage morphometry or morphology was generally poor. The resulting inadequate 

mechanical stimuli could potentially be at least partly responsible for the lack of effect. 

On the other hand, MRI–based cartilage assessments have been shown to be 

sensitive enough to detect between-group morphometry and morphology changes in 

previous randomized studies using quantitative and semi–quantitative methods (31, 

32). Nevertheless, in our review, the studies assessing cartilage with both quantitative 

and semi-quantitative methods failed to report a change for either method, suggesting 

the lack of positive effect was not due to poor responsiveness of the evaluation 

methods.  

Articular cartilage composition  

It is well known that alterations in articular cartilage composition is a marker of early 

OA changes (33). Negative changes in cartilage composition may therefore be 

expected to occur prior to changes in morphometry and morphology cartilage 

parameters (34). None of the studies included in our review allowed for a comparison 

of treatment effects on both structural and compositional changes of the cartilage. 

However, GAG and collagen assessed as dGEMRIC and T-2 mapping, respectively, 

were the only outcomes that showed a response to the treatment interventions, 

supporting the theory that these early OA markers are sufficiently sensitive to detect 

treatment effects in individuals with early or established OA. Nevertheless, six out of 

seven study comparisons found no effect or beneficial effect on cartilage composition, 

highlighting that knee joint loading exercise seems to be at least safe in patients at 

increased risk of, or with, knee OA.  

Limitations 

This study has some limitations. Heterogeneous characteristics of participants, various 

types of knee joint loading interventions and few studies using the same outcomes did 

not allow us to perform a meta-analysis and investigate the dose-response relationship 

between knee joint loading exercise and articular cartilage health. Furthermore, the 
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low compliance with the exercise interventions in studies investigating articular 

cartilage morphology and morphometry, limits the possibility of concluding whether 

exercise had a positive or negative impact on these outcome measures. 

Implications for researchers and clinicians 

More high quality RCTs are needed to further investigate the impact of knee joint 

loading exercise on articular cartilage in patients at increased risk of, or with, knee OA. 

To increase the possibility of finding positive effects, available results suggest future 

studies need to focus on interventions in the form of supervised weight-bearing 

exercise therapy of sufficient dose in younger subjects at risk or in early stages of the 

disease, allowing for evaluation of cartilage composition with measures such as 

dGEMRIC and T2-mapping. 

CONCLUSION 

We narratively summarized the impact of knee joint loading exercise on knee joint 

articular cartilage in the participants at risk of, or with, knee osteoarthritis included in 

randomized controlled trials of exercise. Knee joint loading exercise did not harm 

articular cartilage in the participants at increased risk of, or with, knee OA. However, 

the quality of evidence was low, including some interventions being considered of too 

low or too high a dose to positively impact on cartilage, particularly for studies 

evaluating cartilage volume, thickness and defects.  
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APPENDIX 

A 

Search strategy in MEDLINE: (glycosaminoglycan[mesh]) OR collagen[mesh]) OR 

glycosaminoglycan[tiab]) OR collagen[tiab]) OR (cartilage[mesh]) OR cartilage[tiab]) 

OR articular, cartilage[mesh]) OR articular, cartilage[tiab]) OR cartilage 

morphology[tiab] AND magnetic resonance imaging[mesh]) OR magnetic resonance 

imaging[tiab]) OR MRI[mesh]) OR MRI[tiab]) AND (knee[mesh]) OR knee[tiab]) OR 

knee joint[mesh]) OR knee joint[tiab]) AND (exercise[mesh]) OR exercise[tiab]) OR 

physical activity[mesh]) OR physical activity[tiab]) OR running[mesh]) OR 

running[tiab]) OR treadmill[tiab]) OR aerobic[tiab]) OR Resistance Training[mesh]) OR 

Resistance Training[tiab]) OR weight-bearing[mesh]) OR weight-bearing[tiab]) OR 

endurance training[tiab]) OR muscle strength[mesh]) OR muscle strength[tiab]) OR 

swimming[mesh]) OR swimming[tiab]) OR exercise therapy[mesh]) OR exercise 

therapy[tiab]) OR Jogging[MeSH]) OR Jogging[tiab]) OR Pool therapy[tiab]) OR 

Aquatic exercise[tiab]) OR Hydrotherapy[mesh]) OR Hydrotherapy[tiab]). 
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The GRADE assessment 
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Abstract  

Objective. To investigate the impact of exercise therapy on molecular biomarkers 

related to cartilage and inflammation in people at risk of, or with established, knee 

osteoarthritis by conducting a systematic review of randomized controlled trials (RCT). 

Methods. We performed a literature search, up to September 2017, with no restriction 

on publication year or language in five major databases. We extracted data from the 

first available follow up time point and performed a narrative synthesis for the effect of 

exercise therapy on molecular biomarkers related to cartilage and inflammation. A 

subset of studies reporting sufficient data was combined in meta-analysis, using a 

random effects model and adjustment to Hedges’ g.  

Results. Twelve RCTs, involving 55 study comparisons at 4 to 24 weeks following the 

intervention were included. Overall, 17 out of 55 (31%) study comparisons, reported a 

decrease on cartilage molecular biomarker, 34 out of 55 (62%) reported no effect and 

4 out of 55 (7%) reported an increase, in favour of the intervention group. Meta-

analyses showed that exercise therapy seems to be associated with reductions, of C-

reactive protein, C-terminal crosslinking telopeptide of type II collagen, tumor necrosis 

factor alpha (TNF-α), soluble TNF-α receptor-1 and -2, C2C neoepitope of type II 

collagen and cartilage oligomeric matrix protein in comparison to the control group.  

Conclusions. Our results suggest that exercise therapy is not harmful, and if anything, 

positive for the cartilage, assessed in terms of cartilage and inflammation molecular 

biomarkers. However, the overall quality of evidence was low. 

Keywords: Exercise, cartilage, humans, knee, molecular biomarkers. 
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INTRODUCTION 

It is extensively agreed that osteoarthritis (OA) is driven by the combination of 

biomechanical and pro-inflammatory factors, ultimately leading to osteochondral 

changes, with cartilage loss being the structural hallmark of OA (1). Molecular 

biomarkers in blood, urine and joint fluid are a set of promising disease markers, in 

predicting OA progression and assessing therapeutic response (2). People with knee 

OA have higher levels of circulating biomarkers associated with onset and progression 

of OA, compared to healthy controls (3-5). Therefore, biomarkers can be used to 

monitor the potential of interventions to slow down structural disease progression in 

the knee (6). 

Exercise therapy is a cornerstone in OA treatment (7, 8), and its therapeutic effect in 

terms of pain reduction and improvement in functionality is well recognized (9). Less 

is known about the impact of exercise therapy on the knee joint, including molecular 

biomarkers related to cartilage and inflammation. Studies have shown that single bouts 

of exercise, across populations with different characteristics, promote immediate 

changes to molecular biomarkers that in general return at baseline levels after a short 

period of rest (10, 11). However, whether exercise interventions prescribed for specific 

therapeutic goals have an impact on the molecular biomarkers concentration following 

exercise therapy has previously only been investigated in individual studies, and the 

effect has not been summarized in systematic review and meta-analysis. 

We aimed to investigate the impact of exercise therapy interventions on molecular 

biomarkers related to articular cartilage and inflammation, by systematically reviewing 

published randomized controlled trials in people at risk of, or with established knee 

OA. 
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METHODS 

Protocol 

Study selection, eligibility criteria, data extraction and statistical analysis were 

performed according to the Cochrane Collaboration guidelines (12). The study has 

been reported according to the PRISMA guidelines and the study protocol was 

registered at PROSPERO (CRD42017055850). 

Eligibility criteria 

We included randomized controlled trials investigating the impact of exercise therapy 

on cartilage molecular biomarkers in people at risk of, or with established knee OA. 

Studies were excluded when no-full text was available, or when the active treatment 

arms involved other interventions besides exercise therapy. 

Literature search 

A systematic literature search was performed with no restriction on publication year 

and language in MEDLINE via PubMed, EMBASE via Ovid, CINAHL (including 

preCINAHL) via EBSCO, the Cochrane Central Register of Controlled Trials 

(CENTRAL) and Web of Science (WoS) all up to January 2017. The search was re-

run in the mentioned databases up to September 2017. 

Search methods and study selection 

The studies were identified by performing a customized search strategy 

(supplementary file A – search in MEDLINE). All terms were searched, if possible, both 

as keywords [MeSH] and text words in titles and abstracts [TIAB].  In MEDLINE and 

EMBASE animal studies were identified and removed before screening all the studies, 

using a validated animal filter (13, 14). At first, two reviewers (AB and CJ) 

independently screened titles and abstracts and all studies deemed eligible by at least 

one of the reviewer was checked independently in full-text by the same reviewers. 
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Disagreements in inclusion were discussed between the two reviewers until 

consensus.  

Data collection 

Data were extracted by two of the authors (AB and CJ) from the manuscripts including 

tables and graphs of published manuscripts. A customized data extraction form was 

developed for each of the molecular biomarkers (15). The molecular biomarkers were 

grouped into synovial fluid, serum and plasma in blood samples and urine.  

The following data extraction were mandatory: authors of the study, year of publication, 

design of trial, intervention characteristics, location of the trial (in case of multi-centre 

studies, primary investigator affiliation applied), number of patients allocated (to the 

exercise and control groups respectively), number of patients in the intention to treat 

(ITT) population (in the intervention and control groups respectively), the average 

patient age, average body-mass index (BMI), number of females within the ITT 

population, the duration of study (presented in weeks), intervention characteristics and 

site of collection of bio-fluid and analysis method  of molecular biomarkers. 

Molecular biomarkers classification 

In this study, we grouped molecular markers into biomarkers of inflammation, and 

biomarkers related to cartilage extracellular matrix turnover.  Markers of inflammation: 

C-reactive protein (CRP), interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-α), 

transforming growth factor beta-1 (TGF-β1), soluble interleukin 6 receptor (sIL-6r), 

soluble TNF-α receptor-1 and -2 (TNFR1 and TNFR2) and matrix metalloprotease 3 

(MMP-3). Molecular biomarkers related to cartilage extracellular matrix turnover: type 

II collagen carboxy propeptide (CPII), C2C neoepitope of type II collagen (C2C), C-

terminal crosslinking telopeptide of type II collagen (CTX-II), Hydroxyproline (HP), 

cartilage oligomeric matrix protein (COMP), Glycosaminoglycans (GAG), chondroitin 

sulfate (CS), keratan sulfate (KS) and hyaluronic acid (HA). 
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Meta–analysis of a subset of molecular biomarkers  

We performed meta-analyses when at least two study comparisons were available for 

an outcome of interest. We estimated the standardized mean difference (SMD) as the 

difference between mean change in the intervention and control groups, divided by the 

pooled standard deviation (SD), using a random effects model and adjustment to 

Hedges’ g.  The SD was extracted or estimated from the standard error (SE) of the 

mean, the 95% confidence interval (95%CI), P value, or other methods recommended 

by the Cochrane Collaboration (16). Between-study heterogeneity was calculated 

using the I2 statistic (17), measuring the proportion of variation (i.e., inconsistency) in 

the combined estimates due to between-study variance (18). An I2 value of 0% 

indicates no inconsistency among the results of individual trials, while an I2 value of 

100% indicates maximum inconsistency. When several intervention groups were 

compared to one control group, the number of participants in the control group was 

divided by the number of intervention groups and each was analysed as a separate 

study comparison. 

Narrative synthesis of results 

For the effect of exercise therapy on molecular biomarkers we reported either a 

statistically significant (P < 0.05) decrease, increase or no difference in molecular 

biomarkers, between the exercise therapy versus the control group. The effect 

estimates derived from meta-analyses were included in the overall narrative synthesis 

of the results and reported as decrease if the SMD was less than -0.2; no difference if 

SMD was between -0.2 and 0.2; and as increase if SMD was higher than 0.2 (19). 

We performed sub-group analyses on molecular biomarker site (i.e. synovial fluid, 

blood and urine), reporting the number of studies that reported a change in 

concentration of the molecular biomarkers of interest. 

Quality of evidence  
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Risk of bias assessment and the overall quality of evidence using the Grading of 

Recommendations, Assessment, Development and Evaluations (GRADE) approach 

(20), was independently assessed by two authors (AB and CJ). Disagreements in initial 

ratings of methodological quality assessment were discussed between the two 

reviewers until consensus was reached. The risk of bias was assessed with regard to 

the risk of selection bias, performance bias, detection bias, attrition bias, reporting bias 

and other sources of bias. Each of the following listed domains was assessed as 

adequate, unclear or inadequate: ‘sequence generation’, ‘allocation concealment’, 

‘blinding’, ‘incomplete outcome data addressed’, ‘selective outcome reporting’ or ‘other 

bias’ (i.e. funding) (12).  

The GRADE is a systematic approach to rate the overall quality of evidence, from high 

to very low, across studies for specific outcomes. High quality of evidence represents 

that “future research is very unlikely to change the estimates of effect” while very low 

represents that “any estimate of effect is very uncertain”. It involves the following 

domains: risk of bias (i.e. the methodological flaws of the studies; inconsistency (i.e. 

the heterogeneity of results across studies, indirectness (i.e. the generalizability of the 

findings to the target population) precision of the estimates and the risk of publication 

bias (20). 
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Figure 1. Flow chart of the included studies. RCT=Randomized controlled trial.  
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RESULTS 

Study selection and characteristics 

The literature search resulted in 4,080 publications of which 42 individual studies were 

identified as potentially eligible and checked in full text. Ultimately, we included 12 

papers involving 55 study comparisons (Figure 1). A subset of 31 study comparisons 

involves markers of inflammation, markers of collagen turnover and glycoproteins and 

these were included in the meta-analyses. 

Participants  

In the 12 selected papers, a total of 1114 participants were included of which 70% 

were women. Participants mean age was 65 (SD = 5.7) with a mean BMI of 29.7 (SD 

= 3.2). One study reported only the age range which was from 41 to 63 (21) and one 

study included those with BMI <35 (22). One study included participants at risk of OA 

(i.e. BMI >27) (23), and the remaining 11 studies included participants with or without 

pain but with radiographic knee OA ranging from Kellgren and Lawrence (KL) grade 1 

to KL4 (15, 21, 22, 24-31) (Table 1).  
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TABLE 1. Study participant characteristics. 

 

 

Study characteristics  Participants characteristics 

Author and year 
(ref no.) 

Location 
OA group 

inclusion criteria 
Women, % 

Age 
(year) 
mean 
(SD) 

BMI 
(Kg/m2) 
mean 
(SD) 

Andersson et al. 
2006 (15) 

Sweden 
Pain and 

radiographic 
OA 

KL ¾ 51 56 (6) 
29.5 
(4.8) 

Bautch et al. 1997 
(30) 

USA 
ACR criteria 

for OA 
KL 2/3/4 72 69 (2) 

28.8 
(2.2) 

Bautch et al. 2000 
(31) 

USA 
ACR criteria 

for OA 
KL 2/3/4 67 

69.7 
(1.9) 

28.6 (1) 

Chua et al. 2008 
(29) 

USA 

Pain, 
radiographic 
OA and BMI 

>30 

KL 2/3 66 
68.7 
(0.8) 

33.5 
(0.7) 

Hunt et al. 2013 
(22) 

Canada 
ACR criteria 

for OA 
n/a 52 

66.1 
(11.3) 

<35 

Messier et al. 2013 
(40) 

USA 

Pain, 
radiographic 

OA, BMI from 
27 to 41 and 
sedentary 

KL 2/3 72 66 (6) 
33.6 
(3.7) 

Nagaoka et al. 
2010 (24) 

Japan 
Radiographic 

OA 
KL ½/3/4 81 

62.8 
(10.8) 

23.3 
(3.2) 

Nicklas et al. 2004 
(23) 

USA 
At risk of OA: 
BMI > 27 and 

sedentary 
n/a 71.8 68.5 (5) 

34.3 
(5.3) 

Samut et. al. 2015 
(25) 

Turkey 
Radiographic 

OA and 
sedentary 

KL ½/3 90 60.3 (6) 
31.6 
(5.4) 

Simao et al. 2012 
(27) 

Brazil 
ACR criteria 

for OA 
KL 2/3/4 87.5 

71.6 
(4.5) 

27.9 (49) 

Wang et al. 2015 
(26) 

China 
ACR criteria 
and BMI <30 

KL 2/3 71.8 
61.3 
(9.3) 

26.4 
(1.3) 

Zhang et al. 2013 
(21) 

China 
ACR criteria 

for OA 
KL ½/3 62.0 

41-63 
(range) 

n/a 

KL= Kellgren and Lawrence OA grade. BMI= Body mass index (kg/m2), ACR = 
American College of Rheumatology (46), n/a = not applicable or not assessed. 
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Types of exercise therapy interventions and molecular biomarkers 

The types of exercise therapy used were strengthening exercise in 5 studies (15 

comparisons (21, 22, 25-27), aerobic in 3 studies (10 comparisons) (25, 30, 31) and a 

combination of strengthening and aerobic exercise in 5 studies (30 comparisons) (15, 

23, 24, 28, 29) (Table 2). One study investigated aerobic or strengthening exercise 

therapy. 

Of these 55 study comparisons included: 28 investigated markers of inflammation (21, 

23, 25, 28, 29), cytokines (23, 27) and proteases (21); 27 investigated markers related 

to turnover of cartilage extracellular matrix, including turnover of collagens (22, 24, 30), 

glycoproteins (15, 22, 26, 29) glycosaminoglycans (22, 24, 29-31). Detailed 

characteristics of molecular biomarkers are reported in Supplementary tables b and c.  
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TABLE 2. Exercise therapy intervention characteristics.  

 Intervention characteristics 

 
Study comparison n of 

IG/CG 
Exercise type Volume T/W 

Minutes 

Weeks 

Intensity n of exercise 
sessions 

attended/total 
sessions 

n of drop 
out from 

IG/tot n of 
IG 

participan
ts 

Adverse 
events 

related to 
the IG 

Andersson et al. 
2006 (15) 

Supervised and home 
exercise  

vs. 
Non-exercising 
control group 

29/29 Weight-bearing 
exercises (strengthening 

and neuromuscular) 

2 
60 
6 

60% maximum heart 
rate 

11/12 3/29 1 with 
increased 

knee 
symptoms 

Bautch et al. 1997 
(30) 

Supervised exercise 
vs. 

Non-exercising group 
(healthy advice) 

15/15 Aerobic and flexibility 3 
60 
12 

50% Vo2 max n/a 9/15 n/a 

Bautch al. 2000 
(31) 

Supervised exercise 
vs. 

Non-exercising group 
(healthy advice) 

11/10 Aerobic and flexibility 3 
60 
12 

50% Vo2max n/a n/a n/a 

Chua et al. 2008 
(29) 

Supervised exercise 
vs. 

Non-exercising group 
(healthy advice) 

Supervised exercise 
and Diet (weight loss) 

vs. 
Diet (weight loss) 

45/52 Aerobic and 
strengthening exercise 

3 
60 
24 

50-75 HRR n/a n/a n/a 
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Hunt et al. 2013 
(22) 

Supervised and 

home Exercise 
vs. 

Non-exercising 
control group 

9/8 Strengthening exercise 
of lower extremity 

4 
n/a 
10 

Additional resistance 
with ankle cuff weights 

for participants to 
complete 3 sets of 10 
repetitions for each 

exercise. 

36/40 0/9 None 

Messier et al. 
2013 (40) 

Supervised exercise 
and Diet (weight loss) 

vs. 
Diet (weight loss) 

152/15
2 

Aerobic and 
strengthening exercise 

3 
60 
24 

n/a 17/72 14/152 3; one 
muscle strain 

and two 

trips/falls. 

Nagaoka et al. 
2010 (24) 

Exercise 
vs. 

Non-exercising control 
group 

 
Exercise+ Chicken 

comb extract 
vs. 

Chicken comb extract 

11/11 

 

11/10 

Aerobic, strengthening 
and pool exercise 

n/a 

n/a 

16 

n/a n/a n/a n/a 

Nicklas et al. 2004 
(23) 

Exercise 
vs. 

Non-exercising control 
group 

 
Exercise and Diet 

(weight loss) 
vs. 

Diet (weight loss) 

67/70 

 

64/71 

Aerobic and 
strengthening exercise 

3 
60 
16 

Aerobic: 50-75% HRR 
 

 Strength: Cuff weights 
and weighted vests 

were used to provide 
resistance 

29/48 
(Exercise) 

31/48 
(Exercise 

+Diet) 

9/67  
 

 

6/64 

n/a 
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Samut et. al 2015 
(25) 

Strength training 
vs. 

Non-exercising control 
group 

 
Aerobic exercise 

vs. 
Non-exercising control 

group 

15/12 

 

14/12 

Aerobic  
or 

Strengthening exercise 

3 
n/a 
6 

Aerobic: 70-75% HRR 

Strength: 5 concentric 
flexion and extension at 

angular velocities of 
60° /s, 90°/s, 120° /s, 

and 180°/s.  

n/a n/a n/a 

Simao et al. 2012 
(27) 

Exercise 
vs. 

Non-exercising control 
group 

 
Exercise 

vs. 
Non-exercising control 

group 

10/12 

 

10/12 

Squat training exercise 
 

Vibratory platform 
training exercise 

3 
n/a 
12 

Squat: from 10° to 60° 
of knee flexion. 

Platform: (35 to 40Hz, 
the amplitude was 4 

mm, acceleration range 
(2.78 to 3.26 g) 

35/36 (Squat) 
 

 

35/36 
(Platform) 

1/10 

 

 

1/10 

n/a 

Wang et al. 2015 
(26) 

Supervised exercise 
and vibratory platform 

vs. Exercise 

49/50 Quadriceps exercise 
and vibratory platform 

vs. 
Quadriceps exercise 

5 
30 
24 

Platform (35 Hz; 
amplitude of 4 mm to 
6 mm displacement) 

n/a 0/49 one 
increased 
knee pain 

 

Zhang et al. 2013 
(21) 

Exercise + diclofenac 
sodium 

vs. 
diclofenac sodium 

50/50 Flexibility and Isometric 
quadriceps exercise 

 
Diclofenac (75 mg, twice 

daily) 

4 
n/a 
4 

10 sec. isometric 
contraction of the 

quadriceps femoral at 
0˚ and 90˚knee joint 

angle and 10 sec. rest. 
Repeated 10 times for 

one exercise circle. 

n/a 0/50 n/a 

IG=intervention group, CG=control group; n/a= not assessed; VO2 max = maximal oxygen uptake; HRR= hearth rate 
reserve. 
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Overall narrative synthesis of results 

Biomarker samples were obtained at 4 to 24 weeks following the exercise therapy 

intervention. Overall, in 62% (34 of the study comparisons), molecular biomarkers did 

not differ between the intervention and control group. In the remaining 38% (21of the 

study comparisons), molecular biomarkers decreased in 17 and increased in 4, in 

favour of the intervention group. Results from individual studies are reported in Table 

3 (a, b). 

Sub-group analysis on molecular biomarker collection site 

For molecular biomarkers in synovial fluid, blood and urine samples, the exercise 

therapy was associated with a change in biomarker concentrations in 50%, 38% and 

20% of the study comparisons, respectively. Results for individual studies are reported 

in Table 3 (a, b). 

Meta–analyses of a subset of molecular biomarkers  

Meta-analyses showed reductions of CRP (SMD -0.78, 95%CI-2.01 to 0.44) and CTX-

II (SMD -0.84 (-2.65 to 0.97); reductions of TNF-a (SMD -0.28 (-0.85 to 0.29), TNFR1 

(SMD -0.25 (-0.63 to 0.14), TNFR2 (SMD -0.18 (-0.57 to 0.20), C2C (SMD -0.29 (-1.05 

to 0.47), and COMP (SMD -0.22 (-0.63 to 0.18), in favour of exercise therapy (Figure 

2). 
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Figure 2.  Cumulative forest plot for the effect of exercise therapy on molecular 

biomarkers. N= Number; SMD= Standardized Mean Difference; CI= Confidence 

Interval; I2= Statistical heterogeneity.  
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Table 3 a and b. Overall summary of results for the impact of exercise therapy 

on articular cartilage molecular biomarkers. A statistically significant (P < 0.05) 

decrease (‘ ‘) or increase (‘’) in concentration of molecular biomarkers in the 

intervention compared to the control group. From meta-analyses the results are 

reported as decrease (‘ ‘) if SMD is < -0.2 r; no difference if SMD is -0.2 to 0.2 for 

(‘=’); and as increase (‘’) if SMD is > 0.2. Biomarkers in the different papers (in some 

papers two studies were described, marked 1 and 2) were analysed in synovial fluid 

(SF), serum (S), plasma (PL) and urine (U) shown in brackets. 

  

a)  OUTCOME MEASURES 

  Markers of inflammation  Cytokine receptors Protease 

  
CRP 

(SF, S) 

IL-6 

(S, Pl) 

TNF-α 

(SF, S) 

TGF-β1 

(S) 

sIL-6r  

(S) 

TNFR1 

(S, Pl) 

TNFR2 

(S, Pl) 

MMP-3 

(SF) 

Chua, et 
al. 2008 

(29) 

1    (S)     

2    (S)     

Messier, 
et al. 2013 

(40) 
  =(S)       

Nicklas, et 
al. 2004 

(24) 

1 (S) =(S) =(S)  =(S) (S) =(S)  

2 =(S) =(S) =(S)  =(S) =(S) =(S)  

Samut, et 
al. 2015 

(25) 

1 =(S) =(S) =(S)      

2 =(S) =(S) =(S)      

Simao, et 
al. 2012 

(27) 

1      (PL) (PL)  

2      (PL) (PL)  

Zhang, et 
al. 2013 

(21) 
 (SF)  (SF)     (SF) 
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C2C, C2C neoepitope of type II collagen; COMP, cartilage oligomeric matrix protein; 
CPII, type II collagen carboxy propeptide; CRP, C-reactive protein; CS, chondroitin 
sulfate; CTX-II, C-terminal crosslinking of type II collagen; DMMB, 1,9-Dimethyl-
Methylene Blue; GAG, glycosaminoglycan; HA, hyaluronic acid; HP, Hydroxyproline; 
IL, interleukin; KS, keratan sulfate; MMP-3, matrix metalloprotease-3; sIL-6r, soluble 
interleukin 6 receptor; TGF-β1, transforming growth factor beta-1; TNF-α, tumor 
necrosis factor alpha; TNFR1 and 2, soluble TNF-α receptor-1 and -2.

  OUTCOME MEASURES 

  Turnover of collagens  Glycosaminoglycans 

  
Type II 

synthesis 

Type II 
degradation 

Total 

collagen 

Glycoprotein 

Total 

GAG 

CS KS  

  CPII (S) 
C2C 
(S, 
U) 

CTX-II 

(U) 

HP 

(SF) 

COMP 

(S) 

DMMB 

(SF) 

3B3 

(SF) 

7D4 

(SF) 

5D4 

(SF, 
S) 

HA 

(S) 

Andersson, 
et al. 

2006(15) 
     =(S)      

Bautch, et 
al. 2000 

(31) 
      (SF) =(SF) =(SF)   

Bautch, et 
al. 1997 

(30) 
    =(SF)     =(SF)  

Chua, et 
al. 2008 

(29) 

1     (S)    (S) =(S) 

2     (S)    =(S) =(S) 

Hunt, et al. 
2013 (22) 

 =(S) =(U) =(U)  (S)     =(S) 

Nagaoka 
et al. 2010 

(24) 

1 (S) (S) =(U)       =(S) 

2 =(S) (S) =(U)       =(S) 

Wang, et 
al. 2015 

(26) 
   (U)  (S)      
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Quality of evidence 

The majority of the studies applied proper randomization and allocation. Some studies 

failed to clearly report or inadequately addressed dropouts of participants in the 

analyses (attrition bias) and failed to report whether outcome assessors (the persons 

responsible for analysing the samples) were blinded to the outcomes of interest 

(detection bias) (Supplementary Fig. d). However, due to low number of studies we 

found wide confidence intervals of the estimates limiting the confidence of our findings 

and the overall quality of evidence was therefore deemed as low. 

DISCUSSION 

We summarized the impact of exercise therapy on cartilage biomarkers in people at 

risk of, or with established, knee osteoarthritis participating in randomized controlled 

trials. Our results suggest that exercise therapy is not harmful as it does not increase 

the concentration of molecular biomarkers related to inflammation and cartilage 

turnover, potentially harmful for osteoarthritis progression. However, the overall quality 

of evidence was deemed as low. 

Exercise and molecular biomarkers 

Systematic reviews and meta-analyses have shown that exercise is a safe treatment 

associated with few and only minor adverse events, such as temporary pain flares, in 

people with knee OA (9, 32-34). Less is however known about the effect from exercise 

therapy on the cartilage and systemic inflammation, which may contribute to articular 

cartilage breakdown. In a previous systematic review of exercise trials, where the 

cartilage was evaluated on MRI, we have shown that exercise is not harmful. The 

findings of the current study, evaluating the effect from exercise therapy on molecular 

biomarkers related to cartilage and inflammation, are in line with these previous 

findings and support exercise therapy being a safe treatment for the cartilage in people 

at risk of or with established knee OA (7, 8).  
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Our meta-analysis shows similar results across all the molecular biomarkers 

investigated, i.e. a reduction in levels in the exercise groups. Due to the proximity of 

the synovial fluid to the joint tissues, molecular biomarkers obtained from synovial fluid 

are more sensitive measures of cartilage changes in a specific joint, compared to 

molecular biomarkers obtained from serum or urine (38). Our results are in line with 

these results, in fact, we found higher rates of biomarkers concentration changes in 

synovial fluid (50%) compared to from blood (38%) or urine (20%). This suggests that 

biomarkers obtained from the synovial fluid may be more sensitive detecting changes 

from exercise therapy, and, therefore, it is important to state the origin of the fluid when 

interpreting results from therapeutic studies.  

Limitations 

This study has limitations. Firstly, we could not perform meta-analyses for all the 

molecular biomarkers investigated due to low number of studies reporting the same 

markers. Secondly, in some studies only post-intervention values were reported. We 

could thus not perform additional analyses on within-group changes, which is 

considered an important step in exploring relationship in evidence synthesis. 

Implication for researchers and clinicians 

These results highlight the need for more high quality randomized controlled trials to 

further investigate the impact of knee joint loading exercise on cartilage related 

molecular markers. As no single biomarkers have been shown to be responsible for 

osteoarthritis development and progression, we recommend that future studies focus 

on a set of biomarkers, rather than a single biomarker, using established commercial 

biomarker assays as have been used in OA initiative (39). 

The clinical implication of our findings is that patient can be told that exercise therapy 

is not harmful, and if anything, positive for the turnover of articular cartilage and 

inflammation molecular biomarkers. However, the quality of evidence was low.   
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SUPPLEMENTARY 

a) Search strategy used in MEDLINE. 

(osteoarthrit*[tiab] OR osteoarthritis[tiab] OR osteoarthrosis[tiab] OR osteoarthr*[tiab] 

OR osteoarthritis[mesh]) AND (exercise[mesh] OR exercise*[tiab] OR physical 

activity[mesh] OR physical activity[tiab] OR running[mesh] OR running[tiab] OR 

treadmill[tiab] OR aerobic*[tiab] OR Resistance Training[mesh] OR Resistance 

Training*[tiab] OR weightbearing[mesh] OR weight-bearing*[tiab] OR endurance 

training*[tiab] OR muscle strength[mesh] OR muscle strength*[tiab] OR 

swimming[mesh] OR swimming*[tiab] OR exercise therapy[mesh] OR exercise 

therap*[tiab] OR Jogging[MeSH] OR Jogging*[tiab] OR Pool therap*[tiab] OR Aquatic 

exercise[tiab] OR Hydrotherapy[MeSH] OR Hydrotherap*[tiab] OR 

“Gymnastic”[MeSH] OR “Gymnastic*”[tiab]) AND (knee[mesh] OR knee[tiab] OR knee 

joint[mesh] OR knee joint[tiab]) AND (proteoglycans[mesh] OR proteoglycans[tiab] OR 

PIIBNP[tiab] OR CS846[tiab] OR matrix metalloproteinase[mesh] OR matrix 

metalloproteinase[tiab] OR ARGSaggrecan[tiab] OR N-terminal Telopeptides of Type 

II collagen[tiab] OR fibromodulin[tiab] OR fibromodulin[Supplementary Concept] OR 

Decorin[tiab] OR Decorin[mesh] OR Biglycan[tiab] OR Biglycan[mesh] OR 

chondroadherin[tiab] OR chondroadherin[Supplementary Concept] OR CHADL 

protein, human[Supplementary Concept] OR PRELP protein, human[mesh] OR 

PRELP protein, human[Supplementary Concept] OR proline[tiab] OR proline[mesh] 

OR Pyrophosphatases[tiab] OR Pyrophosphatases[mesh] OR Extracellular Matrix 

Proteins[mesh] OR Extracellular Matrix Proteins[tiab] OR CILP protein, 

human[Supplementary Concept] OR CILP protein, human[mesh] OR lubricin[tiab] OR 

Glycoproteins[tiab] OR lubricin[Supplementary Concept] OR Glycoproteins[mesh] OR 

MMP matrix metalloproteinase[mesh] OR MMP matrix metalloproteinase[tiab] OR 

Tumor Necrosis Factors[mesh] OR Tumor Necrosis Factors[tiab] OR collagen[mesh] 

OR collagen[tiab] OR glycosaminoglycans[mesh] OR glycosaminoglycans[tiab] OR 
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CPII[tiab] OR ProCollagen II C-Propeptide Assay[tiab] OR PIIANP[tiab] OR 

procollagen type IIA amino-terminal peptide[Supplementary Concept] OR NTX-1[tiab] 

OR Chondroitin Sulfate 846 Epitope of Proteoglycan Aggrecan[tiab] OR c reactive 

protein[mesh] OR c reactive protein[tiab] OR Cartilage, Articular[mesh] OR Cartilage, 

Articular[tiab] OR Biomarkers[mesh] OR Biomarkers[tiab] OR C2C[tiab] OR C1[tiab] 

OR Cartilage Oligomeric Matrix Protein[tiab] OR Cartilage Oligomeric Matrix 

Protein[mesh] OR COMP protein, human[Supplementary Concept] OR COMP[tiab] 

OR CTX-II[tiab] OR Carboxy- Terminal Telepeptides of Type II Collagen[tiab] OR 

Tissue inhibitor of metalloproteinase[tiab] OR TIMP[tiab] OR Tissue inhibitor of 

metalloproteinase[mesh] OR TIMP[mesh] OR Platelet-derived growth factor[tiab] OR 

Platelet-derived growth factor[mesh] OR MCP-1[tiab] OR monocyte chemoattractant 

protein[mesh] OR Monocyte Chemoattractant Proteins[tiab] OR MCP-1[tiab] OR 

Chemokine CCL2[tiab] OR Chemokine CCL2[mesh] OR IL-[tiab] OR Interleukin[tiab] 

OR Interleukins[mesh] OR IFNg[tiab] OR Interferon-gamma[mesh] OR Interferon-

gamma[tiab] OR hyaluronic acid[tiab] OR hyaluronic acid[mesh] OR aggrecan[tiab] OR 

aggrecan[mesh] OR Cytokines[tiab] OR Cytokines[mesh]) 
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b) Molecular biomarkers of inflammation, cytokines, cytokine receptors and 

proteases characteristics. 

 CRP IL-6 TNF-α TGF-β1 sIL-6r TNFR1 TNFR2 MMP-3 

Nickla

s et 

al. 

2004 

(23) 

S-ELISA 

(ALPCO) 

S-ELISA 

(Quantikine, 

R&D 

Systems) 

S-ELISA 

(Quantikine, 

R&D 

Systems) 

- 

S-ELISA 

(Quantiki

ne, R&D 

Systems) 

S-ELISA 

(Quantiki

ne, R&D 

Systems) 

S-ELISA 

(Quantiki

ne, R&D 

Systems) 

- 

         

Samut 

et al. 

2015 

(25) 

S-

Nephelomet

ric 

(Beckman 

Coulter) 

S-ELISA 

(Campus 

Vienna-

Biocenter) 

S-ELISA 

(Campus 

Vienna-

Biocenter) 

- - - - - 

         Zhang 

et al. 

2013 

(21) 

SF-ELISA 

(Boster 

Bioscience) 

- 

SF-ELISA 

(Boster 

Bioscience) 

- - - - 

SF-ELISA 

(Boster 

Bioscience) 

         Messi

er et 

al. 

2013 

(40) 

- 

Pl-ELISA 

(Quantikine, 

R&D 

Systems) 

- - - - - - 

         Chua 

et al. 

2008 

(29) 

- - - 

S-ELISA 

(Quantiki

ne, R&D 

Systems) 

- - - - 

         Simao 

et al. 

2012 

(27) 

- - - - - 

Pl-ELISA 

(Quantiki

ne, R&D 

Systems) 

Pl-ELISA 

(Quantiki

ne, R&D 

Systems) 

- 
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c) Molecular biomarkers of cartilage extra cellular matrix turnover. 

 CPII C2C CTX-II HP COMP 
Total 
GAG 

CS KS HA 

Hunt et al. 
2013 (22) 

S-
ELISA 
(IBEX) 

U-
ELISA 
(IBEX), 
Crea 

U-ELISA 
(IDS), Crea 

- 
S-ELISA 
(AnaMar) 

- - - 
S-ELISA 

(Corgenix) 

          
Nagaoka 

et al. 2010 
(24) 

S-
ELISA 
(IBEX) 

S-
ELISA 
(IBEX) 

U-ELISA 
(IDS), Crea 

- - - - - 
S-ELISA 
(ERUPIA 
ACE HA) 

          
Wang et 
al. 2015 

(26) 
- - 

U-ELISA 
(Boster 

Bioscience), 
Crea 

- 
S-ELISA 
(Boster 

Bioscience) 
- - - - 

          

Bautch et 
al. 1997 

(30) 
- - - 

SF-
HPLC 

(in-
house) 

- - - 

SF-
ELISA 

(in-
house: 
mAb 
5D4) 

- 

          Andersson 
et al. 2006 

(15) 
- - - - 

S-ELISA 
(AnaMar) 

- - - - 

          

Chua et 
al. 2008 

(29) 
- - - - 

S-ELISA 
(AnaMar) 

- - 

S-ELISA 
(in-

house: 
mAb 
5D4) 

- 

          

Bautch et 
al. 2000 

(31) 
- - - - - 

SF-
DMMB 
assay 

SF-
ELISA 

(in-
house: 
mAb 
3B3 
and 
7D4) 

- - 

In the different studies, immunological, chromatographic and absorbance analysis was 
conducted and the source of these assays are shown in brackets. C-reactive protein (CRP), 
interleukin 6 (IL-6), tumor necrosis factor alpha (TNF-α); cytokine, transforming growth factor 
beta-1 (TGF-β1); cytokine receptors, soluble interleukin 6 receptor (sIL-6r) and soluble TNF-
α receptor-1 and -2 (TNFR1 and 2); proteases, matrix metalloprotease-3 (MMP-3).C2C, C2C 
neoepitope of type II collagen; CPII, type II collagen carboxy propeptide; COMP, cartilage 
oligomeric matrix protein; Crea, urine samples adjusted for creatinine levels; CS, chondroitin 
sulfate; CTX-II, C-terminal crosslinking of type II collagen; DMMB, 1,9-Dimethyl-Methylene 
Blue; GAG, glycosaminoglycan; HA, hyaluronic acid; HP, Hydroxyproline; HPLC, high 
performance liquid chromatography; mAb, monoclonal antibody. S-, SF-, U-ELISA; serum 
or synovial fluid or urine Enzyme-Linked Immunosorbent Assay. 
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d) Risk of bias graph. Review authors' assessments of the risk of bias presented 

as percentages across the 55 studies included. 
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