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Abstract
Background  Running is a popular activity practiced worldwide. It is important to understand how running afects joint health 
to provide recommendations to sports medicine practitioners and runners.
Objective  Our aim was to summarize the infuence of running on lower limb cartilage morphology and composition using 
quantitative magnetic resonance imaging (MRI).
Methods  Prospective repeated-measures studies evaluating cartilage using MRI before and after running were included. Data 
sources included Pubmed, Embase, CINAHL, SportDiscus, Web of Science, and Cochrane Central Registry of Controlled 
Trials. Qualitative analyses considered the number and methodological quality ratings of studies based on the QualSyst 
tool, and recommendations were based on the strength of evidence (strong, moderate, limited, or very limited). Quantitative 
analysis involved meta-analyses, for which efect sizes were calculated as Hedge’s g standardized mean diferences.
Results  We included 43 articles, assessing seven outcomes (lesions, volume, thickness, glycosaminoglycan content, and T1ρ, 
T2, and T2* relaxation times). Nineteen articles were rated as high quality, 24 were rated as moderate quality, and none were 
rated as low quality. Qualitative analyses suggest that running may cause an immediate reduction in knee cartilage volume, 
thickness, as well as T1ρ and T2 relaxation times immediately; however, these changes did not persist. Meta-analyses revealed 
a small and moderate decrease immediately following a single running bout in T2 relaxation time in the medial femur and 
tibia, respectively. Qualitative analyses indicated that the infuence of repeated exposure to running on cartilage morphology 
and composition was limited. Despite conficting evidence regarding pre-existing knee cartilage lesions, moderate evidence 
suggests that running does not lead to the formation of new lesions. Repeated running exposure did not cause changes to 
foot and ankle cartilage thickness or composition.
Conclusions  Changes to lower limb cartilage following running are transient. Immediate changes to cartilage morphology 
and composition, which likely refect natural fuid dynamics, do not persist and were generally not signifcant when pooled 
statistically. Results suggest that cartilage recovers well from a single running bout and adapts to repeated exposure. Given 
that moderate evidence indicates that running does not lead to new lesions, future trials should focus on clinical populations, 
such as those with osteoarthritis.
Trial Registration  Not applicable.
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1  Introduction

Running is often promoted as a benefcial physical activ-
ity to enhance cardiovascular health and general well-being 
[1]; however, this activity induces considerable amounts of 
impact loading through the hip, knee, and ankle joints [2–4]. 

Considering the high incidence of running-related injuries 
in lower limb joints [5], it may be hypothesized that running 
could have detrimental long-term efects on cartilage health 
by contributing to earlier development of osteoarthritis.

Conversely, the current body of literature does not directly 
support such widespread belief [6], with the exception of 
elite-level athletes [7]. In fact, recent literature reviews sug-
gest that a history of recreational running is not associated 
with a greater risk of developing knee osteoarthritis [8, 9]. 
In contrast with other sports, running has been shown to 
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Key Points 

Short-term changes to cartilage morphology and compo-
sition, when present, generally do not persist.

Cartilage in the knee, ankle and foot recovers from the 
impact sustained during running, whether it be from a 
single run or an extended training programme.

Running does not induce the formation of new cartilage 
lesions in the knee joint.

tests 1 or 2 h later [16]. Unfortunately, these reviews did not 
specifcally inform on the infuence of repeated exposure 
to running, and focused only on knee cartilage. However, 
not all lower limb cartilage may respond to load in the same 
fashion, and it is important to consider diferences between 
anatomical regions within the knee joint. In order to provide 
sound clinical advice, sports medicine practitioners need to 
understand how a running regimen afects lower limb carti-
lage. An understanding of the current evidence on the role 
of running on cartilage properties will provide researchers 
with important information to better design new studies in 
this area. Therefore, the objective of this systematic review 
and meta-analysis was to provide a summary of the literature 
on MRI fndings with regard to the infuence of both single 
bouts and repeated exposure to running on hip, knee, ankle, 
and foot articular cartilage morphology and composition in 
adults.

2 � Methods

This systematic review conforms to the Preferred Reporting 
Items for Systematic Review and Meta-Analysis (PRISMA) 
methodological guidelines [17].

2.1 � Literature Search and Eligibility Criteria

The search strategy is presented in Online Resource 1. 
Database searches were performed in Pubmed, Embase, 
CINAHL, SportDiscus, Web of Science, and the Cochrane 
Central Registry of Controlled Trials from inception to 21 
March 2021. The following keywords were used: (‘Lower 
limb’ OR ‘Lower extremity’ OR ‘Leg’ OR ‘Hip’ OR 
‘Coxofemoral’ OR ‘Knee’ OR ‘Tibiofemoral’ OR ‘Patel-
lofemoral’ OR ‘Ankle’ OR ‘Talocrural’ OR ‘Foot’) AND 
(‘Run’ OR ‘Running’ OR ‘Runner’) AND (‘Cartilage’ OR 
‘Magnetic resonance imaging’ OR ‘MRI’ OR ‘Arthritis’ OR 
‘Osteoarthritis’). Titles and abstracts of each article were 
independently reviewed by four raters in two pairs (JFE and 
JOD; MCMK and JMC). Hand searches of retrieved article 
reference lists were also conducted to identify any articles 
not identifed in the database searches. Included studies 
had to be full papers published in peer-reviewed journals in 
either English or French, and they had to report results from 
prospective experimental (repeated measures) designs in 
which MRI was used to assess lower limb cartilage morphol-
ogy (e.g. cartilage volume, thickness, and presence/severity 
of lesions) or composition (e.g. T1ρ, T2, and T2* relaxation 
time) before and after running. Selected studies evaluated 
the efects of a single running bout or repeated exposure to 
running. Included studies required at least two assessments 
of cartilage: one assessment before a single running bout 
or repeated exposure, and a minimum of one assessment 

reduce the probability of developing coxofemoral osteoar-
thritis, along with a decreased risk of undergoing a total hip 
replacement [10], Furthermore, joint loading exercise does 
not appear to be detrimental for knee cartilage in people 
at risk of, or with, knee osteoarthritis [11]. Together, these 
fndings might be explained by the ability of cartilage to 
sustain and even adapt to regular loading under controlled 
conditions [12].

Magnetic resonance imaging (MRI) protocols can pro-
vide insight on cartilage properties. While conventional 
MRI techniques allow one to accurately estimate cartilage 
morphology, recent advances in imaging techniques also 
enable the study of cartilage physiology [13]. Indeed, com-
positional measures enable early detection of changes in car-
tilage composition, which are likely to be identifed before 
changes in volume or thickness. Specifcally, T2 relaxation 
times give indications on water and collagen content, while 
delayed gadolinium-enhanced MRI of cartilage (dGEMRIC) 
and T1ρ relaxation time protocols can accurately estimate 
glycosaminoglycan concentration [13, 14]. Together, both 
morphology and composition variables are likely to provide 
accurate information on cartilage structure and behaviour, 
as well as mechanisms for adaptation in response to loading 
activities in the short- and long-term.

A previous systematic review noted that acute changes 
to knee cartilage after a single bout of running were con-
sistently related to the timing of the post-run MRI evalua-
tion [15]. In most studies that scanned participants within 
1 h following running, T1ρ and T2 relaxation times were 
signifcantly decreased, indicative of greater proteoglycan 
concentration (decreased water content) and collagen ani-
sotropy. In contrast, studies that performed a delayed MRI 
evaluation (> 1 h post-run) reported either increased or non-
signifcant changes to T1ρ and T2 values. These fndings 
demonstrate that cartilage changes seen on MRI may be 
feeting. A more recent systematic review and meta-analysis 
suggested that knee cartilage oligomeric protein, an osteo-
arthritis biomarker, was increased at 30 min after running, 
but there were no signifcant changes seen in follow-up 
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following cessation of the prescribed run(s) or follow-up 
period. Review articles, abstracts, and studies on animals 
were excluded.

2.2 � Critical Appraisal

The QualSyst critical appraisal tool was used to evaluate 
the methodological quality of each included article [18]. 
It was designed to assess quantitative studies and consists 
of 14 items, with each item awarded a score on a 3-point 
scale (yes = 2, partial = 1, no = 0). A summary score for each 
article is determined by dividing the sum of all items by 
the total possible sum. A frst meeting among raters took 
place to standardize the interpretation of items. Raters inde-
pendently assessed two papers before meeting in pairs for a 
second time (JFE and JOD; MCMK and JMC) to compare 
scores and to ensure similar and consistent interpretation 
of items. Following independent evaluation of all included 
papers, raters met again to discuss and agree on a consensus 
score. Another rater (MAH) was available in case of disa-
greement. Intraclass correlation coefcient (ICC) estimates 
and their 95% confdence intervals (CIs) for each rater pair 
were calculated for pre-consensus scores using SPSS statis-
tical package version 23 (IBM Corporation, Armonk, NY, 
USA) based on a mean-rating (k = 2), absolute agreement, 
two-way random-efects model. Studies obtaining a quality 
score of between 80 and 100% were considered to be high 
quality (HQ), those scoring between 50 and 80% were con-
sidered to be moderate quality (MQ), and studies scoring 
below 50% were considered to be low quality (LQ) [19].

2.3 � Data Extraction

One reviewer from each pair (JFE and MCMK) extracted 
data independently using a standard data collection form, 
while the second reviewer in each pair (JOD and JMC) 
checked accuracy. Descriptive information for the study 
sample (number of participants; means and standard devia-
tions for age, sex, and body mass index [BMI]; training 
data), MRI parameters, running protocol characteristics 
(duration and/or distance of run/running programme), time 
elapsed between running and imaging, and lower limb car-
tilage outcomes of interest were extracted. When needed, 
authors of papers were contacted to provide additional data.

We extracted data on morphology or composition of car-
tilage in any lower limb joint. Given that joint loading dur-
ing running is non-uniform and specifc regions of cartilage 
within a joint may respond diferently [20], we extracted 
data for all anatomical regions of a joint that were reported. 
To provide a summary as complete as possible, we consid-
ered the smallest anatomical regions reported in the included 
studies for our analyses. For example, if a study reported 
results for the femur, as well as the medial and lateral femur 

separately, we chose to report results for the medial and lat-
eral femur.

Results were classifed as ‘immediate’ if follow-up MRI 
data were collected within 30 min after running, or ‘delayed’ 
if the time was > 30 min. The ‘delayed’ classifcation was 
further divided into three subcategories: (1) ‘same day’, 
(2) ‘same week’, and (3) ‘over 1 month’. The infuence of 
multiple runs, or a running programme, were considered 
‘repeated exposure’.

2.4 � Data Analysis

Both qualitative and quantitative results are presented in this 
review. For qualitative analyses of the evidence, we consid-
ered all studies on a given outcome, as well as their meth-
odological quality ratings. Specifcally, recommendations 
based on the level of evidence were formulated according 
to a modifed version of guidelines provided by van Tulder 
et al. [21, 22]: (1) strong evidence was indicated by consist-
ent fndings among multiple studies including at least three 
HQ studies; (2) moderate evidence was based on consistent 
fndings among multiple studies, including at least three MQ 
studies, or a total of two HQ studies; (3) limited evidence 
was defned as consistent fndings among at least two LQ 
or MQ studies, or only one HQ study; and (4) very limited 
evidence was indicated by fndings from one LQ or MQ 
study. Conficting evidence was defned as an equal number 
of studies of equal strength of evidence reporting opposite 
results (e.g. increase vs. decrease).

Quantitative analysis of the evidence involved statistically 
pooling data by meta-analysis for any outcome evaluated 
in a minimum of three studies. Analyses were conducted 
for each anatomical region within a joint separately, when 
available. A random-efects model approach was used to 
account for study samples and designs. Between-study 
variance was measured by τ2 using the DerSimonian–Laird 
estimator [23]. Inconsistency in study results was catego-
rized as follows: low (I2 = 0–40%), moderate (I2 = 30–60%), 
substantial (I2 = 50–90%), or considerable (I2 = 75–100%), in 
accordance with the Cochrane handbook [24]. Efect sizes 
were calculated as Hedge’s g standardized mean diferences 
(SMDs) with 95% CIs using R stats (v.3.6.1) and the meta 
package [25], and were interpreted as small (0.2), medium 
(0.5), or large (0.8) [26]. The threshold for statistical signif-
cance was set at 0.05.

3 � Results

3.1 � Search Results

Figure 1 describes the fow of the included studies. A total of 
5416 titles were retrieved and analysed for appropriateness 
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based on inclusion and exclusion criteria. After title and 
abstract screening, 62 unique articles remained for full-text 
review, of which 19 were excluded after full-text review. As 
a result, we report data from 43 articles.

3.2 � Quality Assessment

Nineteen articles were rated as HQ, 24 were rated as MQ, 
and none were rated as LQ (Table 1). The highest overall 
scores were achieved for item 2 (appropriate study design). 
ICC agreement between rater pairs based on the initial stage 
of independent evaluations was 0.62 (95% CI 0.12–0.83) 
[JFE and JOD] and 0.66 (95% CI − 0.11 to 0.90) [MCMK 
and JMC]. Agreement was reached during consensus meet-
ings on all items for which rater pairs had discrepancies.

3.3 � Study Characteristics

Study characteristics are described in Table 2. Of the 43 arti-
cles included, 39 studies evaluated the infuence of running 
on cartilage in the knee, three in the ankle, one in the foot, 
and none at the hip. Included studies involved a total of 716 
unique participants (approximately 41% female) who were 
included in the analyses, and sample sizes were between 
6 and 82. Four studies investigated clinical populations, 
including tibiofemoral osteoarthritis (n = 10) [27], anterior 
cruciate ligament reconstruction (n = 23) [28, 29], and lat-
eral knee pain (n = 2) [30]. In each study, the infuence of 
running on foot and ankle cartilages and on knee cartilage 
are presented in Online Resources 2 and 3, respectively. Par-
ticipants were scanned immediately after a single run in 21 
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Fig. 1   PRISMA fow diagram of included and excluded studies. PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses, 
MRI magnetic resonance imaging
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Table 1   Consensus quality scoring of the included studies

Item 1: Description of the objective. Item 2: Appropriate study design for the objective. Item 3: Description of the subject selection strategy. 
Item 4: Description of subjects’ characteristics. Item 5: Random allocation. Item 6: Blinding of investigators. Item 8: Well-defned and robust 
outcomes. Item 9: Appropriate sample size. Item 10: Appropriate statistical analyses. Item 11: Estimates of variance. Item 12: Controlled for 
confounding. Item 13: Sufciently reported results. Item 14: Results support conclusions
HQ high quality, MQ moderate quality, NA not applicable

Study, year QualSyst items Total score, %

1 2 3 4 5 6 8 9 10 11 12 13 14 (quality)

Crowder et al., 2021 [42] 2 1 1 1 NA 0 2 1 1 2 1 2 2 66.7 (MQ)
Brenneman et al., 2021 [40] 2 2 1 2 NA 0 2 2 2 2 1 2 2 83.3 (HQ)
Zhang et al., 2021 [51] 2 1 1 1 NA 0 1 2 2 2 1 2 1 66.7 (MQ)
Wang et al., 2020 [50] 2 2 1 1 NA 0 1 2 1 2 1 2 2 70.8 (MQ)
Schütz et al., 2020 [60] 2 2 2 2 NA 0 2 1 2 1 1 1 2 75.0 (MQ)
Heckelman et al., 2020 [39] 2 2 1 1 NA 2 2 2 2 2 1 1 2 83.3 (HQ)
Heckelman et al., 2020 [41] 2 2 1 2 NA 0 2 2 2 2 0 1 2 75.0 (MQ)
Horga et al., 2020 [63] 2 2 2 2 NA 0 2 2 1 1 0 1 2 70.8 (MQ)
Horga et al., 2019 [64] 2 2 1 2 NA 1 2 2 2 1 0 1 2 75.0 (MQ)
Qiu et al., 2019 [65] 2 2 2 2 NA 2 2 0 1 2 0 1 1 70.8 (MQ)
Nathani et al., 2019 [55] 2 2 2 2 2 2 2 0 2 2 0 2 1 82.1 (HQ)
Kyung Kim et al., 2019 [53] 2 2 1 2 NA 2 2 2 2 2 2 2 2 95.8 (HQ)
Kyung Kim et al., 2019 [54] 2 2 1 2 NA 0 2 2 2 2 0 2 1 75.0 (MQ)
Esculier et al., 2019 [27] 2 2 2 2 NA 2 2 2 2 2 2 2 2 100.0 (HQ)
Bratke et al., 2019 [43] 2 2 1 2 NA 0 2 2 2 2 1 2 2 83.3 (HQ)
Schütz et al., 2018 [62] 2 2 2 2 NA 0 2 1 2 2 2 2 2 87.5 (HQ)
Karanfl et al., 2018 [44] 2 2 1 0 NA 0 1 1 2 0 2 1 2 58.3 (MQ)
Chen et al., 2017 [45] 1 2 1 2 0 2 1 1 2 1 1 2 2 69.2 (MQ)
Gatti et al., 2017 [46] 2 2 2 2 NA 1 2 2 2 2 2 2 2 95.8 (HQ)
Behzadi et al., 2016 [47] 2 2 2 2 NA 2 2 2 1 1 2 2 2 91.7 (HQ)
Hesper et al., 2015 [56] 2 2 1 1 NA 0 1 1 2 2 1 2 2 70.8 (MQ)
Schütz et al., 2014 [61] 2 2 2 2 NA 0 2 1 2 2 2 2 2 87.5 (HQ)
Lu and Wang, 2014 [66] 2 2 1 2 2 1 2 2 1 2 1 2 1 80.8 (HQ)
Hinterwimmer et al., 2014 [67] 2 1 1 2 NA 0 2 1 2 2 1 2 2 75.0 (MQ)
van Ginckel et al., 2013 [28] 2 2 2 2 NA 2 2 1 2 2 2 1 2 91.7 (HQ)
Subburaj et al., 2012 [48] 2 2 1 2 NA 0 2 2 2 1 2 1 2 79.2 (MQ)
Leiter et al., 2012 [29] 2 2 2 2 NA 2 1 1 2 NA NA 2 0 80.0 (MQ)
Cha et al., 2012 [49] 2 2 2 1 NA 0 1 1 2 0 2 1 2 66.7 (MQ)
Niehof et al., 2011 [31] 1 2 1 2 1 1 2 1 2 2 2 2 2 80.8 (HQ)
van Ginckel et al., 2010 [68] 2 2 2 2 0 1 1 2 1 2 2 2 1 76.9 (MQ)
Mosher et al., 2010 [32] 2 2 2 2 NA 0 2 1 1 1 1 1 0 62.5 (MQ)
Luke et al., 2010 [57] 2 1 2 2 NA 2 2 1 1 1 1 2 2 79.2 (MQ)
Boocock et al., 2009 [33] 2 2 1 2 NA 2 2 2 2 2 2 2 2 95.8 (HQ)
Stahl et al., 2008 [72] 2 2 1 1 NA 2 2 1 2 2 1 2 2 83.3 (HQ)
Krampla et al., 2008 [69] 1 2 2 2 NA 2 1 NA NA NA 1 2 1 77.8 (MQ)
Kessler et al., 2008 [34] 1 2 2 2 NA 2 2 2 2 0 1 2 2 83.3 (HQ)
Hagemann et al., 2008 [59] 1 2 1 1 NA 2 1 1 2 2 1 1 2 70.8 (MQ)
Schueller-Weidekamm et al., 2006 [30] 2 2 1 2 NA 2 2 2 2 1 1 2 2 87.5 (HQ)
Kessler et al., 2006 [35] 2 2 1 2 0 2 1 2 2 1 2 2 2 80.8 (HQ)
Mosher et al., 2005 [38] 2 2 2 2 NA 0 1 1 2 2 1 1 2 75.0 (MQ)
Kersting et al., 2005 [37] 1 2 2 2 NA 0 2 2 2 2 2 2 2 87.5 (HQ)
Eckstein et al., 2005 [36] 2 2 0 1 NA 1 2 1 1 2 1 1 2 66.7 (MQ)
Krampla et al., 2001 [52] 1 2 0 1 NA 2 1 NA NA NA 0 2 0 50.0 (MQ)
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studies [27, 28, 31–49], within 1 day in 12 studies [27, 28, 
30, 34, 42, 44, 49–54], within 1 week in eight studies [29, 
39, 41, 55–59], and at more than 1 month post-running in 
seven studies [51, 52, 55–59]. The distance for the single 
bouts of running ranged from 200 m to 42 km. Repeated 
exposure to running was investigated in 10 studies [60–69], 
four of which involved a training programme and comple-
tion of a marathon [63, 64, 67] or half marathon [65] race. 
Outcomes included cartilage lesions (13 studies) [29, 30, 
52, 54, 55, 57–60, 63–65, 69], volume (13 studies) [28, 31, 
33–37, 40, 43, 46, 51, 66, 67], and thickness (13 studies) [31, 
32, 38–40, 44, 46, 48, 51, 60–62, 67], as well as T1ρ (six 
studies) [27, 41, 45, 48, 55, 57], T2 (16 studies) [27, 32, 38, 
42, 44–50, 53–55, 57, 65], T2* (six studies) relaxation time 
[47, 51, 56, 60–62], and dGEMRIC index (1 study) [68]. The 
majority of studies (40/43) used an MRI scanner ≥ 1 Tesla 
(Online Resource 4).

3.4 � Summary of Results

The results of qualitative analyses (primarily strong, mod-
erate, and limited evidence) are detailed below and sum-
marized in Fig. 2. For conciseness, qualitative results may 
be presented by joint compartments. Results not detailed 
below were based on either very limited or conficting levels 
of evidence from a low number of studies. Data pooling for 
quantitative analyses was only possible for the following 
knee cartilage outcomes (and regions) assessed immediately 
following a single running bout (thickness volume and T2 
relaxation time) and within 1 day (T2 relaxation time) of 
run cessation.

3.4.1 � Single Run: Immediate

All 21 studies investigating the immediate efects of running 
on lower limb joint cartilage evaluated the knee joint [27, 28, 
31–49]. Studies investigated cartilage volume (10 studies) 
[28, 31, 33–37, 40, 43, 46] and thickness (eight studies) [31, 
32, 38–40, 44, 46, 48], as well as T1ρ (three studies) [41, 45, 
48], T2 (nine studies) [27, 32, 38, 42, 45–49], or T2* (one 
study) [47] relaxation times.

Qualitatively, there is strong evidence that a single run-
ning bout immediately reduces lateral tibial [28, 31, 33, 37, 
43, 46, 70] and patellar [31, 34–36, 43] cartilage volume, 
as well as strong evidence that medial tibial [28, 33, 37, 40, 
43, 46, 71] cartilage volume is reduced or does not change. 
We found moderate to strong evidence that lateral femoral 
[28, 31, 33, 43, 46, 70] and medial femoral [28, 31, 33, 37, 
43, 46, 70] cartilage volume is reduced or does not change 
immediately after a single running bout. There is limited and 
moderate evidence that femoral [37] and tibial [34, 35] car-
tilage volume, respectively, is reduced immediately follow-
ing a single running bout. We found strong evidence that a 

single running bout immediately reduced cartilage thickness 
of the lateral tibia [40, 46, 71] and patella [41, 43, 71]. There 
is limited to moderate evidence that a single running bout 
immediately reduces or does not change cartilage thickness 
of the lateral [40, 44, 46, 71] and medial femur [40, 44, 46, 
71], as well as the medial tibia [40, 46, 71].

Limited to moderate evidence suggests that tibiofemoral 
cartilage T2 relaxation time is reduced or does not change 
[27, 46–49], and limited evidence suggests that patellofemo-
ral [45, 48] cartilage T2 relaxation time is reduced imme-
diately following a single running bout. Moderate evidence 
suggests that tibiofemoral and patellar cartilage T1ρ relaxa-
tion times are reduced immediately following a single run-
ning bout [41, 45, 48], and there is limited evidence that 
the T1ρ relaxation time of the trochlear cartilage [45, 48] is 
also reduced. Evidence for a reduction in tibiofemoral and 
patellar T2* relaxation times is limited [47].

Quantitative analyses revealed signifcant region-spe-
cifc changes in T2 relaxation time (Fig. 3). Immediately 
following a run, T2 relaxation times show a small reduc-
tion in cartilage of the medial femur [SMD − 0.37 ms (95% 
CI − 0.73 to − 0.02); n = 74, p = 0.04, I2 = 13%] and moderate 
reduction in the medial tibia [SMD − 0.59 ms (95% CI − 1.10 
to − 0.08); n = 74, p = 0.02, I2 = 55%]. Overall, most studies 
have mean changes showing a reduction in cartilage volume 
or thickness in all regions of the knee, but when considered 
together, the pooled efect was not signifcant (p ≥ 0.18) 
[Online Resource 4].

3.4.2 � Single Run: Delayed Same Day

Ten studies evaluated changes in knee cartilage [27, 28, 
30, 34, 42, 44, 49–52], with outcomes including cartilage 
lesions (two studies) [30, 52], volume (three studies) [28, 
34, 51], or thickness (two studies) [44, 51], as well as T1ρ 
(one study) [27], T2 (three studies) [27, 42, 49], and T2* 
(one study) [51] relaxation times.

Qualitatively, there is limited evidence that a single run-
ning bout does not lead to the formation of new tibiofemoral 
lesions [30, 52]. We found limited evidence that there are 
no same-day changes to cartilage volume of the lateral and 
medial femur [28, 51], medial tibia [28, 51], tibia [34], and 
patella [34], and limited evidence that the cartilage volume 
of the lateral tibia [28] is reduced or does not change. Stud-
ies investigating T2 relaxation time included heterogeneous 
populations (e.g. those with and without tibiofemoral osteo-
arthritis, and healthy young and older runners [49], although 
they generally provided limited evidence that there are no 
same-day cartilage changes to tibiofemoral T2 relaxation 
time [27, 49]. There is limited evidence that there are no 
same-day changes to tibiofemoral cartilage T1ρ relaxation 
time in those with and without tibiofemoral osteoarthritis 
[27].
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Quantitative analyses did not indicate signifcant region-
specifc changes in T2 relaxation time (p ≥ 0.281) [Online 
Resource 5]; however, most studies have mean changes 
showing an increase in T2 relaxation times in cartilage of the 
lateral femur, medial femur, lateral tibia, and medial tibia. 
Due to insufcient data, statistical pooling was not available 
for other cartilage outcomes.

3.4.3 � Single Run: Delayed Same Week

Eight studies reported cartilage data at the knee joint [29, 
39, 41, 55–57, 59, 72], with outcomes including cartilage 
lesions (fve studies) [29, 55, 57, 59, 72] and thickness (one 
study) [39], as well as T1ρ (three studies) [41, 55, 57], T2 
(two studies) [55, 57], or T2* (one study) [56] relaxation 
times.

Qualitatively, there is moderate evidence that a single 
running bout does not lead to the formation of new tibi-
ofemoral or patellofemoral lesions or induce changes to pre-
existing knee cartilage lesions [29, 55, 57, 58, 73]. Limited 
evidence suggests that there are no same-week changes to 
cartilage T2 or T1ρ relaxation times of the lateral femur, 
lateral tibia, medial femur, medial tibia, patella, or trochlea 
[39, 55, 57]. No quantitative analyses were conducted, since 
the criteria for data pooling were not met for studies that 
assessed cartilage within 1 week following running.

3.4.4 � Single Run: Delayed Over 1 Month

Seven studies conducted a second follow-up at over 1-month 
post-run [51, 52, 56–59, 72], with outcomes including carti-
lage lesions (fve studies) [52, 55, 57, 59, 72], volume (one 
study) [51] and thickness (one study) [51], as well as T1ρ 
(two studies) [55, 57], T2 (two studies) [55, 57], or T2* (2 
studies) [51, 56] relaxation times.

Qualitatively, moderate evidence suggests a single bout 
of running does not lead to the formation of new tibiofem-
oral or patellofemoral cartilage lesions or induce changes 
to pre-existing knee lesions [52, 55, 57, 59, 72]. We found 
limited evidence that after 1 month, there were no changes 
to tibiofemoral or patellofemoral cartilage T2 or T1ρ relaxa-
tion times in non-runners [57] and those who received either 
saline or hyaluronic acid knee injections [55]. The criteria 
for data pooling were not met for studies assessing cartilage 
over 1 month following running.

3.4.5 � Repeated Exposure

Eight studies investigated the infuence of repeated exposure to 
running on knee cartilage [28, 60, 63–67, 69]. Studies inves-
tigated cartilage lesions (fve studies) [60, 63–65, 69], volume 
(two studies) [66, 67] and thickness (four studies) [60–62, 67], 
as well as T2 (one study) [65] or T2* (three studies) [60–62] 
relaxation time and dGEMRIC index (one study) [68].

Fig. 2   Summary of qualitative results. Colours represent the levels of 
evidence: green, strong; black, moderate; orange, limited; red, very 
limited. The ‘Caution’ symbol indicates conficting evidence, and the 
‘No’ symbol indicates no information available. The upwards arrow 
indicates an increase from baseline, whereas the downwards arrow 
indicates a decrease from baseline and the equal symbol indicates no 

change from baseline. Note that when there were diferent levels of 
evidence for diferent regions of a given joint, the colour represents 
the lowest of these levels. TF tibiofemoral joint, PF patellofemoral 
joint, P patella, TT tibiotalar joint, TC talocalcaneal joint, TN talona-
vicular joint
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Based on qualitative analyses, there is moderate evi-
dence that repeated exposure to running does not lead to the 
formation of new tibiofemoral or patellofemoral cartilage 
lesions [28, 60, 63–67, 69]. Evidence regarding whether 
pre-existing knee cartilage lesions improved, deteriorated 
or remained unchanged following repeated running expo-
sure was conficting. There is limited evidence that repeated 
running exposure does not change patellofemoral cartilage 

thickness [60, 67]. No quantitative analyses were conducted 
since the criteria for data pooling were not met for studies 
assessing repeated exposure to running.

3.4.6 � Ankle, Single Run: Delayed Same Day

Two studies investigated changes in ankle cartilage between 
30 min and 24 h following run cessation [53, 54]. Studies 
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Fig. 3   Forest plot of data for pooling T2 relaxation values immedi-
ately following running. Squares represent Hedge’s g SMD and are 
colour-coded to represent the quality of the studies: green, high; yel-
low, moderate. ‘Total’ indicates the number of participants included 

in the analyses and ‘Weight’ indicates the infuence an individual 
study has on the pooled result. SMD standardized mean diference, 
SD standard deviation, CI confdence interval, TFOA tibiofemoral 
osteoarthritis, HQ high quality, MQ medium quality
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investigated cartilage lesions [54] and T2 relaxation time 
[53, 54]. Qualitatively, there is limited evidence that a sin-
gle running bout increases T2 relaxation time in the tibio-
talar cartilage of novice runners; however, no changes were 
observed in marathon runners [53, 54].

3.4.7 � Ankle, Repeated Exposure

One study investigated changes in ankle cartilage following 
repeated exposure to running and evaluated cartilage thick-
ness and T2* relaxation time [61. There is limited evidence 
that running a multistage ultramarathon does not change 
cartilage thickness of the tibial plafond or talar dome. We 
found limited evidence that tibiotalar T2* relaxation time 
increases during the frst half of the same ultra-marathon; 
however, the initial increase was followed by a signifcant 
decrease [61].

3.4.8 � Foot, Repeated Exposure

One study investigated changes to cartilage in the foot fol-
lowing repeated exposure to running, and evaluated cartilage 
thickness and T2* relaxation time [62]. There is very limited 
evidence that running a multistage ultramarathon does not 
change cartilage thickness of the tibiotalar, talonavicular, 
talocalcaneal, or calcaneocuboid joints. As in the ankle, we 
found very limited evidence that the T2* relaxation times 
of cartilage in the foot increases during the frst half of a 
multistage ultramarathon, followed by a secondary reduction 
for the remainder of the race [62].

4 � Discussion

Based on our aggregate fndings, the current literature sug-
gests that the infuence of running on lower limb cartilage 
properties seen on MRI is often transient, and that imme-
diate changes are related to normal fuid exchange within 
the cartilage. Overall, this review suggests that repetitive 
joint loading from a single run or a running programme is 
well tolerated and not detrimental to lower limb cartilage. 
Our results are consistent with previous systematic reviews 
[15, 16] that assessed changes in knee cartilage after a sin-
gle run, although we included more articles and considered 
their methodological quality to formulate recommendations. 
Our review provides a more comprehensive report for cli-
nicians because it analyses the infuence of exposure to a 
running programme, summarizes research in all lower limb 
joints, and ofers details on diferent compartments within 
the knee.

4.1 � Immediate Changes are Indicative of Fluid 
Exchange Within Articular Cartilage

In order to mitigate the high forces experienced by cartilage 
during running, intrachondral water is exuded from regions 
experiencing loading, thereby decreasing cartilage matrix vol-
ume and compressing proteoglycan molecules [74]. A reduction 
in free water content and an increase in proteoglycan concentra-
tion shortens T1ρ and T2 relaxation times [75], thus changes to 
cartilage morphology and composition immediately following 
running are expected. While qualitative analyses in the present 
review suggest cartilage volume and thickness may be reduced 
immediately following running, our quantitative analyses 
included studies with large uncertainty in their efects, such 
that the summary efect was not signifcant. Thus, running may 
cause immediate changes to lower limb morphology, although 
it is not clear from our analyses. Possible explanations for con-
ficting results between qualitative and quantitative results may 
include lack of statistical power from small sample sizes and 
large CIs surrounding efect sizes leading to low precision, or 
the fact that the meta-analyses did not include all studies con-
sidered in the qualitative analyses due to incomplete datasets.

4.2 � Cartilage Recovers After Running

The extracellular matrix of joint cartilage is porous and per-
meable; thus, when load is removed, water naturally migrates 
back into the tissue [76]. Our qualitative analyses indicate 
that knee cartilage morphology and composition are gener-
ally restored as the time between the cessation of running 
and MRI evaluation increases, likely a result of the restora-
tion of intrachondral water content and concomitant decrease 
in proteoglycan concentration. Furthermore, we report that 
the recovery of cartilage properties is rapid, often returning 
to baseline values within 24 h [27, 28, 34, 44, 49]. A fast 
return to normal fuid dynamics in joint cartilage suggests that 
immediate alterations to joint cartilage have no detrimental, 
long-term efects on cartilage morphology or composition, 
with the exception of one study that reported that composi-
tional measures remained elevated in medial tibiofemoral and 
patellofemoral cartilage at 3 months post-marathon [57]; how-
ever, a subsequent similar study failed to identify such changes 
[55]. The fact that knee cartilage can recover its structural 
and functional properties after exposure to running-related 
loading implies that it can be ready to sustain more load and 
withstand repeated stimulation following a short period of 
rest. However, it is important to note that most studies in our 
review investigated the knee joint. Although it is possible that 
cartilage of other joints in the lower limb recover in a similar 
fashion, evidence is lacking at this point.
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4.3 � Regional Diferences in Cartilage Properties

Considering that load distribution within the knee joint is 
non-uniform during ambulation, it is reasonable to expect 
larger variations in the medial knee compartment since it 
experiences higher loads than the lateral compartment [20]. 
In agreement with our qualitative analyses, data pooling 
from quantitative analyses in this review revealed signif-
cant reductions in T2 relaxation time of the medial knee 
compartment only, immediately following a single run-
ning bout. As such, we agree with previous authors who 
suggest that compositional analysis may be more sensitive 
than morphological (i.e. volume and thickness) outcomes 
in detecting cartilage changes immediately after running 
[51, 77, 78], and thus we recommend using these measures. 
It is also important to note that there was large variabil-
ity between studies with regard to the anatomical regions 
of interest within a joint that were evaluated. For instance, 
while earlier papers evaluated femoral cartilage as a whole, 
more recent studies have further divided this area into much 
smaller subregions as sensitivity of MRI improves. However, 
this heterogeneity made results difcult to pool in the present 
review. While reliability values are generally high across 
compositional MRI techniques, poorer intraobserver ICC 
agreements are seen in studies that conduct smaller subre-
gional or laminar analyses. We suggest a consensus should 
be reached regarding the appropriate cartilage segmentation 
to achieve standardization among investigations.

Qualitative evidence suggests that our results regarding 
foot and ankle cartilage are limited. Kyung Kim et al. [53, 
54] detected increases in tibiotalar cartilage T2 relaxation 
times of novice runners at 3 h following a 5 km barefoot run; 
however, no signifcant changes from baseline were found 
in marathon runners, suggestive of adaptations to training. 
Ankle cartilage is stifer than knee cartilage, a characteristic 
that is attributed to a higher glycosaminoglycan content and 
less introchondral water [79]. It has been speculated that 
increased glycosaminoglycan content is an adaptation to 
withstand higher mechanical demands, as suggested by the 
diference in glycosaminoglycan content reported between 
a group of sedentary individuals who took part in a 10-week 
start-to-run programme and those who maintained a seden-
tary lifestyle [68].

4.4 � Clinical Implications

Assurance that load is benefcial for articular cartilage, 
and recreational running is a safe activity for lower limb 
joints, is important, as recent survey data suggest that 
runners, non-runners and healthcare practitioners alike 
are unsure about the relationship between moderate-to-
high loading activities, such as running, and cartilage 
health [80]. Short-term changes to cartilage volume and 

thickness in response to running are minimal and tran-
sient [60–62, 66, 67], and running, even for 10 years, 
does not lead to new cartilage lesions [69]. It is impor-
tant to note that the efects of repeated running exposure 
on pre-existing knee cartilage lesions are conficting and 
it is unclear if pre-existing lesions were a result of run-
ning participation or other previous joint trauma. More 
work is needed to understand how injured or compromised 
cartilage responds to running in the short and long term. 
Cartilage composition properties return to baseline when 
allowed to rest following a run [55–57], and can even do 
so during a multistage ultra-marathon in well-trained run-
ners [61, 62]. In fact, repeated exposure to mechanical 
loading within a safe physiological range that cartilage 
can tolerate may trigger a positive adaptation response. 
A recent theoretical modelling study further supports the 
necessity of adaptation to occur to prevent cartilage fail-
ure, especially in the knees of runners [12]. Studies dem-
onstrate that individuals who were more physically active 
at a baseline timepoint showed less changes in cartilage 
T1ρ and T2 relaxation times following running compared 
with their less-active counterparts [46, 48, 53, 54]. Our 
results are consistent with previous systematic reviews that 
suggest that recreational running is associated with lower 
rates of hip and knee osteoarthritis, and lower odds of 
undergoing surgery for osteoarthritis, in comparison with 
a sedentary lifestyle (underload) or running at the elite 
level (overload) [9, 81]. As our results did not indicate 
any adverse efects to continual running training, given the 
potential protective efects of running, clinicians should 
consider recommending recreational running, as tolerated, 
to maintain healthy cartilage.

4.5 � Limitations and Considerations

The protocol for this review was not preregistered. Quantita-
tive analyses were only possible for studies that investigated 
outcomes immediately after running, thus we were unable to 
provide pooled data for other subgroups or repeated expo-
sure to running. For studies that did not conduct follow-
up scans immediately following running cessation, it is 
unclear whether subjects ran or participated in other strenu-
ous activities that may have loaded their lower limbs in the 
meantime. Therefore, we cannot be certain if the observed 
changes in cartilage outcomes were due to running alone. 
There was signifcant variation among studies with regard 
to MRI machines and sequencing parameters: higher feld 
strength machines could have detected smaller variations in 
cartilage outcomes. Confounders such as participant charac-
teristics (age, sex, history of injury, activity levels) and the 
distance/duration of runs were not explored in our analyses 
and most studies investigated young, healthy people who can 
be categorized as ‘recreational runners’. The fndings of a 
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collection of studies evaluated cartilage response in highly 
trained runners during a multistage ultramarathon [60–62], 
thus these specifc results may not be generalizable to other 
populations. The present review considered healthy and 
clinical populations together; however, recommendations 
may be diferent in people with a previous joint injury or 
those diagnosed with osteoarthritis [27, 28]. There is a clear 
need for more research investigating the efects of running in 
clinical populations; however, current evidence suggests that 
running and impact exercise are not detrimental in those at 
risk of, or with established, osteoarthritis [8, 11, 82]. Finally, 
the majority of our fndings are restricted to the knee joint; 
more HQ studies are needed to further investigate the impact 
of running on cartilage in the foot, ankle, and hip, for which 
no studies were identifed by this review.

5 � Conclusion

This review highlights the resiliency of lower limb cartilage 
in response to the repetitive impacts of running. We report 
immediate natural and transient dynamics of cartilage fuid 
exchange and deformation assessed via quantitative imaging 
within the lower limb joints. While a single bout of run-
ning induces immediate changes to lower limb cartilage 
morphology and composition, these changes are generally 
not sustained beyond 24-h post-run. As such, the cartilage 
outcomes we included seem to recover from running rela-
tively quickly, and the cartilage is conditioned to withstand 
regular training. Given that running has a myriad of health 
benefts and that loading within a safe physiological range is 
healthy for cartilage, our results support recommendations 
in favour of running as a healthy form of physical activity. 
Future research should investigate clinical populations and 
further evaluate if fndings at the knee can be extrapolated 
to other lower limb joints.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s40279-​021-​01533-7.

Declarations 

Funding  Salary support was provided by the Canadian Institutes of 
Health Research (JMC, JFE, MAH) and the Michael Smith Foundation 
for Health Research (MAH).

Conflict of interests  Michaela Khan, James O’Donovan, Jesse Charl-
ton, Jean-Sébastien Roy, Michael Hunt, and Jean-Francois Esculier 
declare they have no competing interests.

Ethics approval and consent to participate  Not applicable.

Consent for publication  Not applicable.

Availability of data and material  The datasets generated and/or ana-
lysed during the current study are available from the corresponding 
author on reasonable request.

Author contributions  JSR and JFE designed the study. MCMK, JOD, 
JMC, JSR and JFE performed the literature search, critical appraisal, 
and data extraction, and MCMK, JMC, MAH and JFE performed the 
data analyses. The frst draft was prepared by MCMK, JMC, MAH and 
JFE. All co-authors provided feedback and approved the fnal manu-
script.

References

	 1.	 Hespanhol LC, Pillay JD, van Mechelen W, Verhagen E. Meta-
analyses of the efects of habitual running on indices of health in 
physically inactive adults. Sport Med. 2015;45:1455–68.

	 2.	 Messier SP, Legault C, Schoenlank CR, Newman JJ, Martin DF, 
Devita P. Risk factors and mechanisms of knee injury in runners. 
Med Sci Sports Exerc. 2008;40:1873–9.

	 3.	 McLaughlin P, Chowdary P, Woledge R, McCarthy A, Maya-
goitia R. The efect of neutral-cushioned running shoes on the 
intra-articular force in the haemophilic ankle. Clin Biomech. 
2013;28:672–8.

	 4.	 Siverling S, O’Sullivan E, Garofalo M, Moley P. Hip osteoarthritis 
and the active patient: will I run again? Curr Rev Musculoskelet 
Med. 2012;5:24–31.

	 5.	 Van Gent RN, Siem D, Van Middelkoop M, Van Os AG, Bierma-
Zeinstra SMA, Koes BW. Incidence and determinants of lower 
extremity running injuries in long distance runners: a systematic 
review. Br J Sports Med. 2007;41:469–80.

	 6.	 Leech RD, Edwards KL, Batt ME. Does running protect against 
knee osteoarthritis? Or promote it? Assessing the current evi-
dence. Br J Sports Med. 2015;49:1355–6.

	 7.	 Driban JB, Hootman JM, Sitler MR, Harris KP, Cattano NM. Is 
participation in certain sports associated with knee osteoarthritis? 
A systematic review. J Athl Train. 2017;52:497–506.

	 8.	 Lo GH, Driban JB, Kriska AM, McAlindon TE, Souza RB, 
Petersen NJ, et al. Is there an association between a history of 
running and symptomatic knee osteoarthritis? A cross-sectional 
study from the Osteoarthritis Initiative. Arthritis Care Res. 
2017;69:183–91.

	 9.	 Timmins KA, Leech RD, Batt ME, Edwards KL. Running and 
knee osteoarthritis: a systematic review and meta-analysis. Am J 
Sports Med. 2017;45:1447–57.

	10.	 Williams PT. Efects of running and walking on osteoarthritis and 
hip replacement risk. Med Sci Sport Exerc. 2013;45:1292–7.

	11.	 Bricca A, Juhl CB, Steultjens M, Wirth W, Roos EM. Impact of 
exercise on articular cartilage in people at risk of, or with estab-
lished, knee osteoarthritis: a systematic review of randomised 
controlled trials. Br J Sports Med. 2019;53:940–7.

	12.	 Miller RH, Krupenevich RL. Medial knee cartilage is unlikely 
to withstand a lifetime of running without positive adaptation: 
a theoretical biomechanical model of failure phenomena. PeerJ. 
2020;8:e9676.

	13.	 Gold GE, Chen CA, Koo S, Hargreaves BA, Bangerter NK. 
Recent advances in MRI of articular cartilage. Am J Roentgenol. 
2009;193:628–38.

	14.	 Hunter DJ, Altman RD, Cicuttini F, Crema MD, Duryea J, 
Eckstein F, et al. OARSI clinical trials recommendations: knee 
imaging in clinical trials in osteoarthritis. Osteoarthr Cartil. 
2015;23:698–715.

https://doi.org/10.1007/s40279-021-01533-7


72	 M. C. M. Khan et al.

	15.	 Hoessly ML, Wildi LM. Magnetic resonance imaging fndings 
in the knee before and after long-distance running—documenta-
tion of irreversible structural damage? A systematic review. Am 
J Sports Med. 2017;45:1206–17.

	16.	 Dong X, Li C, Liu J, Huang P, Jiang G, Zhang M, et al. The efect 
of running on knee joint cartilage: a systematic review and meta-
analysis. Phys Ther Sport. 2020;47:147–55.

	17.	 Moher D, Shamseet L, Clarke M, Ghersi D, Liberati A, Petticrew 
M, et al. Preferred reporting items for systematic review and 
meta-analysis protocols (PRISMA-P) 2015 statement. Syst Rev. 
2015;4:1–9.

	18.	 Kmet LM, Lee RC, Cook LS. Standard quality assessment criteria 
for evaluating primary research papers from a variety of felds. 
HTA Initiative #13. 2004.

	19.	 Bernard S, Ouellet MP, Mofet H, Roy JS, Dumoulin C. Efects of 
radiation therapy on the structure and function of the pelvic foor 
muscles of patients with cancer in the pelvic area: a systematic 
review. J Cancer Surviv. 2016;10:351–62.

	20.	 Becker R, Kopf S, Karlsson J. Loading conditions of the knee: 
What does it mean? Knee Surg Sport Traumatol Arthrosc. 
2013;21:2659–60.

	21.	 van Tulder M, Furlan AD, Pennick V, Bombardier C, Bouter L. 
Updated method guidelines for systematic reviews in the Cochrane 
Collaboration Back Review Group. Spine (Phila Pa 1976). 
2003;28:1290–9.

	22.	 Barton CJ, Bonanno DR, Carr J, Neal BS, Malliaras P, Franklyn-
Miller A, et al. Running retraining to treat lower limb injuries: a 
mixed-methods study of current evidence synthesised with expert 
opinion. Br J Sports Med. 2016;50:513–26.

	23.	 DerSimonian R, Laird N. Meta-analysis in clinical trials revisited. 
Contemp Clin Trials. 2015;45:139–45.

	24.	 Higgins J, Thomas J, Chandler J, Cumpston M, Li T, Page M, 
et al. Cochrane handbook for systematic reviews of interventions. 
New York: Wiley; 2019.

	25.	 Balduzzi S, Rücker G, Schwarzer G. How to perform a meta-
analysis with R: a practical tutorial. Evid Based Ment Health. 
2019;22:153–60.

	26.	 Cohen J. Statistical power analysis for the behavioural sciences. 
2nd ed. Hillsdale: Lawrence Erlbaum Associates; 1988.

	27.	 Esculier JF, Jarrett M, Krowchuk NM, Rauscher A, Wiggermann 
V, Taunton JE, et al. Cartilage recovery in runners with and with-
out knee osteoarthritis: a pilot study. Knee. 2019;26:1049–57.

	28.	 van Ginckel A, Verdonk P, Victor J, Witvrouw E. Cartilage sta-
tus in relation to return to sports after anterior cruciate ligament 
reconstruction. Am J Sports Med. 2013;41:550–9.

	29.	 Leiter JRS, MacDonald L, McRae S, Davidson M, MacDonald 
PB. Intrinsic stresses on bone and cartilage in the normal and 
anterior cruciate ligament-reconstructed knee before and after 
a half marathon: a magnetic resonance imaging analysis. Clin J 
Sport Med. 2012;22:439–42.

	30.	 Schueller-Weidekamm C, Schueller G, Uffmann M, Bader 
TR. Does marathon running cause acute lesions of the knee? 
Evaluation with magnetic resonance imaging. Eur Radiol. 
2006;16:2179–85.

	31.	 Niehoff A, Müller M, Brüggemann L, Savage T, Zaucke F, 
Eckstein F, et  al. Deformational behaviour of knee cartilage 
and changes in serum cartilage oligomeric matrix protein 
(COMP) after running and drop landing. Osteoarthr Cartil. 
2011;19:1003–10.

	32.	 Mosher TJ, Liu Y, Torok CM. Functional cartilage MRI T2 map-
ping: evaluating the efect of age and training on knee cartilage 
response to running. Osteoarthr Cartil. 2010;18:358–64.

	33.	 Boocock M, McNair P, Cicuttini F, Stuart A, Sinclair T. The 
short-term efects of running on the deformation of knee articular 
cartilage and its relationship to biomechanical loads at the knee. 
Osteoarthr Cartil. 2009;17:883–90.

	34.	 Kessler MA, Glaser C, Tittel S, Reiser M, Imhof AB. Recovery 
of the menisci and articular cartilage of runners after cessation 
of exercise: additional aspects of in vivo investigation based on 
3-dimensional magnetic resonance imaging. Am J Sports Med. 
2008;36:966–70.

	35.	 Kessler MA, Glaser C, Tittel S, Reiser M, Imhof AB. Volume 
changes in the menisci and articular cartilage of runners: an 
in vivo investigation based on 3-D magnetic resonance imaging. 
Am J Sports Med. 2006;34:832–6.

	36.	 Eckstein F, Lemberger B, Gratzke C, Hudelmaier M, Glaser C, 
Englmeier KH, et al. In vivo cartilage deformation after diferent 
types of activity and its dependence on physical training status. 
Ann Rheum Dis. 2005;64:291–5.

	37.	 Kersting UG, Stubendorf JJ, Schmidt MC, Brüggemann GP. 
Changes in knee cartilage volume and serum COMP concentra-
tion after running exercise. Osteoarthr Cartil. 2005;13:925–34.

	38.	 Mosher TJ, Smith HE, Collins C, Liu Y, Hancy J, Dardzinski BJ, 
et al. Change in knee cartilage T2 at MR imaging after running: 
a feasibility study. Radiology. 2005;234:245–9.

	39.	 Heckelman LN, Riofrio AD, Vinson EN, Collins AT, Gwynn 
OR, Utturkar GM, et al. Dose and recovery response of patel-
lofemoral cartilage deformations to running. Orthop J Sport Med. 
2020;8:1–6.

	40.	 Brenneman Wilson EC, Gatti AA, Maly MR. A new technique to 
evaluate the impact of running on knee cartilage deformation by 
region. MAGMA. 2021;34(4):593–603.

	41.	 Heckelman LN, Smith WAR, Riofrio AD, Vinson EN, Collins 
AT, Gwynn OR, et al. Quantifying the biochemical state of knee 
cartilage in response to running using T1rho magnetic resonance 
imaging. Sci Rep. 2020;10(1):1870.

	42.	 Crowder HA, Mazzoli V, Black MS, Watkins LE, Kogan F, Har-
greaves BA, et al. Characterizing the transient response of knee 
cartilage to running: decreases in cartilage T2 of female recrea-
tional runners. J Orthop Res. 2021. https://​doi.​org/​10.​1002/​jor.​
24994.

	43.	 Bratke G, Bruggemann GP, Willwacher S, Mählich D, Trudeau 
MB, Rohr E, et al. Does footwear afect articular cartilage vol-
ume change after a prolonged run? Scand J Med Sci Sport. 
2020;30:332–8.

	44.	 Karanfl Y, Babayeva N, Dönmez G, Diren HB, Eryılmaz M, Doral 
MN, et al. Thirty minutes of running exercise decreases T2 sig-
nal intensity but not thickness of the knee joint cartilage: a 3.0-T 
magnetic resonance imaging study. Cartilage. 2018;10:444–50.

	45.	 Chen M, Qiu L, Shen S, Wang F, Zhang J, Zhang C, et al. The 
infuences of walking, running and stair activity on knee articu-
lar cartilage: quantitative MRI using T1 rho and T2 mapping. 
PLoS One. 2017;12:1–15.

	46.	 Gatti AA, Noseworthy MD, Stratford PW, Brenneman EC, Tot-
terman S, Tamez-Peña J, et al. Acute changes in knee cartilage 
transverse relaxation time after running and bicycling. J Biomech. 
2017;53:171–7.

	47.	 Behzadi C, Welsch GH, Laqmani A, Henes FO, Kaul MG, Schoen 
G, et al. The immediate efect of long-distance running on T2 and 
T2* relaxation times of articular cartilage of the knee in young 
healthy adults at 3.0 T MR imaging. Br J Radiol. 2016;89:1–7.

	48.	 Subburaj K, Kumar D, Souza RB, Alizai H, Li X, Link TM, et al. 
The acute efect of running on knee articular cartilage and menis-
cus magnetic resonance relaxation times in young healthy adults. 
Am J Sports Med. 2012;40:2134–41.

	49.	 Cha JG, Lee JC, Kim HJ, Han JK, Lee EH, Kim YD, et al. Com-
parison of MRI T2 relaxation changes of knee articular cartilage 
before and after running between young and old amateur athletes. 
Korean J Radiol. 2012;13:594–601.

	50.	 Wang Z, Ai S, Tian F, Liow MHL, Wang S, Zhao J, et  al. 
Higher body mass index is associated with biochemical 
changes in knee articular cartilage after marathon running: a 

https://doi.org/10.1002/jor.24994
https://doi.org/10.1002/jor.24994


73Infuence of Running on Lower Limb Cartilage

quantitative T2-relaxation MRI study. Orthop J Sport Med. 
2020;8(8):2325967120943874.

	51.	 Zhang P, Yu B, Zhang R, Chen X, Shao S, Zeng Y, et al. Longitu-
dinal study of the morphological and T2* changes of knee carti-
lages of marathon runners using prototype software for automatic 
cartilage segmentation. Br J Radiol. 2021;94(1119):20200833.

	52.	 Krampla W, Mayrhofer R, Malcher J, Kristen KH, Urban M, 
Hruby W. MR imaging of the knee in marathon runners before 
and after competition. Skelet Radiol. 2001;30:72–6.

	53.	 Kyung Kim H, Mirjalili A, Doyle A, Fernandez J. Tibiotalar car-
tilage stress corresponds to T2 mapping: application to barefoot 
running in novice and marathon-experienced runners. Comput 
Methods Biomech Biomed Eng. 2019;22:1153–61.

	54.	 Kyung Kim H, Fernandez J, Logan C, Tarr GP, Doyle A, Mirjalili 
SA. T2 relaxation time measurements in tibiotalar cartilage after 
barefoot running and its relationship to ankle biomechanics. J Bio-
mech. 2019;90:103–12.

	55.	 Nathani A, Gold GE, Monu U, Hargreaves B, Finlay AK, Rubin 
EB, et al. Does injection of hyaluronic acid protect against early 
cartilage injury seen after marathon running? A randomized con-
trolled trial utilizing high-feld magnetic resonance imaging. Am 
J Sports Med. 2019;47:3414–22.

	56.	 Hesper T, Miese FR, Hosalkar HS, Behringer M, Zilkens C, 
Antoch G, et al. Quantitative T2* assessment of knee joint carti-
lage after running a marathon. Eur J Radiol. 2015;84:284–9.

	57.	 Luke AC, Stehling C, Stahl R, Xiaojuan L, Kay T, Takamoto 
S, et al. High-feld magnetic resonance imaging assessment of 
articular cartilage before and after marathon running: does long-
distance running lead to cartilage damage? Am J Sports Med. 
2010;38:2273–80.

	58.	 Stahl R, Luke A, Li X, Carballido-Gamio J, Ma BC, Majum-
dar S, et al. T1rho, T2 and focal knee cartilage abnormalities in 
physically active and sedentary healthy subjects versus early OA 
patients: a 3.0-Tesla MRI study. Eur Radiol. 2009;19:132–43.

	59.	 Hagemann GJ, Rijke AM, Corr PD. Do knees survive the Com-
rades Marathon? S Afr Med J. 2008;98:873–6.

	60.	 Schütz UH-W, Brix M, Kiess A, Goed S, Friedrich K, Weber 
M, et  al. Femoropatellar joint reaction detected during a 
4486 KM ultramarathon with mobile MRI. Int J Sports Med. 
2020;41:398–411.

	61.	 Schütz UHW, Ellermann J, Schoss D, Wiedelbach H, Beer M, 
Billich C. Biochemical cartilage alteration and unexpected signal 
recovery in T2* mapping observed in ankle joints with mobile 
MRI during a transcontinental multistage footrace over 4486 km. 
Osteoarthr Cartil. 2014;22:1840–50.

	62.	 Schütz UHW, Billich C, Schoss D, Beer M, Ellermann J. MRI 
cartilage assessment of the subtalar and midtarsal joints during a 
transcontinental ultramarathon: new insights into human locomo-
tion. Int J Sports Med. 2018;39:37–49.

	63.	 Horga LM, Henckel J, Fotiadou A, Hirschmann AC, Di Laura 
A, Torlasco C, et al. Is the immediate efect of marathon run-
ning on novice runners’ knee joints sustained within 6 months 
after the run? A follow-up 3.0 T MRI study. Skelet Radiol. 
2020;49:1221–9.

	64.	 Horga LM, Henckel J, Fotiadou A, Hirschmann A, Torlasco C, 
Di Laura A, et al. Can marathon running improve knee damage of 
middle-aged adults? A prospective cohort study. BMJ Open Sport 
Exerc Med. 2019;5:1–8.

	65.	 Qiu L, Perez J, Emerson C, Barrera CM, Zhong J, Nham F, et al. 
Biochemical changes in knee articular cartilage of novice half-
marathon runners. J Int Med Res. 2019;47:5671–9.

	66.	 Lu LY, Wang YB. Efects of exercises on knee cartilage volume 
in young healthy adults: a randomized controlled trial. Chin Med 
J (Engl). 2014;127:2316–21.

	67.	 Hinterwimmer S, Feucht MJ, Steinbrech C, Graichen H, von 
Eisenhart-Rothe R. The efect of a 6-month training program fol-
lowed by a marathon run on knee joint cartilage volume and thick-
ness in marathon beginners. Knee Surg Sport Traumatol Arthrosc. 
2014;22:1353–9.

	68.	 van Ginckel A, Baelde N, Almqvist KF, Roosen P, Mcnair P, Wit-
vrouw E. Functional adaptation of knee cartilage in asymptomatic 
female novice runners compared to sedentary controls. A longi-
tudinal analysis using delayed Gadolinium Enhanced Magnetic 
Resonance Imaging of Cartilage (dGEMRIC). Osteoarthr Cartil. 
2010;18:1564–9.

	69.	 Krampla WW, Newrkla SP, Kroener AH, Hruby WF. Changes 
on magnetic resonance tomography in the knee joints of mar-
athon runners: a 10-year longitudinal study. Skelet Radiol. 
2008;37:619–26.

	70.	 Brenneman EC, Gatti AA, Maly MR. Infuence of sex on tibi-
ofemoral cartilage response to running in young healthy men and 
women. Osteoarthr Cartil. 2019;27:S340.

	71.	 Niehof A, Kersting UG, Helling S, Dargel J, Maurer J, Thevis M, 
et al. Diferent mechanical loading protocols infuence serum car-
tilage oligomeric matrix protein levels in young healthy humans. 
Eur J Appl Physiol. 2010;110:651–7.

	72.	 Stahl R, Luke A, Ma CB, Krug R, Steinbach L, Majumdar S, et al. 
Prevalence of pathologic fndings in asymptomatic knees of mara-
thon runners before and after a competition in comparison with 
physically active subjects—a 3.0 T magnetic resonance imaging 
study. Skelet Radiol. 2008;37:627–38.

	73.	 Hagemann GJ, Rijke AM, Corr PD. Do knees survive the Com-
rades Marathon. S Afr Med J. 2008;98:873–6.

	74.	 Lai WM, Mow VC, Roth V. Efects of nonlinear strain-dependent 
permeability and rate of compression on the stress behavior of 
articular cartilage. J Biomech Eng. 1981;103:61–6.

	75.	 Muir H. The chondrocyte, architect of cartilage. Biomechanics, 
structure, function and molecular biology of cartilage matrix mol-
ecules. BioEssays. 1995;17:1039–48.

	76.	 Sophia Fox AJ, Bedi A, Rodeo SA. The basic science of articular 
cartilage: Structure, composition, and function. Sports Health. 
2009;1:461–8.

	77.	 Burstein D, Bashir A, Gray ML. MRI techniques in early stages 
of cartilage disease. Investig Radiol. 2000;35:622–38.

	78.	 Binks DA, Hodgson RJ, Ries ME, Foster RJ, Smye W, McG-
onagle D, et al. Quantitative parametric MRI of articular car-
tilage: a review of progress and open challenges. Br J Radiol. 
2013;86(1023):20120163.

	79.	 Treppo S, Koepp H, Quan EC, Cole AA, Kuettner KE, Grodzin-
sky AJ. Comparison of biomechanical and biochemical proper-
ties of cartilage from human knee and ankle pairs. J Orthop Res. 
2000;18:739–48.

	80.	 Esculier JF, Krowchuk NM, Li LC, Taunton JE, Hunt MA. What 
are the perceptions about running and knee joint health among 
the public and healthcare practitioners in Canada? PLoS One. 
2018;13(10):e0204872.

	81.	 Alentorn-Geli E, Samuelsson K, Musahl V, Green CL, Bhandari 
M, Karlsson J. The association of recreational and competitive 
running with hip and knee osteoarthritis: a systematic review and 
meta-analysis. J Orthop Sports Phys Ther. 2017;47:373–90.

	82.	 Chakravarty EF, Hubert HB, Lingala VB, Zatarain E, Fries JF. 
Long distance running and knee osteoarthritis. A prospective 
study. Am J Prev Med. 2008;35:133–8.



74	 M. C. M. Khan et al.

Authors and Afliations

Michaela C. M. Khan1,2   · James O’Donovan3,4,5 · Jesse M. Charlton1,2   · Jean‑Sébastien Roy6,7   · 
Michael A. Hunt1,2   · Jean‑Francois Esculier1,2,8 

1	 Motion Analysis and Biofeedback Laboratory, University 
of British Columbia, Vancouver, BC, Canada

2	 Department of Physical Therapy, University of British 
Columbia, 2177 Wesbrook Mall, Vancouver, BC V6T 1Z3, 
Canada

3	 Department of Sports Medicine, Sports Surgery Clinic, 
Dublin, Ireland

4	 Sport Ireland Institute, National Sports Campus, Dublin, 
Ireland

5	 Department of Sports Medicine, National Orthopaedic 
Hospital, Dublin, Ireland

6	 Center for Interdisciplinary Research in Rehabilitation 
and Social Integration, Quebec City, QC, Canada

7	 Faculty of Medicine, Laval University, Quebec City, QC, 
Canada

8	 The Running Clinic, Lac Beauport, QC, Canada

http://orcid.org/0000-0002-1059-7504
http://orcid.org/0000-0003-4709-7666
http://orcid.org/0000-0003-2853-9940
http://orcid.org/0000-0002-8648-1591
http://orcid.org/0000-0003-0372-4525

	The Influence of Running on Lower Limb Cartilage: A Systematic Review and Meta-analysis
	Abstract
	Background 
	Objective 
	Methods 
	Results 
	Conclusions 
	Trial Registration 

	1 Introduction
	2 Methods
	2.1 Literature Search and Eligibility Criteria
	2.2 Critical Appraisal
	2.3 Data Extraction
	2.4 Data Analysis

	3 Results
	3.1 Search Results
	3.2 Quality Assessment
	3.3 Study Characteristics
	3.4 Summary of Results
	3.4.1 Single Run: Immediate
	3.4.2 Single Run: Delayed Same Day
	3.4.3 Single Run: Delayed Same Week
	3.4.4 Single Run: Delayed Over 1 Month
	3.4.5 Repeated Exposure
	3.4.6 Ankle, Single Run: Delayed Same Day
	3.4.7 Ankle, Repeated Exposure
	3.4.8 Foot, Repeated Exposure


	4 Discussion
	4.1 Immediate Changes are Indicative of Fluid Exchange Within Articular Cartilage
	4.2 Cartilage Recovers After Running
	4.3 Regional Differences in Cartilage Properties
	4.4 Clinical Implications
	4.5 Limitations and Considerations

	5 Conclusion
	References




