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Abstract

Background The impact of activity-related joint loading on cartilage is not clear. Abnormal loading is considered

to be a mechanical driver of osteoarthritis (OA), yet moderate amounts of physical activity and rehabilitation exer-
cise can have positive effects on articular cartilage. Our aim was to investigate the immediate effects of joint loading
activities on knee and hip cartilage in healthy adults, as assessed using magnetic resonance imaging. We also investi-
gated delayed effects of activities on healthy cartilage and the effects of activities on cartilage in adults with, or at risk
of, OA. We explored the association of sex, age and loading duration with cartilage changes.

Methods A systematic review of six databases identified studies assessing change in adult hip and knee cartilage
using MRI within 48 h before and after application of a joint loading intervention/activity. Studies included adults
with healthy cartilage or those with, or at risk of, OA. Joint loading activities included walking, hopping, cycling,
weightbearing knee bends and simulated standing within the scanner. Risk of bias was assessed using the Newcas-
tle—Ottawa Scale. Random-effects meta-analysis estimated the percentage change in compartment-specific cartilage
thickness or volume and composition (T2 relaxation time) outcomes. The Grading of Recommendations Assessment,
Development and Evaluation (GRADE) system evaluated certainty of evidence.

Results Forty studies of 653 participants were included after screening 5159 retrieved studies. Knee cartilage thick-
ness or volume decreased immediately following all loading activities investigating healthy adults; however, GRADE
assessment indicated very low certainty evidence. Patellar cartilage thickness and volume reduced 5.0% (95% Cl 3.5,
6.4, I>=89.3%) after body weight knee bends, and tibial cartilage composition (T2 relaxation time) decreased 5.1%
(95% Cl 3.7, 6.5, #=0.0%) after simulated standing within the scanner. Hip cartilage data were insufficient for pooling.
Secondary outcomes synthesised narratively suggest knee cartilage recovers within 30 min of walking and 90 min
of 100 knee bends. We found contrasting effects of simulated standing and walking in adults with, or at risk of, OA.
An increase of 10 knee bend repetitions was associated with 2% greater reduction in patellar thickness or volume.

Conclusion There is very low certainty evidence that minimal knee cartilage thickness and volume and composition
(T2 relaxation time) reductions (0-5%) occur after weightbearing knee bends, simulated standing, walking, hopping/
jumping and cycling, and the impact of knee bends may be dose dependent. Our findings provide a framework

of cartilage responses to loading in healthy adults which may have utility for clinicians when designing and prescrib-
ing rehabilitation programs and providing exercise advice.
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Key Points

« Weightbearing activities seem to cause minimal
change in knee cartilage of healthy adults.

« Immediate knee cartilage changes after weightbear-
ing activities tend to recover within 15-90 min in
healthy adults.

« DPatellar cartilage seems to be particularly affected
by loaded knee bends, with the magnitude of carti-
lage change related to the number of repetitions per-
formed.

Background

Abnormal joint loading is considered a key mechanical
driver of osteochondral changes thought to contribute
to the initiation and progression of knee and hip osteo-
arthritis (OA) [1]. It is not clear what intensity or type of
loading may increase OA risk as under-/overloading can
result in diminution of cartilage thickness and volume
and compositional biomarkers [2—5], but moderate phys-
ical activity programs [4, 6] and rehabilitation exercises
for OA [7], and knee surgery [8] can have positive effects
on cartilage composition. Determining the effect(s) of a
known dose of load on knee and/or hip cartilage is diffi-
cult to establish over an extended period due to the influ-
ence of potential confounding factors (e.g. occupational
workloads, injury, body mass index [BMI], levels of com-
pliance/drop out with exercise interventions) [9]. Alter-
natively, exploring the immediate and delayed effects
(within 48 h) of loading on knee and hip cartilage allows
for tight control of activity parameters and evaluation of
the impact of potential confounders.

We recently synthesised data evaluating the immedi-
ate effects of running on cartilage assessed using mag-
netic resonance imaging (MRI) and found small (likely
transient) reductions in knee cartilage thickness and
volume (declines of 3—5%) and composition (declines of
4-13%) in healthy adults [10], similar to prior systematic
reviews [11-14]. The immediate and delayed effects of
joint loading activities, such as those commonly recom-
mended to meet physical activity guidelines or achieve
rehabilitation goals (e.g. walking, cycling, squatting), have
not been synthesised using meta-analysis. Quantifying
MRI cartilage changes in response to activity in people
with healthy knees and those with, or at risk of, OA could
inform our understanding of optimal loading for indi-
viduals to meet physical activity guidelines and following
injury, to reduce OA risk and to design therapeutic exer-
cise programs that facilitate cartilage health.

The primary aim of this study was to investigate the
immediate effect of joint loading activities other than
running on hip and/or knee articular cartilage, as evalu-
ated with MRI, in healthy adults. The secondary aims
were to investigate: the delayed (20 min—48 h) effects of
joint loading activities, the effects of activities on car-
tilage in adults with, or at risk of, OA and the explore
associations between cartilage changes and sex, age, and
loading duration/repetitions.

Methods

Protocol and Registration

The systematic review protocol was prospectively regis-
tered (PROSPERO, CRD 42020209368) as part of a larger
protocol investigating the immediate effect of various
joint loading activities on knee and/or hip cartilage [10].
The study adheres to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guide-
lines [15].

Search Strategy

A systematic search of Medline, Embase, and Cochrane
Central Register of Controlled Trials (via Ovid),
CINAHL and SPORTDiscus (via EBSCOhost), and Web
of Science (via Clarivate) databases, with no restriction
of publication year or language, was conducted in July
2020. The original and updated searches (in June 2021
and April 2023) used a search strategy customised for
each database that included Medical Subject Head-
ing (MeSH) terms and text words in title, abstract and
as keywords related to four key themes: knee/hip and
associated injuries, exercise, MRI and cartilage (Addi-
tional file 1).

Two authors (SC and TW) identified eligible studies
by independently screening the title, abstract and rel-
evant full text. Eligible study reference lists were searched
recursively until no additional eligible publications
were identified. Disagreement regarding eligibility was
resolved by discussion. A third reviewer (AC) was avail-
able if consensus could not be reached.

Eligibility Criteria

Peer-reviewed studies were eligible for inclusion if they
used any MRI measures of cartilage thickness, volume or
composition to investigate changes in knee or hip articu-
lar cartilage in individuals with mean age >18 years (as
immature cartilage may respond differently to mechani-
cal load [16, 17]), with at least one scan performed within
48 h prior to and following a joint loading intervention/
activity. Due to the large number of studies retrieved,



Coburn et al. Sports Medicine - Open (2023) 9:56

the effects of running were synthesised separately and
reported elsewhere [10].

To achieve our primary aim, studies for the current
review investigated the effect of any joint loading activity
other than running in adults with healthy joints. We also
included studies that investigated individuals with, or at
risk of developing OA (i.e. high BMI, post-anterior cruci-
ate ligament [ACL] injury or surgery, with femoroacetab-
ular impingement) to achieve our secondary aims. Joint
loading activities were defined as any hip or knee joint
loading exercise or physical activity that was intentional,
land-based and comprised of planned, structured move-
ment or activity (e.g. walking, hopping, weightbearing
knee bends and included simulated standing within the
scanner) of any type, duration or intensity.

Cartilage changes measured in the same individuals
following a second joint loading activity were included if
pre-/post-activity MRI was performed at each instance
and the activities were separated by >1 week (to limit
potential confounding of cartilage changes that may be
detected within 48 h following a strenuous activity [18]),
reflecting methodology used in likely eligible studies
identified during review development [19]. We excluded
non-English language, non-original data studies, case
reports, studies of animals or cadavers and studies of
other rheumatological diseases. We excluded stud-
ies without available full-text or with incomplete data if
authors were unable to provide data when contacted.

Risk of Bias

Risk of bias was assessed independently by two authors
(SC, AB), using a modified version of the Newcastle—
Ottawa Scale (NOS) [20, 21] (Additional file 2). Relevant
items were adapted from the NOS cohort and case—con-
trol study scales to assess selection bias (i.e. inclusion
criteria, representativeness, sample size), participant
comparability (i.e. control of activity prior to baseline
MRI, cohort comparability) and observation bias (i.e.
MRI assessor blinding, MRI assessor qualifications and
reliability, MRI outcome reliability/validity and follow-
up adequacy). Risk of bias was rated low, high or not
applicable for each of the nine items and considered to
be low risk of bias overall if more than half of applicable
items (i.e. >5/8 or >5/9) were rated low risk. Completed
appraisals were discussed in a consensus meeting, and
disagreements were decided by an independent arbi-
trator (JK). Cohen’s Kappa (K) was calculated to assess
agreement between raters.

Data Extraction
Data were extracted by one reviewer (SC), recorded in
a customised spreadsheet and cross-checked by two
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reviewers (AC and BM). Participant characteristics (e.g.
sex, age, BMI, joint status [e.g. healthy or at risk of/hav-
ing OA]) together with number of participants/joints
and joint loading activity characteristics were extracted.
MRI data extracted included MRI sequences utilised
and percent change in MRI thickness or volume and/
or compositional outcomes. Semiquantitative outcomes
included scores of defect size and severity such as the
Scoring Hip Osteoarthritis with MRI (SHOMRI) carti-
lage sub-score for the hip [22] or the Whole-Organ MRI
Score (WORMS) cartilage sub-score for the knee [23].
Compositional outcomes included specialised MRI tech-
niques used to provide measures of cartilage composi-
tion (considered to be biomarkers of early OA [24, 25]),
e.g. Tlp, T2 and T2* relaxation times, and T1-delayed
gadolinium-enhanced MRI of cartilage (dGEMRIC)
index. Relaxation time measures are increased when loss
of matrix integrity results in decreased concentration of
collagen or proteoglycan components and increased or
altered distribution of cartilage hydration [26, 27]. Hence,
higher relaxation times reflect poorer cartilage health.
Longer T1 dGEMRIC relaxation time, measured after
injection of a contrast agent, is indicative of higher gly-
cosaminoglycan content and therefore better cartilage
quality [28].

Data that documented change in cartilage outcomes
from scans conducted closest to the joint loading activity
were extracted to achieve our primary aim and explore
the immediate effects of joint loading activities. Data
from studies that repeated measures >20 min but within
48 h of activity completion, in the same individuals, were
extracted to achieve one of our secondary aims to inves-
tigate the delayed effects of activities. For studies that
measured the effects of an activity at different intensi-
ties (e.g. walking 10 min and walking 60 min on separate
occasions), we selected data from the activity that was
most similar in intensity to other studies in the analysis.
Authors were contacted for data if results were presented
graphically or bilaterally. If authors were unable to pro-
vide the requested data, a website tool (WebPlotDigi-
tizer, version 4.5, Pacifica, USA) was used to obtain data
from graphed results and bilateral data were reported
narratively.

Data Synthesis and Analysis

The primary outcome was the percent change in mean
MRI cartilage measures from scans performed before
and immediately (i.e. within 20 min) after a joint loading
activity, because significant effects of loading can occur a
short time after activity completion [12]. Delayed meas-
ures of cartilage changes (21 min to 48 h after activity)
were pooled if data from scans with comparable timing
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were available, with 48 h chosen as it is the time period
where cartilage may be sensitive to a loading event [18,

. (post-load mean)—(pre-load mean)
29]. The equation bre-Toad mean x 100 cal-

culated the percent change from pre- and post-joint load-
ing activity means when data were not presented as
percent change from baseline. A Taylor expansion equa-
tion [30] and a correlation coefficient (correlation=0.9,
derived from an included study with raw and percentage
change data) [31], were used to estimate the standard
deviation (SD) of the percentage change, as recom-
mended in the Cochrane Handbook [32].

Study results were pooled using random effects meta-
analyses and restricted maximum likelihood (REML)
models [33] displayed as forest plots (Stata SE 17 metan
command), based on the most commonly reported car-
tilage regions in the knee (i.e. weightbearing femoral,
tibial, patellar, femoral trochlear) and hip (i.e. weight-
bearing femoral, weightbearing acetabular). Data from
studies that reported mean percent change in smaller
sub-regions (e.g. superficial, deep) were combined
according to methods for combining means and SD in
the Cochrane Handbook [32]. We synthesised measures
of cartilage thickness and volume together with a prefer-
ence for volume if both measures were reported in the
same study as volume has superior reproducibility for
the detection of cartilage changes over time [34]. If the
same study reported more than one compositional out-
come, we selected the single outcome to synthesise using
the following hierarchy (according to frequencies found
in our previous study [10] and expert opinion [35]): T2,
T1lp, T2* and T1-dGEMRIC. Heterogeneity was calcu-
lated for each meta-analysis using the I* statistic (where
100% is maximal inconsistency) to quantify the impact of
inconsistency between studies [36].

Narrative synthesis was used to report results from
studies that could not be pooled, such as bilateral and
semi-quantitative measures of cartilage change and stud-
ies reporting incomparable cartilage regions, loading
activities or timing of MRI measures. Meta-regression
analysis explored associations between study level char-
acteristics (i.e., sex, age, activity duration/repetitions) and
changes in MRI cartilage thickness and volume.

Certainty of the Evidence

The Grading of Recommendations Assessment, Devel-
opment and Evaluation (GRADE) system appraised the
overall certainty in the pooled body of evidence using five
criteria: risk of bias, consistency of the reported results,
indirectness of evidence, imprecision and publica-
tion bias [37]. Funnel plot symmetry and Egger tests for
small-study effects were used to analyse publication bias
in meta-analyses that contained > 10 studies [38].
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Results

Study Characteristics

Thirty-eight studies of the knee (n=647 participants,
40% female) and two studies of the hip (#=33 par-
ticipants, 72% female) were included (Fig. 1, Table 1).
Participants with healthy knees (n=511) were pre-
dominantly young adults (mean age 31+15 years) with
a healthy BMI (mean 23 +5 kg m™2). Participants with,
or at risk of, knee OA (n=168) were typically older
(mean age 47 +12 years) and overweight (mean BMI
27+23 kg m™?). Participants with healthy hips (z=18)
were young adults (mean age 30 years, range 27-33)
with a healthy BMI (mean 22 kg m™2 range 21-22),
while participants at risk of hip OA (n=9) were older
(mean age 39 years, range 24—50) with a healthy BMI
(mean 22 kg m~2, range 19-30).

Knee cartilage thickness and/or volume changes were
measured in 28 studies (25 and 6, respectively) [19, 39—
64] and compositional changes in 16 studies (T2=12,
Tlp=7,T2*=1and dGEMRIC=1) [31, 46, 47, 50, 55, 58,
62, 65-73]. One study used a semi-quantitative measure
of knee cartilage defects [74]. Hip cartilage was investi-
gated using MRI thickness and T2 [75] and T2* relaxa-
tion time [76] measures. Online software was used to
obtain percentage change or pre- and post-activity meas-
ures from graphed results, when authors were unable to
supply the requested data [39, 41-46, 53, 54, 56, 57, 59—
61, 64, 66-68, 76].

Joint loading activity included sustained compres-
sion loading (50% body weight) applied to the foot of
individuals lying within the scanner to simulate upright
standing (mean duration 24 +13 min) [40, 50, 53, 55,
64, 68-73, 75] and a knee flexed protocol was used to
simulate squatting [52, 67]. Included studies also inves-
tigated walking [39, 41-43, 48, 51, 57, 62, 65, 66] (mean
duration 21+9.7 min) and cycling [31, 43, 47] (mean
duration 22 +9 min). Hopping [56, 60], double-leg [54]
and single-leg drop-jumps [43] were considered simi-
lar (hop/jump) activities and combined in meta-anal-
yses. One study investigated the effects of skiing for
1 h [58]. Nine studies investigated the impact of bilat-
eral, body weight loaded knee flexion (90-120°) activi-
ties (described as knee-bends), repeated (mean+ SD)
38 £10 times for 1-2 min [19, 43-46, 49, 59, 63, 76].
Two studies measured the effects of an activity at dif-
ferent intensities (on separate occasions) [45, 57]. To
optimise analysis homogeneity, we selected cartilage
change data obtained after 30 min walking from a study
investigating separate walking bouts of different dura-
tions (10, 20, 30, 40, 60 min) with normalised speed
[57] and after 50 repeated knee bends (in preference to
100 repetitions) [45].
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Fig. 1 PRISMA flow chart of included studies

Risk of Bias and Certainty of Evidence

Nine of 40 studies (23%) were assessed as low risk of bias
(Fig. 2, Additional file 3). Most studies (85%) controlled
participant activity prior to pre-exercise MRI [19, 39-48,
51-53, 56-66, 68-76] and 86% reported reproducibil-
ity and/or reliability of their MRI techniques. However,
few studies (17%) were assessed as low risk of all (three)

participant selection bias items [40, 46, 63, 71, 72, 74],
blinded MRI readers (19%) [19, 40, 48, 54, 65, 68, 71] or
reported MRI reader qualifications and reliability (15%)
[19, 39, 50, 52, 62, 63, 75, 76]. High risk of bias, together
with other components of the GRADE criteria, indicated
very low certainty of evidence for all findings (Additional
file 4).
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Definition of cases/controls
Representativeness of the cases/controls
Sample size is 220

Activity controlled prior to pre-activity MRI
Comparability of cases and controls
Ascertainment of MRI outcomes
Qualification of MRI scan assessors

MRI measure reliability/reproducibility

Adequacy of follow-up

Low risk
(>50% items low risk)

High risk

Fig. 2 Summary of risk of bias using the Newcastle—Ottawa Scale

Immediate Knee Cartilage Thickness and Volume Changes
in Healthy Adults

Knee cartilage thickness and volume decreased imme-
diately after most joint loading activities (Fig. 3), but
weightbearing femoral cartilage changes were not signifi-
cant after hopping/jumping and reductions were minimal
after walking (2.0%, 95% CI 0.2—3.8%, I*=37.5%) (Fig. 4a).
Reductions in tibial cartilage thickness and volume were
smallest after walking (3.2%, 95% CI 2.3-4.0%, I =73.0%)
and greatest after simulated standing (6.3%, 95% CI 1.5—
11.0%, I?=97.6%) (Fig. 4b). The largest immediate reduc-
tions in patellar cartilage thickness and volume occurred
following knee bends (5.0%, 95% CI 3.5-6.4%; I*=89.3%)
(Fig. 5). Single studies indicated that cycling at 80 Hz for
10 min on a stationary bike produced a 4.5% reduction
in patellar cartilage (95% CI 3.6-5.4%) (Fig. 5) [43], vet
cycling at the same rate for 45 min resulted in no signifi-
cant change in weightbearing femoral or tibial cartilage
thickness and volume. The only study to semi-quantita-
tively measure knee cartilage lesions found that WORMS
cartilage score, signal intensity or lesion shape did not
change in healthy participants after simulated standing
[74].

Immediate Knee Cartilage Composition Changes

in Healthy Adults

Simulated standing within the scanner resulted in
highly variable and not statistically significant reduc-
tions in weightbearing femoral cartilage T2 relaxation
time (5.2%, 95% CI —0.9-11.3, ’=95.7%) but reduced
tibial T2 relaxation times by 5.1% (95% CI 3.7-6.5%,
I=0%) (Figs. 3 and 6). Cycling did not appear to impact
weightbearing femoral or tibial cartilage relaxation times
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58 43
80 20
60 40
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83 18
85 15
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63 38

Not applicable

(£50% items low risk)

(Fig. 6). A single study found that a 30 min walk reduced
T2 relaxation time 2.7% (95% CI 1.1-4.3%) in tibial carti-
lage but had no effect on weightbearing femoral cartilage.
Only single studies evaluated compositional changes in
patellar cartilage after activity, with walking resulting in
a 2.9% (95% CI 1.7—4.1%) decrease in T2 relaxation time
[65] and no significant changes after simulated squat
within the scanner [67] or after knee bends [46] (Fig. 6¢).
Incomparable cartilage regions and activities precluded
pooling of data from studies that evaluated T1lp out-
comes [62, 65-67, 71, 72, 77], but individual studies
reported reductions in tibial cartilage that ranged from
3.2% (£2.8%) after walking [65] to 8.2% (+10.6%) after
simulated standing [72]. T1-dGEMRIC relaxation time
decreased significantly in weightbearing femoral and tib-
ial cartilage (6.6%, £ 10.5% and 6.1%, +9.2%, respectively)
after simulated standing [68].

Delayed Knee Cartilage Changes in Healthy Adults

and Those with OA

Four studies investigated cartilage recovery after different
activities with repeated, delayed MRI (20 min—48 h) post-
activity [31, 42, 45, 63]. Loss of tibial cartilage thickness
and volume had recovered at 25.2 min (root mean square
error=0.24, line fit=0.46) after a 30 min walk in healthy
adults [42]. Significant tibiofemoral cartilage reductions
measured immediately after 30 knee bends in healthy
individuals and those with mild OA had recovered to
baseline within 15 min in both groups [63]. Patellar car-
tilage has been reported to recover in an approximately
linear pattern following 100 knee bends, with approxi-
mately 50% recovery of thickness and volume at 45 min
and near complete recovery at 90 min in healthy adults
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Fig. 3 Summary of MRI cartilage a thickness and volume and b composition percent change after activity. Summary includes analyses with two
or more datasets, *Percent change significant p < 0.05, 'Run pooled meta-analysis sourced from previously published systematic review [10]. MRI

icon from Eucalyp, www. flaticon.com


http://www.flaticon.com

Coburn et al. Sports Medicine - Open (2023) 9:56

a) Weightbearing femoral cartilage.

Study Age Sex Load % Change from %

(mean) intensity baseline (95% Cl) Weight
Simulated stand
Cotofana et al. [40] 55 female45 min —— -0.50 (-2.71,1.71)  35.29
Jogi et al. [50] 24-383NR  NR —— -5.92 (-10.29, -1.55) 13.55
Nishii et al. [55] 25 mixed 21 min ——1 -2.35 (-6.90, 2.20) 12.69
Wang et al. [64] 35 mixed 10 min —— -1.84 (-3.88,0.20)  38.47
Subgroup, REML (1?2 = 37.5%, p = 0.187) S o -1.98 (-3.75, -0.22) 100.00
Walk
Collins et al. [39] 30 mixed 20 min (Fr=0.25) - -1.91(-2.89,-0.93) 38.37
Crook et al. [41] 35 mixed 20 min (4.0 km/hr) - -0.59 (-2.26, 1.08)  13.28
Ho et al. [48] 55 mixed 30 min (4.8-6.4 km/hr)—o—— -1.50 (-7.65, 4.65) 0.97
Lad et al. [51] 25 mixed 20 min (4.0 km/hr) -1.24 (-2.12,-0.35) 47.38
Subgroup, REML (1?2 = 0.0%, p = 0.555) S -1.41 (-2.02, -0.80) 100.00
Knee bends
Eckstein etal. [43] NR mixed 30 rep (1 min) —— -3.60 (-8.51,1.31)  20.83
Horng et al. [19] 23  mixed 50 rep *> -7.20 (-7.79,-6.61) 42.28
VanGinckel et al.[63]43  mixed 30 rep (1 min) —— -2.80 (-4.73,-0.87) 36.89
Subgroup, REML (I? = 90.0%, p = 0.000) - -4.83 (-7.95, -1.70) 100.00
Cycle
Gatti et al. [47] 26 male 46 min -+ 0.05 (-1.27,1.37)  100.00
Subgroup, REML (1> =0.0%, p = .) < 0.05 (-1.27,1.37)  100.00
Hop/Jump
Eckstein etal. [43] NR mixed 10 rep — -0.69 (-4.96, 3.58) 9.55
Niehoff et al. [54] 23  mixed 30 min — -1.20 (-3.59, 1.20)  30.49
Sutter et al. [60] 31 male 60rep (0.6 m) = -0.79 (-2.50, 0.92)  59.96
Subgroup, REML (I>= 0.0%, p = 0.959) < -0.90 (-2.22,0.42) 100.00
Run'’
Subgroup, REML (I1>= 0.0%, p = 0.642) ® -3.56 (-4.27, -2.85) 100.00

I I
-10 0 10
% decreased % increased

b) Tibial cartilage
Simulated stand
Cotofana et al. [40] 55 female45 min - -1.90 5-3.32, -0.48) 27.18
Jogi et al. [50] 24-38NR  NR — -6.21 (-10.99, -1.43) 21.76
Nishii et al. [55] 25 mixed 21 min — -4.26 (-8.05, -0.48) _ 23.69
Wang et al. [64] 35 mixed 10 min - -12.37(-13.57,-11.17) 27.37
Subgroup, REML (12 = 97.6%, p = 0.000) - -6.26 (-11.03, -1.50) 100.00
Walk
Collins et al. [39] 30 mixed 20 min (Fr=0.25) -+ -1.66 (-2.64, -0.68) 20.77
Crook et al. [41] 35 mixed 20 min 4.0 km/hr - -2.82 (-3.72,-1.92) 21.60
Cutcliffe et al. [42] 25 mixed 30 min (Fr=0.25) - -4.39 (-5.62, -3.16)  18.11
Lad et al. [51] 25 mixed 20 min (4.0 km/hr) - -3.43 (-4.81,-2.05) 16.69
Paranjape et al. [57] 25 mixed 30 min - -3.63 (-4.41,-2.85) 22.83
Subgroup, REML (1?2 = 73.0%, p = 0.005) 03 -3.15 (-4.04, -2.26) 100.00
Knee bends
Eckstein et al. &43] NR mixed 30 rep (1 min) —0{— -1.35(-3.90, 1.20 21.49
Horng et al. [19] mixed 50 rep - -6.24 (-7.79, -4.6 g 27.18
Sitoci et al. [59] 22 mixed 30 & Squuat (3.5min) == -3.45 (-5.29,-1.61) 25.54
VanGinckel et al.[63]43  mixed 30 rep (1 min) —~ -2.60 (-4.40, -0.80) 25.79
Subgroup, REML (12'=79.8%, p = 0.002) < -3.54 (-5.59, -1.49) 100.00
Cycle
Gatti et al. [47] 26 male 46 min — -1.66 (-3.93, 0.62) 100.00
Subgroup, REML (1> =0.0%, p = .) < -1.66 (-3.93, 0.62) 100.00
Hop/Jump
Eckstein etal. [43] NR mixed 10 rep —r -6.69 (-9.10, -4.28) 32.16
Niehoff et al. [54] 23 mlxed 30 min —o{ -2.06 (-4.17, 0.05 34.28
Sutter et al. [60] 31 male 60rep (0.6 m) —— -3.56 (-5.77,-1.3 ; 33.56
Subgroup, REML (12 = 75.5%, p = 0.017) < -4.05 (-6.70, -1.41) 100.00
Run’
Subgroup, REML (1?2 = 15.7%, p = 0.286) o -4.01 (-4.79, -3.23) 100.00

[
-20 0
% decreased

20
% increased
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Fig. 4 Percent change in tibiofemoral cartilage thickness and volume after different activities. 'Run pooled meta-analysis sourced from previously
published systematic review [10], C/ Confidence interval, Fr Froude number (calculated from walking velocity [m/s], lower limb length [m,

floor to the greater trochanter], and the gravitational constant [9.81,in m/s? and Fr=0.25 (1.48+0.05 m/s) represents comfortable walking

pace for adults, hr hour, km kilometres, m metres, min minutes, NR not reported, rep repetitions, s seconds, SL single leg
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Study Age Sex Load % Change from %
(mean) intensity baseline (95% Cl) Weight
Walk
Ecksteinetal.[43] 25 mixed 5 min - -2.83 £-3.28, -2 38§ 100.00
Subgroup, REML (12 =0.0%, p = .) ¢ -2.83 (-3.28, -2.38) 100.00
Knee bends
Eckstein et al. [45] 23-32 mixed 50 rep (1.5 min) —— -5.97 (-7.85,-4.09)  8.50
Ecksteinetal. [44] 25 mixed 30 rep (1 min - -5.93 (-7.12, -4.75 9.45
Ecksteinetal.[43] 25 male 30rep (1 min —— -4.10 (-5.46, -2.74 9.24
Ecksteinetal. [43] 29 male 30 rep (1 min) - -2.90 (-4.31,-1.49) 9.18
Ecksteinetal. [43] 23 male 30rep 21 min) - -3.90 (-5.23, -2.57)  9.27
Farrokhi et al. [46] 27  female 50 rep (1.7 min) —e— -10.00 (-12.59, -7.41) 7.40
Horng et al. [19]] 23  mixed 50 rep —— -7.82 (-9.47,-6.17)  8.85
Hudelmaier et al.[49] 61  female 30 rep -~ -2.60 f-3.56, -1 .64; 9.70
Hudelmaier et al.[49160 male 30 rep - -2.20 (-3.20, -1.20 9.66
Sitoci et al. [59] 22  mixed 30 rep (1.5 min - -5.40 (-6.44,-4.36) 9.62
Subgroup, REML (I? = 89.3%, p = 0.000) R o -4.95 (-6.38, -3.51) 100.00
Cycle
Ecksteinetal. [43] 25 mixed 10 min - -4.50 (-5.40, -3.60) 100.00
Subgroup, REML (12=0.0%, p = .) <@ -4.50 (-5.40, -3.60) 100.00
Hop/jump
Niehoff et al. [54] 23  mixed 100 rep (30 min) —— -2.79 (-4.01,-1.57) 41.30
Owusu et al. [56] 31  male 60 rep (0.6 m) - -2.50 (-3.52,-1.48) 58.70
Subgroup, REML (I? = 0.0%, p = 0.723) @ -2.62 (-3.40, -1.84) 100.00
Simulated squat
Lange et al. [52] 28 male 200N - -4.40 (-4.97, -3.83) 100.00
Subgroup, REML (12 =0.0%, p=.) @ -4.40 (-4.97, -3.83) 100.00
Run'
Subgroup, REML (I? = 46.2%, p = 0.098) < -5.16 (-6.42, -3.90) 100.00

T
10
% increased

T
-10
% decreased

0

Fig. 5 Percent change in patellar cartilage thickness and volume after different activities. "Run pooled meta-analysis sourced from previously
published systematic review [10], C/ confidence interval, m metres, min minutes, N newtons, rep repetitions

[45]. T2 relaxation time recovered in superficial carti-
lage subregions after simulated standing [70]. However,
a small increase in T2 relaxation time measured in the
lateral tibial plateau following 10 min cycling in healthy
adults had not recovered 20 min later and had also
increased in the lateral femoral cartilage [31].

Immediate Knee Cartilage Changes in Adults with,

or at Risk of, OA

Eleven studies evaluated immediate cartilage thickness
and volume changes [39-41, 46, 48, 53, 56, 60, 62, 63, 73]
and six studies evaluated composition changes [46, 62,
71, 72, 78, 79] in individuals with, or at risk of, knee OA.
Comparability of cartilage regions and activities was lim-
ited; two pooled analyses identified reductions in weight-
bearing femoral and tibial cartilage thickness and volume
following simulated standing (2.7% and 2.5%, respec-
tively) and walking (4.4% and 4.8%), respectively (Addi-
tional files 5 and 6). A single study of individuals with
patellofemoral pain found smaller patellar cartilage thick-
ness and volume changes (4.4%, +3.3%) after 50 knee
bends, compared to healthy participants (10.0%, +4.2%),
but no composition differences [46]. Similarly, smaller
reductions in patellar cartilage thickness (2.5%, +1.4)
have been reported in ACL deficient knees compared to

the intact contralateral knees (5.4%, +1.1) after 60 hops
[56]. In contrast, tibiofemoral cartilage volume reduc-
tions after 30 knee bends were found to be similar in indi-
viduals with mild OA (Kellgren—-Lawrence [KL]=1-2)
and healthy participants [63]. Subregion analysis of the
medial femoral condylar cartilage, immediately adjacent
to the intercondylar notch, decreased more in ACL defi-
cient knees than healthy contralateral knees after hop-
ping [60]. The only study to semi-quantitatively measure
changes in knee cartilage lesions found that 16.6% of par-
ticipants with radiographic OA (KL =2-3) had increased
WORMS cartilage score, signal intensity or lesion shape
after simulated standing [74]. Greater reductions in tibi-
ofemoral [39] and patellofemoral [62] cartilage thickness
after (20 min) walking were found in individuals with
high BMI compared to participants with normal BMIL

Immediate Hip Cartilage Changes in Healthy Adults

and Those at Risk of OA

From the two studies that evaluated immediate changes
in hip cartilage after activity, thickness and volume did
not change after simulated standing but individuals with
hip dysplasia had significant post-activity reductions in
peripheral acetabular cartilage thickness (7.9%, +11.5%)
and T2 relaxation time (7.6%, +10.6%) [75]. The second
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a) Weightbearing femoral cartilage

Study Age Sex Load % Change from %
mean intensity baseline (95% Cl) Weight
Simulated stand
Nag et al. [69] 52 mixed 20 min — -6.71 (-12.05, -1.36) 22.41
Nishii et al. [55] 25 mixed 21 min — -0.92 (-4.11, 2.27) 25.23
Schoenbauer et al. [70] 31 mixed 48 min —+— | -13.13 (-15.77,-10.48) 25.79
Souza et al. [72] 50 mixed 43 min — -0.24 (-1.91, 1.43) 26.57
Subgroup, REML (12 = 95.7%, p = 0.000) — -5.18(-11.26,0.89)  100.00
Walk
Chen et al. [65] 25 mixed 30 min — -1.41(-3.01, 0.19) 100.00
Subgroup, REML (12 = 0.0%, p = .) P -1.41 (-3.01, 0.19) 100.00
Cycle
Gatti et al. [47] 26 male 46 min — - -0.66 (-9.46, 8.14) 4.74
Verscheuren et al.[31] 24 mixed 10 min —— -1.15(-3.11, 0.81) 95.26
Subgroup, REML (I = 0.0%, p = 0.915) <@ -1.13 (-3.04, 0.79) 100.00
Run!
Subgroup, REML (12 = 88.3%, p = 0.000) o -5.30 (-8.06, -2.53) 100.00
T T
-20 0.00 20
o . % decreased % increased
b) Tibial cartilage
Simulated stand
Nag et al. [69] 52 mixed 20min  — -0.71 (-12.21, 10.79) 1.54
Nishii et al. [55] 25 mixed 21 min —— -4.54 (-7.62, -1.45) 21.48
Schoenbauer et al. [70] 31 mixed 48 min —— -6.64 (-9.46, -3.83) 25.70
Souza et al. [72] 50 mixed 43 min —— -4.66 (-6.66, -2.67) 51.28
Subgroup, REML (I2= 0.0%, p = 0.567) S -5.08 (-6.51,-3.65)  100.00
Walk
Chen et al. [65] 25 mixed 30 min —-— -2.71(-4.32, -1.11) 100.00
Subgroup, REML (12= 0.0%, p = .) <o -2.71(-4.32,-1.11)  100.00
Cycle
Gattiet al. [47] 26 male 46 min —— -2.60 (-5.99, 0.80) 28.51
Verscheuren et al. [31] 24 mixed 10 min —— -0.43 (-2.38, 1.52) 71.49
Subgroup, REML (I?°= 14.7%, p = 0.279) <> -1.05 (-2.96, 0.87) 100.00
Run?!
Subgroup, REML (12 =94.1%, p = 0.000) - -4.14 (-7.56, -0.72) 100.00
T T
-20 0 20
i % decreased % increased
c) Patellar cartilage
Simulated squat |
Lange et al. [71] 27 male 6.5 min — 0.52 (-3.71, 4.75) 100.00
Subgroup, REML (1> =0.0%, p = .) - 0.52 (-3.71,4.75) 100.00
Walk
Chen et al. [68] 25 mixed 30 min - -2.88 (-4.09, -1.66) 100.00
Subgroup, REML (1?°=0.0%, p = .) <@ -2.88 (-4.09, -1.66) 100.00
Knee bends
Farrokhi et al. [47] 27 female 50 rep (100s) —— 0.25(-2.24, 2.74) 100.00
Subgroup, REML (I1>=0.0%, p=.) = 0.25(-2.24, 2.74) 100.00
Run!
Subgroup, REML (12 = 92.2%, p = 0.000) e -5.41(-10.31, -0.51)  100.00
T T
-20 0 20
% decreased % increased

Fig. 6 Percent change in cartilage composition after different activities. 'Run pooled meta-analysis sourced from previously published systematic
review [10], Cl confidence interval, min minutes, NR not reported, rep repetitions, s seconds

study investigated hip cartilage composition (using T2*  The Effects of Sex, Age, and Activity Duration/Repetitions

relaxation time) following 50 knee bends in healthy = There were generally no other associations between
adults and found no changes compared to pre-activity —knee cartilage thickness and volume changes and sex,
[76]. age or joint loading activity duration (Additional file 7).
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40 45 50

Weightbearing knee bend repetitions

— — - Confidence interval
Linear prediction
o Patella change

Fig. 7 Patellar cartilage thickness and volume changes associated with the number of knee bends

However, for repeated weightbearing knee bends, for
every increase of 10 repetitions, patellar cartilage thick-
ness and volume reduced by 2% (95% CI 0.6-3.3%)
(Fig. 7).

Discussion

Our systematic review is the first to investigate immedi-
ate and delayed changes to knee and hip cartilage after
joint loading activities other than running. The results
build on our recent systematic review (immediate effects
of running) from the same overarching protocol [10].
Broadly, knee cartilage thickness, volume and composi-
tion reduced immediately following various activities,
but changes were small (0-6%) with the largest immedi-
ate reductions in thickness and volume and composition
after simulated standing. MRI-assessed cartilage changes
after joint loading activities could be explained by the
current multiphasic models of normal cartilage viscoe-
lastic response to loading, which describe the redistribu-
tion and exudation of small amounts of water [80, 81].
The current data, and our previous findings, support
MRI research protocols that utilise a period of 30 min of
non-weightbearing prior to quantifying cartilage [18] and
avoiding strenuous activity (i.e. repeated squatting, run-
ning) for at least 90 min to 48 h prior to the scan. Our
findings were graded very low certainty due to limita-
tions associated with high risk of bias and heterogeneity

of included studies. Only two of the forty eligible stud-
ies investigated hip cartilage changes after activity, which
may reflect the challenges associated with obtaining
reproducible and sensitive MRI measures of hip cartilage
[82].

We found the magnitude of change depended on the
cartilage region and activity assessed. For example,
1-2 min of repeated knee bends (e.g. 30-50 repetitions,
knee flexion 90-110°) appeared to have a greater impact
on weightbearing femoral (— 4.8%) and a similar impact
on patellar (— 5.0%) cartilage thickness and volume
as running (— 3.6% and 5.2%, respectively) for (mean)
33 min [10]. This result is perhaps surprising given the
shorter overall activity duration of repeated knee bends
and high magnitude forces estimated to be five times
body weight when running [83]. The cartilage effects
of repeated knee bends could be due to activity param-
eters such as longer instances of load (1-2 s repetitions)
which were up to tenfold longer than the 0.2-0.3 s load
time estimated to occur during each stance phase of run-
ning [84]. Weightbearing femoral cartilage contact with
the patella can occur during the maximum compressive
force of a knee bend at 90° flexion [85] which has been
estimated to be high (up to 18 times body weight) and
associated with activities requiring greater knee flexion
[43, 83]. We also identified a dose—response to loading
in patellar cartilage where every increase of 10 knee bend
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repetitions resulted in decreases in cartilage thickness
and volume by 2%. This finding aligns with larger reduc-
tions in patellar and tibial cartilage thickness and volume
following increased run [86] and walk [57] durations,
with controlled gait speed. Delayed (21 min—48 h) carti-
lage changes could not be pooled due to insufficient data,
but individual studies indicated that cartilage reductions
in tibial and femoral thickness and volume recovered
within 15 min after knee bends [63]. Partial recovery of
patellar cartilage volume occurred between repeated
bouts of (50) knee bends spaced 15 min apart [45], but
90 min was required to completely recover after one bout
of 100 knee bends [45]. As weightbearing knee bends,
or “squats’;, are a common component of rehabilitation
and fitness programs, our findings could guide program
design by incorporating bouts of fewer, faster knee bend
repetitions to minimise patellofemoral cartilage effects.

Static unilateral application of 50% body weight loading
within the scanner (to simulate upright standing) resulted
in 20% greater tibial composition reduction than we
found in tibial cartilage after running [10]. Reduced car-
tilage compositional measures (e.g. T2 relaxation times)
have been associated with reduced free water [87], a
more consolidated cartilage collagen matrix [88] and are
related to normal viscoelastic behaviour of loaded carti-
lage. The cartilage effects of simulated standing could also
illustrate the time-dependent behaviour of healthy carti-
lage, as sustained body weight loading appears to have a
similar impact on composition as cyclic instances of brief
but higher magnitude loads of running. It is also possi-
ble that scans taken during simulated standing better
reflect the immediate effects of loading, as some recov-
ery of cartilage composition may have already occurred
in the running studies, in which scans were commenced
(minutes) after activity completion [10]. Static unilateral
application of 50% body weight loading within the scan-
ner may not actually simulate standing in vivo as the con-
tribution of weight-shifts and minor load perturbations
that likely maintain cartilage thickness and volume dur-
ing upright standing [89] have been eliminated by more
passive supine positioning combined with foot and trunk
fixation to minimise movement within the scanner. We
found smaller composition reductions in OA popula-
tions, which may reflect heterogeneity in the severity of
OA disease, as early stages of disease are more responsive
to therapeutic exercise load [8].

Walking is an important mode of physical activity for
older adults, with the accumulation of at least 10,000
steps per day thought to lower risk of mortality [90]. We
found reductions in weightbearing femoral and tibial car-
tilage thickness and volume after walking for a (mean)
duration of 21 min were smaller (1-3%) than with all
other activities. Patellar cartilage thickness and volume
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reductions after walking (3%) (measured in only one
study) were approximately half the magnitude meas-
ured after running [10], which aligns with smaller patel-
lofemoral joint reaction forces measured during walking
[83]. Greater tibiofemoral cartilage thickness and volume
changes may occur at higher walking speeds [57]; how-
ever, there were insufficient data to pool the cartilage
effects of different walking load intensities. Our analyses
found that individuals with, or at risk of, OA, appear to
have a larger reduction in tibial and weightbearing femo-
ral cartilage thickness and volume compared to healthy
individuals. Due to limited data, we were unable to com-
pare responses of individuals with OA and those at risk
of OA who may be at different stages on the degeneration
continuum. Current evidence, limited to only one study,
indicates a gradual, nonlinear recovery of healthy tibial
cartilage thickness and volume after walking 30 min, with
complete recovery occurring after 25 min [42]. The tran-
sient nature of these immediate cartilage thickness and
volume changes is consistent with those observed after
running where tibiofemoral cartilage returns to baseline
levels within 60-90 min post-run [10], suggesting that (at
least a single bout of) walking (and running) is not detri-
mental to knee joint health.

From limited data, narrative synthesis indicates that
hip cartilage thickness and volume reductions are smaller
than those observed in the knee for the same activities
(i.e. simulated standing, knee bends). However, for indi-
viduals at risk of hip OA (i.e. those with hip dysplasia),
simulated standing appears to result in significant loss of
acetabular cartilage thickness and quality. Hip cartilage
may be less responsive to load compared to knee carti-
lage and contribute to occupational loads being less of a
factor in the development of OA in the hip compared to
the knee [91]. However, further research evaluating the
impact on different activities on hip cartilage and OA is
needed.

Limitations

Building on recent systematic reviews of the immediate
effects of running on lower-limb cartilage, we included
data from all other joint loading activities in the current
review. However, there were limited data evaluating tasks
such as hopping, jumping, step down and cycling, with
generally small changes in thickness and volume and
composition observed. A single study did find a large
reduction in patellar cartilage morphology after cycling,
similar to running and repeated knee bends, potentially
due to the increases in patellofemoral joint forces with
cycling intensity [92, 93]. As a relatively new tool, MRI
evaluation of articular cartilage is expensive and time
intensive, and so the number of participants in included
studies was small (mean #=17). The number of studies in



Coburn et al. Sports Medicine - Open (2023) 9:56

each meta-analysis was small due to the variety of activi-
ties investigated, cartilage regions reported, and MRI
measures used and limited studies measuring individu-
als with, or at risk of, OA. Averaging sub-region MRI
outcome measures may have diluted smaller and larger
changes in cartilage after activity, although small sub-
region analyses are thought to be less reliable due to high
heterogeneity [94]. Caution should be adopted when
making comparisons across studies in this review due
to the variability in MRI sequences and equipment used
that may have confounded the pooling of results [95].
This supports the need to address standardisation of MRI
methodology [96] to improve certainty in the body of
evidence, which was very low in our GRADE evaluation.
Nevertheless, a key strength of most of the included stud-
ies was the standardisation of a period of non-weight-
bearing prior to the first MRI scan acquisition. This is a
recommendation for MRI reproducibility [18, 29], par-
ticularly for all compositional sequences, which can be
confounded by pre-scan joint loading, as confirmed in
our review.

Conclusion

We found very low certainty evidence for small percent
changes in knee cartilage thickness and volume and com-
position (0-5%) following all activities investigated. This
is the first review to synthesise the evidence regarding
the effects of everyday joint loading activities and reha-
bilitation-type exercises on knee and hip cartilage, using
MRI measures. There are minimal data about the effect
of joint loading activities on hip cartilage. From limited
data available, it appears that most of these immediate
changes were transient in healthy adults, suggesting that
bouts of walking, cycling, squatting and jumping do not
adversely impact cartilage health in the short term. While
we know less about those with OA, our findings could
be useful for clinicians when designing and prescribing
rehabilitation programs and providing exercise advice.
Based on current evidence, patients with knee OA should
be educated that the benefits of these activities (i.e. physi-
cal, mental health and well-being) are likely to outweigh
the risks for cartilage health.

Abbreviations

ACL Anterior cruciate ligament

BMI Body mass index

cl Confidence interval

dGEMRIC  Delayed Gadolinium-enhanced MRI of cartilage

GRADE Grading of Recommendations Assessment, Development and
Evaluation

1? Variation across studies due to heterogeneity

K Kappa

KL Kellgren—Lawrence OA severity classification

MRI Magnetic resonance imaging

NOS Newcastle-Ottawa Scale
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OA Osteoarthritis

PRISMA Preferred Reporting Items for Systematic Reviews and
Meta-Analyses

REML Restricted maximum likelihood

SHOMRI  Scoring Hip Osteoarthritis with MRI

SD Standard deviation

WORMS  Whole-Organ MRI Score
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