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The Influence of Joint Loading
on Bone Marrow Lesions in the Knee

A Systematic Review With Meta-analysis

David Beckwée,* MSc, Peter Vaes,* PhD, Maryam Shahabpour,’ MD,
Ronald Muyldermans,” BSc, Nikki Rommers,* BSc, and Ivan Bautmans,*$ PhD
Investigation performed at Vrije Universiteit Brussel, Brussels, Belgium

Background: Bone marrow lesions (BMLs) are considered as predictors of pain, disability, and structural progression of knee
osteoarthritis. The relationship between knee loading and BMLs is not yet completely understood.

Purpose: To summarize the available evidence regarding the relationship between joint loading and the prevalence and progres-
sion of BMLs in the tibiofemoral joint.

Study Design: Meta-analysis.

Methods: Three databases (PubMed, Web of Science, and The Cochrane Library) were systematically screened for studies en-
compassing BMLs and changes in knee loading. A methodological quality assessment was conducted, and a meta-analysis com-
puting overall odds ratios (ORs) was performed where possible.

Results: A total of 29 studies involving 7641 participants were included. Mechanical loading was categorized as body weight and
composition, compartmental load, structural lesion, and physical activity. High compartmental loads and structural lesions
increased the risk for BMLs (overall ORs ranging from 1.56 [95% ClI, 1.13-2.15] to 8.2 [95% Cl, 4.4-15.1]; P = .006). Body weight
increased the risk for BMLs to a lesser extent (overall OR, 1.03; 95% CI, 1.01-1.05; P = .007). Contradictory results for the effect of
physical activity on BMLs were found.

Conclusion: Augmented compartmental loads and structural lesions increased the risk of the presence or progression of BMLs.
Body weight increased the risk for BMLs to a lesser extent. Contradictory results for the effect of physical activity on BMLs may
be explained by a dose-response relationship, knee alignment, and structural lesions.

Clinical Relevance: It has been shown that unloading the knee temporarily may induce beneficial effects on osteoarthritis-related
structural changes. Therefore, an early recognition of BMLs in the aging athlete’s knee may provide information to counter the
onset and aggravation of symptomatic knee osteoarthritis by reducing the knee load.

Keywords: knee; aging athlete; magnetic resonance imaging; biology of bone

Knee osteoarthritis (OA) is usually diagnosed and assessed grading system.? However, not all radiographic OA is
by radiographic imaging using the Kellgren-Lawrence accompanied with symptoms, which is reflected by
a much lower prevalence of symptomatic OA.*® During
the past decade, magnetic resonance imaging (MRI) has
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1090, Belgium (e-mail: ivan.bautmans@vub.ac.be).
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Brussel, Brussels, Belgium. appear in people who are at risk for developing knee OA,
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Belgium. A BML is generally defined as an area of either a hyper-
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intense or hypointense signal in the trabecular subchon-
dral bone on T2-weighted fat-suppressed or T1 MRI

: 59,71 :
flict of interest or source of funding: Funding for this study was obtained scans, respectively. Their volumes can be measured
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TABLE 1
Keywords Used for Search Strategy

Population: Persons
With or at Risk of
Developing Knee

PECO Dimension® Osteoarthritis

Exposure/Comparator: Mechanical Loading/Unloading

Outcome: Bone
Marrow Lesion

Osteoarthritis, knee
(MeSH) OR
“osteoarthritis,

Search terms

Motor activity (MeSH) OR resistance training (MeSH) OR
exercise therapy (MeSH) OR sports (MeSH) OR walking
(MeSH) OR running (MeSH) OR weightbearing (MeSH) OR

knee” stress, mechanical (MeSH) OR genu varum (MeSH) OR genu

valgum (MeSH) OR jumping OR jump OR steps OR loading OR
load OR unloading OR unload OR body weight (MeSH) OR
weight gain (MeSH) OR weight loss (MeSH) OR body mass
index (MeSH) OR “joint load” OR exercise (MeSH) OR

Magnetic resonance
imaging (MeSH) OR
“bone marrow
lesion” OR “bone
marrow edema” OR
BML OR BME OR
bone marrow
(MeSH)

“mechanical load” OR mechanical load OR joint load

“PECO, patient, exposure, control, outcome.

score with a higher sensitivity and responsiveness for lon-
gitudinal change compared with semiquantitative meas-
urements.’® The exact pathophysiology of BMLs is still
under debate. Histologically, a BML is characterized by
bone marrow necrosis, trabecular abnormalities, bone mar-
row fibroses and edema, and hyperplasia of blood vessel
walls.®® The destruction of adipose cells and fibrovascular
regeneration have also been described in these regions.”*
Larger BMLs were found in patients with OA with pain
compared with patients with OA without pain.'® The reso-
lution of BMLs has been related to a decrease in pain and
a reduced loss of cartilage volume.'®"* This suggests that
BMLs might be a modifiable feature for knee pain and
knee OA as their development and regression seems to
be a dynamic process.** Therefore, BMLs are of particular
interest as targets for preventive and therapeutic interven-
tions to counter knee OA.%¢™ Subchondral BMLs may be
observed in conjunction with several other conditions
such as spontaneous osteonecrosis of the knee (SONK)
and stress fractures.?® However, they can be differentiated
from OA-related BMLs, as shown by Roemer et al.?®
Indeed, SONK is characterized by an acute onset of severe
medial joint pain and may lead to rapid joint destruction.
The SONK-related BMLs are large and appear around
a subchondral thickened area of necrosis and may rapidly
progress to subchondral collapse.’® The BMLs that are
seen in relation to stress fractures are mostly seen in the
osteoporotic elderly and can be differentiated from OA-
related BMLs as they accompany a subchondral fracture
line.?®

Essentially, BMLs are important predictors of compart-
ment-specific increases in pain, disability, and structural
progression of knee OA.243! Such lesions may result from
traumas associated with excessive loads between the fem-
oral condyle and the tibial plateau.?” In previous studies,
the prevalence of BMLs has been associated with anthro-
pometric measures, such as body mass index (BMI),*!
and biomechanical measures, such as knee malalignment’
and knee adduction moment (KAM).*3

Recently, Lim et al*” systematically reviewed the litera-
ture for biomechanical factors, meniscal lesions, and

physical activity as risk factors for BMLs. Their data sug-
gested an association between BMLs, meniscal lesions,
and varus-valgus angles of the knee. However, this review
did not take into account other aspects that can be attrib-
uted to knee loading, such as body weight and cartilage
loss. Body weight has previously been associated with
knee loading in overweight and obese older adults with
knee OA5%%3; each pound of weight loss resulted in a 4-
fold reduction in the load exerted on the knee per step dur-
ing daily activities. Also, BMLs have been proposed as bio-
markers of increased knee loading,® and therefore, altered
mechanical loads of the knee may be expressed as changes
in the presence, number, or volume of BMLs. Several struc-
tural changes in the knee may influence its loading. For
example, it has been shown that hyaline cartilage serves
as a better shock absorber than fibrous menisci.?® This find-
ing suggests that a loss of cartilage may induce a reduced
shock absorption capacity of the joint, increasing loads on
the subchondral bone. Moreover, anterior cruciate ligament
(ACL) lesions have been shown to alter knee kinematics.>*
These lesions might cause a shift of mechanical loads to
joint regions that are not adapted to frequent load bearing.?
The involvement of the above-mentioned aspects of joint
loading on BMLs has not yet been systematically appraised
or quantified. Therefore, this systematic review aims to sum-
marize the available evidence regarding the relationship
between joint loading, as interpreted above, and the preva-
lence and progression of BMLs in the tibiofemoral joint.

MATERIALS AND METHODS
Protocol and Eligibility Criteria

As a general protocol for this review, the PRISMA guide-
lines® were followed. As shown in Table 1, keywords
were determined based on PECO dimensions: knee OA
(patient), loading (exposure), unloading (control), and
BML (outcome). Similar search strategies were performed
in 3 databases: PubMed, Web of Science, and The
Cochrane Library. Because we focused on literature
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regarding OA-related BMLs, we did not include “SONK?” or
“stress fracture” as keywords. No limits were used in the
databases. Studies were eligible for this review if they
reported relationships between tibiofemoral BMLs and
joint loading. Studies were included if they were written
in English, French, or Dutch. Studies were excluded if
they only focused on the patellofemoral joint. No limit
was set on the publication date.

Search and Screening

First, 2 reviewers identified search terms using MeSH
vocabulary and text word searching. Second, both
reviewers pilot tested appropriate search strategies inde-
pendently from each other. Both steps were discussed
with a third reviewer until a consensus was reached. The
last search was performed on June 30, 2014. The screening
process was performed by 2 reviewers independently and
blinded to each other’s results. Studies were first screened
for the title, then the abstract, and finally the full text.
After the screening process, both reviewers discussed all
disagreements. If disagreements were not resolved by
a consensus, a third reviewer was consulted.

Data Extraction and Risk of Bias

Data extraction was performed using a data extraction
sheet based on a template provided by the Cochrane Collab-
oration.'® Two assessors performed data extraction indepen-
dently for study design, study population, sample size, sex,
age, loading outcome, BML outcome, association measures,
or odds ratios (ORs). If the latter were not reported and if
frequencies were provided, ORs were calculated based on
the frequencies of the group of patients with the lowest
knee load (eg, lowest quartile of body weight) and the group
with the highest knee load (eg, highest quartile). No
assumptions were made on missing or unclear information,
and data extraction was based on the original reports. Dif-
ferent tools for the assessment of the risk of bias were
used depending on the study design. The 6-item Cochrane
risk of bias assessment tool was used to assess randomized
controlled trials (RCTs).'* Other designs were assessed
using tools provided by the Dutch Cochrane Collaboration
for cohort and cross-sectional studies®’ and for case-control
studies.?? The risk of bias assessment was performed by 2
blinded reviewers. The interrater reliability was calculated
using the Cohen k. A third reviewer was consulted in case
of disagreements and if no consensus was reached.

Meta-analysis

Meta-analyses were conducted with OpenMeta software
(Analyst) for advanced meta-analyses from the Brown Uni-
versity Evidence-based Practice Center®® using the ran-
dom-effects method and heterogeneity (72) calculation
according to DerSimonian and Laird.'® Subgroup analyses
were performed based on (1) study design (cross-sectional
and prospective) and/or (2) knee compartment (medial
and lateral). I? values with a significance level (P < .01)
are reported as a measure of the degree of inconsistency

Bone Marrow Lesions and Knee Joint Loading 3
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Figure 1. PRISMA flowchart.

in the studies’ results.?® The I? values may range from
0% (no observed heterogeneity) to 100%, and values of
25%, 50%, and 75% can be considered as low, moderate,
and high, respectively.??

RESULTS
Study Selection

Complete search strategies for each database are pre-
sented in the Appendix (available in the online version of
this article at http:/ajsm.sagepub.com/supplemental).
After the removal of duplicates, the screening process
resulted in 286 articles. Twenty-nine studies met the eligi-
bility criteria and were included in this review. Five of
them were retrieved by screening the reference lists of
the included articles (Figure 1).

Study Characteristics

The 29 included studies involved 7641 participants with or
at risk of knee OA. Four different designs were included: 1
RCT,® 1 case-control study,®® 15 cohort studies," and 12
cross-sectional studies.”

All studies investigated BMLs in the tibiofemoral joint
in relation to joint loading as primary, secondary, or
explanatory outcome measures. A BML was defined by
most studies as a hypointense signal on T1-weighted and
a hyperintense signal on T2-weighted MRI scans adjacent
to the subchondral bone. Most studies (n = 23) obtained the
BML scores from quantitative or semiquantitative meth-
ods. Consequently, these scores were dichotomized for

IReferences 7, 10, 19, 20, 23, 29, 32, 35, 37, 40, 44, 45, 57, 64, 69.
IReferences 4, 8, 9, 30, 31, 36, 41, 43, 49, 62, 65, 73.
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Studies Estimate (95% C.I.)
Baranyay et al, 2007 (M&L) 1.020 (0.990, 1.051)
Guymer et al, 2007 (M&L) 1.040 (1.010, 1.071)

Subgroup Cross-sectional (/2= 0%, P=.363) 1.030 (1.009, 1.052)

Gudbergsen et al, 2013 1.860 (0.658, 5.260)
Subgroup Prospective (/2=NA, P=NA) 1.860 (0.658, 5.260)
Overall (12 = 3%, P= .355) 1.030 (1.008, 1.053)

BML absent

The American Journal of Sports Medicine

T T T |
1.03 132 329 526
BML present / progression

Figure 2. Forest plot for body weight as a risk factor for bone marrow lesions (BMLs). Overall odds ratio (OR) (P = .007) for body
weight: higher body weight reflecting higher joint loading. Overall OR: P = .007. BML, bone marrow lesion; C.I., confidence inter-
val; 12, heterogeneity; L, lateral compartment; M, medial compartment; M&M, medial and lateral; NA, not available.

the presence and/or progression of BMLs (prospective lon-
gitudinal design).” Five studies defined the presence of
a BML if it appeared on >2 adjacent slices.*%1%3157 One
study did not provide information on how progression
was determined.**

Quality of Evidence. The risk of bias varied between the
different studies. A complete quality assessment of the stud-
ies can be found in the Appendix (available online). Inter-
rater reliability, calculated by the Cohen k, was high for
cross-sectional studies (k = 0.96) and moderate for cohort
studies (k = 0.53) and case-control studies (x = 0.50). One
RCT was assessed with perfect agreement.®

Results of Individual Studies

Joint loading was approached differently in the included
studies. For the readability of this review, we grouped
the studies into 4 categories according to the approach
used: (1) body weight and body composition (higher body
weight or BMI reflecting higher joint load), (2) knee com-
partmental load (abduction or adduction stress in the
knee joint), (3) knee structural lesion (higher joint load
due to ligamentous or cartilage defects), and (4) physical
activity (higher levels of physical activity associated with
higher joint load).

Body Weight and Body Composition. This category
encompasses 10 studies (Table 2).%910:19.29-31,43,4578 Ry
studies reported on body weight.*?%31:43 Combined data
from 3 of them showed a significantly increased risk for
BMLs with a higher body weight (overall OR, 1.03; 95%
confidence interval [CI], 1.01-1.05; P = .007) (Figure 2).
No significant heterogeneity was observed (I = 3%, P >
.01). One study that found no difference in body weight
between people with and without BMLs was not included
in the meta-analysis because no OR could be extracted
from the article.*

Eight studies reported on BMI.*910:19:30.314573 (p¢
study reported a significant correlation between BMI and
the presence of BMLs (r = 0.19, P = .04), but no ORs
were provided.” Therefore, data from 7 studies were

“References 6-8, 23, 29, 30, 32, 35-37, 40, 41, 43, 45, 49, 62-65, 69,
73.

combined, which showed a significantly higher risk for
BMLs in patients with a higher BMI (overall OR, 1.087;
95% CI, 1.036-1.41; P < .001) (Figure 3). No significant het-
erogeneity was observed (I = 47%, P > .01).

One study found a significantly increased risk for the
presence of BMLs with an increased total body fat mass
in 153 asymptomatic patients (16% radiographic knee
OA), even after adjusting for BMI (OR, 1.09; 95% CI,
1.01-1.18; P = .03).° Skeletal muscle mass was not a signif-
icant risk factor for the presence of BMLs (OR, 1.11; 95%
CI, 0.92-1.34; P = .26).°

Knee Compartmental Load. The effect of loading on the
medial and/or lateral knee compartment was reported in
10 articles (Table 3).68233240.4143.6378 \4regyver, KAM
was used in 3 studies as a biomechanical measure of
knee loading in the medial compartment during gait.”843
In 1 cross-sectional study, significantly higher peak KAM
(3.95%BW*Ht vs 3.47%BW*Ht, respectively; P < .01) and
KAM impulses (1.35%BW*Ht*s vs 1.15%BW*Ht*s, respec-
tively; P < .01) were measured in symptomatic OA knees
with BMLs compared with knees without BMLs, but no
ORs were reported.*® Therefore, the meta-analysis was
based on 1 cross-sectional study® and 1 prospective study.”
Both KAM impulses and peak KAM increased the risk for
the presence of BMLs in the medial compartment of the
knee (overall ORgamimpuises 9-26; 95% CI, 1.30-21.22;
P = .02 [I* = 59%, P = .09] and overall ORcaxxam, 1.56;
95% CI, 1.13-2.15; P = .006 [I*> = 0%, P = .40]) (Figures 4
and 5). However, neither KAM nor peak KAM increased
the risk for BML progression after 1 year.”

One study found that increased articular contact
stresses in the tibiofemoral joint predicted BML worsen-
ing 30 months later (OR, 6.6; 95% CI, 2.7-16.5).5® One
RCT studied the effect of lateral wedge insoles on BML
progression in the medial knee compartment.® Previously,
these insoles have been linked to decreased knee loads,
and therefore, the researchers expected a decrease of
BMLs in the medial knee compartment compared with
sham insoles. However, changes in the size of BMLs
were the same in both groups after 1 year (sham and
real insoles).

Five studies investigated BMLs in relation to knee
alignment. 233240417 Ope study with a cross-sectional
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TABLE 2
Studies Reporting on Body Weight and Body Composition®

Study Population;
Sample Size Loading Quality
Study (% Female) Age, y Outcome BML Outcome  Follow-up Results® Score

Cross-sectional studies

Baranyay No Sx (MCCS); 58.0 + 5.5 BMI, weight Presence — BMI: total knee: OR, 1.03 (0.95-1.13) 5/6
et al* (2007) N = 297 (63%) (Y/N) [P = .49]; medial: OR, 1.010 (0.900-
1.133); lateral: OR, 1.090 (0.980-
1.212)
Weight: total knee: OR, 1.02 (0.99-
1.05) [P = .30]; medial: OR, 1.01
(0.970-1.052); lateral: OR, 1.04
(1.001-1.080)
Berry et al® No Sx (community); 47 + 9 BMI, body Presence — BMI: OR, 1.02 (0.96-1.07) [P = .60] 5/6
(2010) N = 153 (81%) composition (Y/N) Skeletal muscle mass: OR, 1.11
(0.92-1.34) [P = .26]
Total body fat mass: OR, 1.09 (1.01-
1.18) [P = .03]
Doré et al'? TASOAC; N = 395 632+ 7.2 BMI Presence — OR, 1.34 (1.09-1.65) [P = .005] 6/8
(2010) (51%) (Y/N)
Guermazi No Sx (Framingham 62.3 + 84 BMI Presence — 117 (563%) vs 149 (54%) vs 103 (51%) 5/6
et al®° community cohort); (Y/N) [P = .79]; OR*, 0.915 (0.626-1.339)
(2012) N =710 (55%)
Guymer et al**>  No Sx (community); 52.3 £ 6.6 BMI, weight Presence — BMI: 30 = 7 vs 27 = 5 kg/m? [P = 5/6
(2007) N =176 (100%) (Y/N) .04]; total knee: OR, 1.10 (0.86-
1.19); medial: OR, 1.14 (1.04-1.25);
lateral: OR, 0.990 (0.626-1.339)
Weight: 81 = 18 vs 71 = 13 kg [P =
.003]; total knee: OR, 1.04 (1.01-
1.08); medial: OR, 1.05 (1.02-1.09);
lateral: OR, 1.01 (0.96-1.07)
Kean et al*® Sx medial OAKk; >50 Body weight Presence — 77.3 (SD, 14.5) vs 81.7 (SD, 16.4) 6/6
(2012) N = 169 (nk) (Y/N) [P > .05]
Zhai et al™ Adult children of 47 = 7 BMI Presence — BMI: r =0.19, P = .04 3/6
(2006) patients undergoing (Y/N)
knee replacement
for OAk; N = 115
(52%)
Prospective studies
Brennan No Sx; N = 142 (100%) 41.7 + 5.3 BMI Presence 10y OR, 1.13 (1.04-1.23) [P = .005] 8/8
et al** (Y/N) BMI evolution over 10 y: OR, 1.14
(2010) (1.03-1.26) [P = .01]
Doré et al'® TASOAC; N = 395 63.2 + 7.2 BMI Progression 2.7y BML increase after 2.7 y (n = 25%): 6/8
(2010) (51%) after 2.7y OR, 1.23 (0.97-1.58) [P = .093]
(Y/N)
Gudbergsen Obese OAk (CAROT); 62.7 = 6.3 Weight loss Decrease 16 wk Weight loss category: OR, 1.86 (0.66- 5/8
et al” N = 192 (80%) (Y/N) 5.26) [P = .24]
(2013) Weight loss (cont): OR, 1.13 (0.39-
3.28) [P = .81]
Laberge et al”®  No Sx (OAI 50.9 = 2.8 BMI Presence 36 mo 8 (21%) vs 10 (27%) vs 17 (27%) [P = 6/8
(2012) incidence); N = 137 (Y/N) .279]; OR*, 3.182 (1.343-7.536)

(41%)

“BMI, body mass index; BML, bone marrow lesion; CAROT, Influence of Weight Loss or Exercise on Cartilage in Obese Knee Osteoarthritis Patients study;
cont, continuous outcome; MCCS, Melbourne Collaborative Cohort Study; N, no; nk, not known; OAI, Osteoarthritis Initiative; OAk, knee Osteoarthritis; OR,
odds ratio; OR*, calculated OR from the reported data; Sx, Symptomatic; TASOAC, Tasmanian Older Adult Cohort study; Y, yes.

bValues in parentheses are 95% Cls unless otherwise indicated.

design reported different knee angles between OA knees
with BMLs and knees without BMLs, but no ORs were pro-
vided.*! Four studies prospectively investigated the associ-
ation between varus and valgus of the knee and the
progression of BMLs. 2324041 Ope study did not find an
association between knee alignment and the presence of
BMLs 2 years later, but the authors did not provide any
data.”® In contrast, all other included studies reported

positive associations between knee malalignment and
BML progression. Hunter et al*® found a significant associ-
ation between knee malalignment and the progression of
BMLs after 15 months (B = .6, P = .008 for the lateral com-
partment; B = .8, P =.003 for the medial compartment), but
no ORs were reported. This study also provided cross-sec-
tional data from which we were able to calculate the OR.
Hayashi et al®? found an increased relative risk (RR) for
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Studies Estimate (95% C.
Baranyay et al, 2007 (L) 1.090 (0.980,
Guymer et al, 2007 (L) 0.990 (0.860,
group Lateral partment, Cross I (12= 12%, P = .285) 1.051 (0.959,
Baranyay et al, 2007 (M) 1.010 (0.900,
Guymer et al, 2007 (M) 1.140 (1.040,
Subgroup Medial compartment, Cross-sectional (/2= 61%, P=.107) 1.079 (0.958,
Baranyay et al, 2007 (M&L) 1.030 (0.939,
Berry et al, 2010 1.020 (0.960,
Brennan et al, 2010 (CS) 1.130 (1.040,
Doré et al, 2010 (CS) 1.340 (1.088,
Guermazi et al, 2012 0.915 (0.626,
Guymer et al, 2007 (M&L) 1.100 (0.860,
Laberge et al, 2012 3.182 (1.343,
Subgroup Lateral & medial compartment, Cross-sectional (/2= 62%,P=.014) 1.095 (1.003,
Brennan et al, 2010 (PR) 1.140 (1.030,
Doré et al, 2010 (PR) 1.230 (0.958,
Subgroup Lateral & medial compartment, Prospective (/2= 0%, P=.581) 1.152 (1.049,
Overall (12= 47%, P=.031) 1.087 (1.036,

The American Journal of Sports Medicine

I.)
.212)
.140)
.152)

.133)
.250)
.214)

.130)
.084)
.228)
.650)

.339)
.407)
.536)
.196)

.262)
.580)
.266)

.141)

T L— T T ]
0.63 3.13 626 7.54
BML absent BML present / progression

Figure 3. Forest plot for body mass index (BMI) as a risk factor for bone marrow lesions. Overall odds ratio (OR) (P = .005) for
BMI: higher BMI reflecting higher joint loading. Overall OR: P < .001. BML, bone marrow lesion; CS, cross-sectional; L, lateral; M,

medial; M&L, medial and lateral; PR, prospective.

Studies Estimate (95% C.I.)
Bennel et al, 2010 (Tibia) 9.400 (1.545, 57.200) : L
Bennel et al, 2010 (Femur) 14.400 (2.309, 89.800) : L
Subgroup Cross-sectional (/2= 0%, P=.745) 11.601 (3.208, 41.955) —
Bennel et al, 2011 (Tibiofemoral) 1.800 (0.627, 5.170) . !
Subgroup Prospective (/2= NA, P=NA) 1.800 (0.627, 5.170) —:35
Overall (12 = 59%, P = .085) 5.259 (1.303, 21.221) e
| T T T T T T T ]
0.63 1.25 3.13 5.26 12.53 31.33 62.67 89.8
BML absent BML present / progression

Figure 4. Forest plot for knee adduction moment (KAM) impulse as a risk factor for bone marrow lesions. Overall odds ratio (

.02) for KAM impulse: higher KAM impulse reflecting higher joint loading in the medial compartment. BML, bone marrow lesion.

Studies Estimate (95% C.I.)
Bennel et al, 2010 (Tibia) 2.230 (1.070, 4.648) : |
Bennel et al, 2010 (Femur) 1.850 (0.930, 3.680) : 1
Subgroup Cross-sectional (/2=0%, P=.716) 2.019 (1.222, 3.335) e
Bennel et al, 2011 (Tibiofemoral) 1.310 (0.867, 1.980) L] L
Subgroup Prospective (12= NA, P=NA) 1.310 (0.867, 1.980) <©
Overall (12= 0%, P =.400) 1.560 (1.134,2.146) —eeee—
I t T ™
0.87 156 1.73 4.334.65
BML absent BML present / progression

Figure 5. Forest plot for peak knee adduction moment (KAM) as a risk factor for bone marrow lesions. Overall odds ratio (P =
.006) for peak KAM: higher peak KAM reflecting higher joint loading in the medial compartment. BML, bone marrow lesion;

NA, not available.

BML progression after 30 months with knee alignment

(RR, 1.7; 95% CI, 1.4-2.0), but no ORs were provided. We
calculated ORs for enlarging BMLs in baseline valgus

knees versus neutral and varus versus neutral. Conse-
quently, data from 3 studies resulted in an overall OR of
3.22 (95% CI, 1.91-5.44; P < .001) but with a high
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TABLE 3
Studies Reporting on Knee Compartmental Loads and BMLs®

Study Population;

Sample Size Loading
Study (% Female) Age, y Outcome BML Outcome  Follow-up Results® Quality Score
Cross-sectional studies
Bennell et al®  Sx medial OAKk; 64.5 = 1.6 Peak KAM, KAM Presence (Y/N) — Medial tibia: peak KAM: OR, 2.23 4/6
(2010) N =91 (51%) impulse (1.07-4.7) [P = .017]; KAM impulse:

OR, 9.4 (1.53-57.2) [P = .01]
Medial femur: peak KAM: OR, 1.85

(0.93-3.7) [P = .0440]; KAM

impulse: OR, 14.4 (2.3-89.8) [P =

.01]
Hunter et al*® BOKS; N = 217 (44%) 66.4 + 9.4 Knee alignment Presence (Y/N) — MC (most varus quartile vs valgus): 6/8
(2006) tibia: OR*, 8.492 (3.589-20.094);

femur: OR*, 15.789 (5.740-43.432)
LC (valgus vs most varus quartile):

tibia: OR*, 3.310 (1.403-7.808);

femur: OR*, 5.744 (1.520-21.707)

Issa et al*! OAKk; N = 146 (75%) 70 =11 Knee alignment WORMS — MC: difference in WORMS 1 and 0: 4/6
(2007) 5.1 (2.6-7.6) [P < .05]; difference in
WORMS 2-3 vs 0: 7.4 (5.2-9.5) [P <
.05]

LC: difference in WORMS 1 and 0:
-0.1 (2.5 to 2.3) [P > .05];
difference in WORMS 2-3 vs 0:
—2.6 (=7.1 to —1.8) [P < .05]
Kean et al*® Sx medial OAKk; >50 Peak KAM, KAM Presence (Y/N) — Presence vs absence: peak KAM (M): 6/6
(2012) N = 169 (nk) impulse 3.95 (3.76-4.13) vs 3.47 (3.23-3.71)
[P < .01]; KAM impulse (mean):
1.35 (1.28-1.42) vs 1.15 (1.07-1.24)

[P < .01]
Zhai et al”™® Adult children of 47 =7  Knee alignment Presence (Y/N) — “No association” (P > .05) 3/6
(2006) patients undergoing
knee replacement
for OAk; N = 115
(52%)
Prospective studies
Bennell et al”  Sx medial OAKk; 64.4 + 8.0 Peak KAM, KAM Progression ly Peak KAM: OR, 1.31 (0.86-1.98) [P = 6/8
(2011) N = 144 (56%) impulse after 1y .21]
(Y/N) KAM impulse: OR, 1.80 (0.63-5.17)
[P = .28]
Bennell et al®  Sx medial OAKk; 63.3 = 8.1 Lateral wedged Progression ly Difference (pre — post) in median 6/6
(2011) N =200 (569%) insoles after 1y BML changes after 1y between
(Y/N) real and sham insoles: 0 (-0.31 to
0.31)
Englund MOST; N = 1204 62.2 = 7.9 Knee alignment Progression 30 mo MC: varus vs valgus: OR*, 3.226 7/8
et al”® (61%) after 30 mo (2.103-4.948)
(2010) (Y/N) LC: valgus vs varus: OR*, 2.913
(1.871-4.535)
Hayashi With or at high risk  62.1 = 7.9 Knee alignment Progression 30 mo MC: varus: RR, 1.5 (1.2-1.9) 6/8
et al®? of OAk (MOST); after 30 mo LC: valgus: RR, 1.4 (1.0-2.1)
(2012) N = 1422 (61%) (Y/N) More loaded compartments: RR, 1.7
(1.4-2.0)
MC and LC: varus vs valgus: OR*,
1.597 (1.257-2.028)
Hunter et al*® BOKS; N = 217 (44%) 66.4 + 9.4 Knee alignment Progression 15 and 30 mo Progression: B = .8, P = .003 (medial 6/8
(2006) after 15/30 compartment of femur and tibia)

mo (Y/N) B = .6, P =.008 (lateral
compartment of femur and tibia)

(continued)
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TABLE 3
(continued)

Study Population;

Sample Size Loading
Study (% Female) Age, y Outcome BML Outcome  Follow-up Results’ Quality Score
Segal et al®? MOST; N = 38 (61%) 63.5 = 8.4 Articular surface  Progression 30 mo Mean contact stress: OR, 6.6 (2.7- 4/6

(2012) contact stress:
case region:
mean, 3.59 +
1.09 MPa and
peak, 8.64 =
2.91 MPa;
control region:
mean, 1.13 +
1.70 MPa and
peak, 2.78 =
4.31 MPa

after 30 mo

16.5) [P < .0001]
Peak contact stress: OR, 2.3 (1.5-3.6)
[P < .0001]

“BML, bone marrow lesion; BOKS, Boston Osteoarthritis of the Knee Study; KAM, knee adduction moment; L.C, lateral compartment; MC, medial compart-
ment; MOST, Multicenter Osteoarthritis Study; N, no; nk, not known; OAk, knee Osteoarthritis; OR, odds ratio; OR*, calculated OR from the reported data; RR,
relative risk; Sx, Symptomatic; WORMS, Whole-Organ Magnetic Resonance Imaging Score; Y, yes.

®Values in parentheses are 95% Cls unless otherwise indicated.

Studies

Englund et al, 2010 (tibiofemoral, varus vs valgus)
Subgroup Prospective Medial Compartment (/2= NA, P=NA)

Englund et al, 2010 (tibiofemoral, valgus vs varus)
Subgroup Prospective Lateral Compartment (/2= NA, P=NA)

Hayashi et al , 2012 (tibiofemoral, varus vs neutral)
Hayashi et al , 2012 (tibiofemoral, valgus vs neutral)

Estimate (95% C.I.)

w

.226
3.226

N

2913
.913

N

-

.542
.966

o

Subgroup Prospective Medial & Lateral Compartment (/2= 88%, P=.004) 1.225

(2.
(2.

(1.
(1.

(1.
(0.
(0.

103,
103,

871,
871,

254,
761,
774,

PSS

IS

.948)
.948)

.535)
.535)

.896)
.226)
.938)

Hunter et al, 2006 (tibia, varus vs valgus) 8.492 (3.589, 20.094)
Hunter et al, 2006 (femur, varus vs valgus) 15.789 (5.740, 43.432)
Subgroup Cross-sectional Medial (1= 0%, P = .360) 11.020 (5.719, 21.233)
Hunter et al, 2006 (tibia, valgus vs varus) 3.310 (1.403, 7.808)
Hunter et al, 2006 (femur, valgus vs varus) 5.744 (1.520, 21.707)
Subgroup Cross-sectional Lateral (2= 0%, P =.495) 3.893 (1.893, 8.005)
Overall (2= 91%, P=.000) 3.222 (1.910, 5.435)

Ev/Trt

183/651 28/259
183/651 28/259
47/259 43/608
47/259 43/608
873/1097 637/889
371/523 637/889

1244/1620 1274/1778

46/59

40/59 6/51
86/118 21/102
22/51 11/59
12/51 3/59
34/102 14/118

Ev/Ctrl

15/51

1594/2750 1380/2865

[
I

I T T T T ™
152 32238 761 15. 03
rogression

076 21 38,
BML absent BML present / pi

Figure 6. Forest plot for knee alignment as a risk factor for bone marrow lesions. Overall odds ratio (P < .001) for knee alignment:
higher varus/valgus reflecting higher joint loading in the medial/lateral compartment. BML, bone marrow lesion.

heterogeneity of the study results (I% = 91%, P = .000). Sub-
group analyses show that this heterogeneity is caused by
a significant I? value (I? = 88%, P = .004) in 1 subgroup.
This was the only subgroup in which the presence of
BMLs in both medial and lateral compartments was evalu-
ated for both varus loads as well as for valgus loads (Figure
6). All other subgroups evaluated varus loads in the medial
knee compartment and valgus loads in the lateral knee
compartment.

Knee Structural Lesions. Knee structural lesions
were investigated in relation to BMLs in 9 studies (Table
4) 423:31,36,37,4049.69.73 Royy studies found that meniscal
lesions increased the risk for BML presence and progres-
sion (overall OR, 4.06; 95% CI, 2.73-6.04; P < .001 [I? =
56%, P > .01]) (Figure 7).2337196% Meniscal lesions
increased the risk of BML progression after 30 months, 2
years, and 10 years (overall OR, 3.2; 95% CI, 2.1-4.8; IZ =

53%, P = .048).233769 Two studies with a cross-sectional
design also found an increased risk for the presence of
BMLs when meniscal lesions were present (overall OR,
8.2; 95% CI, 4.4-15.1; I? = 0%, P = .417).*%%°

Two studies found positive associations between ACL
lesions (degeneration, tears) and BMLs.?%37 Hovis et al®®
found that knees with ACL lesions had significantly more
BMLs than normal knees, and Huetink et al®” found that
ACL ruptures increased the risk of BML progression after
10 years (OR ranging from 2.4 [95% CI, 0.9-6.5] in the
medial femur to 5.5 [95% CI, 1.3-23.7] in the lateral femur).
However, BML scores did not differ between knees with
complete and incomplete ACL tears.>®

Five studies showed a positive association between car-
tilage lesions and BMLs.*2331:40.73 Data from 1 longitudi-
nal study indicated that cartilage lesions predict BML
progression after 30 months in the medial and lateral
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TABLE 4
Studies Reporting on Knee Structural Lesions and BMLs?

Study Population;

Sample Size Quality
Study (% Female) Age, y Loading Outcome BML Outcome Follow-up Results® Score
Cross-sectional studies
Baranyay No Sx (MCCS); 58.0 + 5.5  Cartilage lesion Presence (Y/N) — MC tibiofemoral: OR, 1.80 (1.21-2.69) 5/6
et al* (2007) N =297 (63%) [P = .004]
LC tibiofemoral: OR, 1.45 (1.02-2.07)
[P =.04]
Total knee: OR, 1.21 (1.02-1.47) [P =
.03]
Guymer et al**  No Sx (community); 52.3 + 6.6  Cartilage lesion Presence (Y/N) — MC tibiofemoral: OR, 3.51 (1.08- 5/6
(2007) N =176 (100%) 11.42) [P = .04]
LC tibiofemoral: OR, 1.02 (0.17-6.12)
[P =.98]
Total knee: OR, 2.12 (0.83-5.45) [P =
12]
Hovis et al*® Sx OAk (OAI 64.5 + 9.6  ACL lesion WORMS — Normal vs abnormal ACL: 1.83 = 1/6
(2012) progression); N = 2.06 vs 4.35 = 3.03 [P < .0001]
105 (e: 56%; c: 79%) Complete vs incomplete ACL tear:
4.40 = 3.22 vs 4.17 = 2.44 [P > .05]
Lo et al*? Sx OAk (OAI 61 = 10 Meniscal lesion Presence of — Medial meniscal lesion: no lesion vs 3/6
(2009) progression); N = large BMLs lesion: 0% vs 35% [P < .0001]
160 (50%) (Y/N) (MC); OR*, 37.218 (2.228-621.613)
Lateral meniscal lesion: no lesion vs
lesion: 6% vs 23% [P < .0022] (LC);
OR*, 4.472 (1.616-12.378)
Wang et al®®  Sx OAk; N = 100 63.3 = 10.4 Meniscal lesion Presence (Y/N) — Medial meniscal lesion: OR, 10.41 7/8
(2010) (54%) (3.9-27.8) [P < .001]
Lateral meniscal lesion: OR, 10.66
(2.7-42.2) [P = .001] (LM extrusion)
Zhai et al”™® Adult children of 47 = 7 Cartilage lesion BML size — MC: Spearman p = 0.26, P < .01 3/6
(2006) patients undergoing (ordinal) LC: Spearman p = 0.26, P < .01
knee replacement
for OAk; N = 115
(52%)
Prospective studies
Englund MOST; N = 1204 62.2 = 7.9  Meniscal lesion, Progression 30 mo Medial meniscal lesion: OR*, 2.922 7/8
et al?® (61%) cartilage lesion after 30 mo (2.176-3.923) (MC); minor lesion:
(2010) (Y/N) RR, 1.8 (1.3-2.3) [P < .05] (MC);
major lesion: RR, 2.4 (1.8-3.2) [P <
.05] (MC)
Lateral meniscal lesion: OR*, 5.440
(3.689-3.923) (LC); minor lesion:
RR, 4.0 (2.7-5.9) [P < .05] (LC);
major lesion: RR, 5.0 (3.2-7.7) [P <
.05] (LC)
MC tibiofemoral: OR*, 3.400 (2.387-
4.845)
LC tibiofemoral: OR*, 5.150 (3.275-
8.099)
Huetink Subacute knee 42 + 8 ACL lesion, Progression 10y ACL lesion: femur: OR, 5.5 (1.3-23.7) 5/8
et al®” problems; N = 326 meniscal lesion after 10 y [P = .22 (LC) and OR, 2.4 (0.9-6.5)
(2010) (33%) (Y/N) [P =.078] (MC); tibia: OR, 1.1 (0.2-

5.6) [P = .938] (LC) and OR, 4.0
(0.9-18.4) [P = .078] (MC)

Medial meniscal lesion: tibia: OR, 4.1
(1.1-15.9) [P = .04] (MC); femur:
OR, 1.7 (0.7-3.9) [P = .248] (MC)

Lateral meniscal lesion: tibia: OR,
4.4 (1.1-17.3) [P = .034] (LC);
femur: OR, 0.7 (0.1-4.0) [P = .732]
(LC)

(continued)
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TABLE 4
(continued)

Study Population;
Sample Size
(% Female)

Study Age, y

Loading Outcome BML Outcome Follow-up

Results?

Quality
Score

Hunter et al*®  BOKS; N = 217 (44%)
(2006)

66.4 + 9.4

Wang et al®
(2010)

Sx OAk; N = 100
(54%)

63.3 = 10.4 Meniscal lesion

WORMS
(baseline);
change in
WORMS
after 15 or
30 mo

Cartilage lesion: 15 and 30 mo
loss over 15 or

30 mo

Progression
after 2 y
(Y/N)

2y

Cartilage loss in ipsilateral
compartment per 1-unit difference
in baseline BML at 30 mo: 8 = 1.58,
P < .0001 (MC tibiofemoral); B =
1.88, P < .0001 (LC tibiofemoral)

Cartilage loss in contralateral
compartment per 1-unit difference
in baseline BML at 30 mo: B =-.74,
P < .0001 (MC tibiofemoral); B = —
.21, P = .09 (LC tibiofemoral)

Cartilage loss in ipsilateral
compartment per 1-unit increase
in BML score at 30 mo: B =.26, P =
.16 (MC tibiofemoral); B = .45, P =
.10 (LC tibiofemoral)

Cartilage loss in contralateral
compartment per 1-unit increase
in BML score at 30 mo: = —.16,
P = 52 (MC tibiofemoral); B = —.08,
P =.059 (LC tibiofemoral)

Medial meniscal lesion: OR, 3.3 (1.2-
9.1) [P = .02]

Lateral meniscal lesion: not analyzed
because of small sample size

6/8

7/8

“ACL, anterior cruciate ligament; BML, bone marrow lesion; BOKS, Boston Osteoarthritis of the Knee Study; ¢, control group; e, experimental group; LC,
lateral compartment; LM, lateral meniscus; MC, medial compartment; MCCS, Melbourne Collaborative Cohort Study; MOST, Multicenter Osteoarthritis Study;
N, no; OAI, Osteoarthritis Initiative; OAk, knee Osteoarthritis; OR, odds ratio; OR*, calculated OR from the reported data; RR, relative risk; Sx, Symptomatic;
WORMS Whole-Organ Magnetic Resonance Imaging Score; Y, yes.

®Values in parentheses are 95% Cls unless otherwise indicated.

Studies

Englund et al, 2010 (femorotibial, lateral meniscal lesion)
Huetink et al, 2010 (femur, lateral meniscal lesion)
Huetink et al, 2010 (tibia, lateral meniscal lesion)

Lateral

group ¥'r

Englund et al, 2010 (femorotibial, medial meniscal lesion)
Huetink et al, 2010 (femur, medial meniscal lesion)
Huetink et al, 2010 (tibia, medial meniscal lesion)

Wang et al, 2010 (femorotibial, medial meniscal lesions)

Subgroup Prospective-Medial compartment (/2= 0%, P = .600)

Lo et al, 2009 (femorotibial, lateral meniscal lesion)
Wang et al, 2010 (femorotibial, lateral meniscal lesion)
Subgroup Cross I-Lateral

Lo et al, 2009 (femorotibial, medial meniscal lesion)
Wang et al, 2010 (femorotibial, medial meniscal lesion)
Subgroup Cross I-Medial

Overall (1= 56%, P=.013)

tment (12=61%, P=.078)

Estimate (95% C.I.)
'
5.440 (3.689, 8.021) -~
0.700 (0.122, 4.000) }
4.400 (1.119, 17.300) _—
h
3.305 (1.174, 9.304) ——eER—————
'
2.922 (2.176, 3.923) s
1.700 (0.741, 3.900) ——
4.100 (1.057, 15.900) —— e —
3.300 (1.200, 9.075) —_— -
2.826 (2.173, 3.675) -
'
4.472 (1.616, 12.378) _—
10.660 (2.693, 42.200) _——
:
tment (/2= 0%, P=.320) 6.081 (2.683, 13.785) R
:
37.218 (2.228, 621.613)
10.410 (3.900, 27.787) —_——
tment (/2= 0%, P=.402) 11.952 (4.730, 30.203) | R
'
'
4.060 (2.730, 6.038) <
i
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Figure 7. Forest plot for meniscal lesions as a risk factor for bone marrow lesions. Overall odds ratio (P < .001) for meniscal
lesion: higher meniscal lesions reflecting higher joint loading in the medial compartment. BML, bone marrow lesion.

knee compartments (calculated OR cg5a1, 3.4 [95% CI, 2.4-
4.8] and ORyateran, 5.2 [95% CI, 3.3-8.1]).° Hunter et al*’
showed a longitudinal inverse association: knee compart-
ments with higher BML scores increased the risk of
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strongly associated with further worsening of cartilage
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Studies Estimate (95% C.I.) H
Guymer et al, 2007 (cartilage lesion in medial compartment) 3.510 (1.080, 11.408) -
Guymer et al, 2007 (cartilage lesion in lateral compartment) 1.020 (0.170, 6.120) '
Baranyay et al, 2007 (cartilage lesion in medial compartment)  1.800 (1.210, 2.678) ——
Baranyay et al, 2007 (cartilage lesion in lateral compartment) ~ 1.450 (1.020, 2.061) ——
Subgroup Cross-sectional (/2= 0%, P = .466) 1.639 (1.271, 2.114) '
Englund et al, 2010 (cartilage lesion in lateral compartment) 5.150: (8275, i8.099) : ——
Englund et al, 2010 (cartilage lesion in medial compartment 3.400 (2.387, 4.845) — B
Subgroup Prospective (/2= 50%, P =.157) 4.082 (2.725, 6.113) E B —
Overall (12=81%, P = .000) 2.521 (1.551, 4.099) ——mmE T
| T T T T T T |
0.17 0.34 0.85 g i 252 34 85 11.41
BML absent BML present / progression

Figure 8. Forest plot for cartilage lesions as a risk factor for bone marrow lesions. Overall odds ratio (P < .001) for cartilage
lesion: higher cartilage lesions reflecting higher joint loading in the medial compartment. BML, bone marrow lesion.

alignment, this association was not significant; no ORs
were provided.*® Worth mentioning, a BML in the lateral
compartment seemed to be protective of cartilage loss in
the medial compartment (B = —.74, P < .0001).*° One
study showed significant cross-sectional correlations
between the presence of BMLs and cartilage lesions (p =
0.26, P < .01), but no ORs were reported.”® A meta-anal-
ysis was performed based on 3 studies (overall OR, 2.52;
95% CI, 1.55-4.10; P < .001), with high heterogeneity (I2
= 81%, P = .000).4233! This extreme inconsistency among
studies is substantially reduced and became nonsignifi-
cant once differences in study design are accounted for
(Figure 8).

Physical Activity. Eight studies investigated the effect
of physical activity on BMLs (Table 5).%20:35:44,57,62,64,65
Four of them investigated the effect of long-distance run-
ning on BMLs, but their methodological quality was rated
very low.2>4462:64 None of these studies showed any long-
term effects of long-distance running on BMLs. One study
showed a higher prevalence of BMLs in marathon runners
(n = 5/10) compared with active controls (n = 1/12).%*

Two studies of good methodological quality found no
association between physical activity scores and
BMLs.*?” Moreover, 1 of these studies showed that walk-
ing on a weekly basis was protective against the presence
of tibiofemoral BMLs after 10 years.?” On the contrary, 2
studies reported a higher risk of physical activity for the
presence or progression (after 2.7 years) of BMLs.2%%5
Doré et al? showed that walking more than 10,000 steps
per day increases the risk of BML progression after 2.7
years (RR, 1.97; 95% CI, 1.19-3.27; P = .009). Stehling
et al® reported that patients with high scores on the Phys-
ical Activity Scale for the Elderly (PASE) had significantly
more BMLs than patients with low PASE scores (OR, 1.9;
95% CI, 0.8-4.3).

DISCUSSION

This systematic review summarizes the literature regard-
ing the interaction between knee mechanical loading and
BMLs. Therefore, we included 29 studies and categorized
the reported loading variables into 4 categories. We found

that increased compartmental loads and structural lesions
increased the risk of BML presence/progression tremen-
dously (overall OR ranging from 1.56 [95% CI, 1.13-2.15]
to 8.2 [95% CI, 4.4-15.1]; P = .006). Additionally, we discov-
ered that body weight increased the risk for BMLs to
a lesser extent (overall OR, 1.03; 95% CI, 1.01-1.05;
P = .007). Also, we found contradictory results for the
presence/progression of BMLs due to physical activity.
This may be explained by the fact that the effect of physical
activity may be different according to the context in which
the physical activity is performed (knee alignment, pres-
ence of structural lesions, etc). Moreover, Doré et al®®
showed that the number of people with BML progression
after 2.7 years was significantly higher in the group that
walked more than 10,000 steps per day versus those who
walked less than 10,000 steps per day, indicating a possible
dose-response relationship.

Studies within the body weight and body composition
category provided heterogeneous results with small com-
bined ORs for weight and BMI. In this context, it should
be noted that recently, different hypothetical phenotypes
of OA were suggested, each with their respective key driv-
ers of the disease.*?> Two of these drivers (ie, mechano-
transduction and metabolic drivers) can both be linked to
body weight. Mechanotransduction has been interpreted
as a “mechanical load that may drive a wear and tear
effect,” and the metabolic driver was interpreted as
“unhealthy phenotypes, such as obesity, that may drive
OA through adipokines.”*?®!V Thus, using body weight
as an outcome for mechanical knee loading solely may be
an underestimation of its contribution to OA. Findings of
an association between BMI and the development of OA
in nonweightbearing joints empower the hypothesis of adi-
pose tissue being a driver of the disease.'®%5 This may be
explained by the possible role of adipose tissue in the path-
ogenesis of OA: proinflammatory cytokines (including
tumor necrosis factor—a and interleukin-1B) that are
released by adipocytes may contribute to the development
of OA and associated BMLs.?® Interestingly, Berry et al®
showed that the prevalence of BMLs was higher with
increasing total body fat mass but not with increasing
BMI. This is in line with recent reports indicating that
BMI is not an absolute surrogate marker for total fat
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TABLE 5
Studies Reporting on Physical Activity and BMLs®

The American Journal of Sports Medicine

Study Population;

Sample Size Loading BML Quality
Study (% Female) Age,y Outcome Outcome Follow-up Results® Score
Cross-sectional studies
Baranyay No Sx (MCCS); N = 58.0 = 5.5 Physical activity Presence (Y/N) — “Not significantly associated” 5/6
et al* (2007) 297 (63%) score
Hohmann Marathon runners; 23-58 Marathon Narrative — BML noticed on before and after images 2/8
et al®® N =8 (0%) running in 1 ACL-reconstructed runner; “BML
(2004) not noticed on any other images”
Schueller- Long-distance 33+5 Training level Presence (Y/N) — High vs low training level: n = 1 (4%) vs 2/6
Weidekamm runners; N = 26 (high vs low) n =1 (4%)
et al® (73%)
(2006)
Stehling No Sx (OAI 50.6 = 3.0 Physical activity Presence (Y/N) — Low vs medium vs high physically active 4/6
et al®® incidence); N = 236 (PASE score tertiles): n = 19 (28%) vs n
(2010) (58%) =51 (42%) vs n = 25 (54%) [P = .0251]
Low vs high physically active (extreme
PASE tertiles): OR*, 1.880 (0.831-
4.253)
Prospective studies
Doré et al** TASOAC; N = 405 51-81 Steps/d Progression 2.7y <10,000 vs >10,000 steps/d: 14% 5/8
(2013) (51%) after 2.7 y progressed vs 24% [P = .016]
(Y/N) >10,000 steps/d: RR, 1.97 (1.19-3.27)
[P =.009]
Krampla Marathon runners; 27-46 Marathon Presence (Y/N) 6 wk Little change in signal alterations of 4/8
et al* N =8 (0%) running bone marrow after marathon; 1 runner
(2001) showed new cyst surrounded by bone
marrow edema at 8 wk after
marathon; in all other runners, signal
alterations of bone marrow decreased
after 8 wk
Racunica No Sx (MCCS); N = 58.0 = 5.5 Physical activity Presence (Y/ 10y Cross-sectional: vigorous weightbearing 6/8
et al®” 297 (63%) N), presence exercise: OR, 0.4 (0.1-1.5) [P = .19];
(2007) after 10 y vigorous physical activity: OR, 0.7
(Y/N) (0.4-1.1) [P = .12]
Longitudinal: vigorous physical activity:
OR, 0.9 (0.6-1.2) [P = .4]; less vigorous
physical activity: OR, 0.7 (0.4-1.3) [P =
.3]; walking (weekly frequency): OR,
0.6 (0.3-0.98) [P = .04]
Stahl et al®* Marathon runners; 31+5 Marathon WORMS, 5d Before marathon: runners vs control: n = 4/8
(2008) N = 22 (45%) running volume 5vs 1[P < .05]; 752 vs 290 mm® [no P

value provided]; mean WORMS of 1.8
vs 1 [no P value provided]

After marathon: “no statistically
significant changes”

“ACL, anterior cruciate ligament; BML, bone marrow lesion; MCCS, Melbourne Collaborative Cohort Study; N, no; OAI, Osteoarthritis Initiative; OR, odds
ratio; OR*, calculated OR from the reported data; PASE, Physical Activity Scale for the Elderly; Sx, Symptomatic; TASOAC, Tasmanian Older Adult Cohort

study; WORMS, Whole-Organ Magnetic Resonance Imaging Score; Y, yes.
®Values in parentheses are 95% Cls unless otherwise indicated.

mass or adipose tissue mass in elderly persons.!®6%6!

Therefore, we propose to take body composition into
account when investigating body weight and physical
activity as confounding parameters in OA in future
studies.

Within the category of compartmental load, a strong
equality exists across all included cross-sectional studies
using different parameters (KAM, knee alignment, contact
stress) 332404143 The ghown risks of all parameters
measuring medial/lateral loads strongly suggest that
compartment-specific BMLs are related to a greater medial
or lateral load. Surprisingly, an RCT investigating the

effect of lateral wedge insoles worn for 12 months did not
find significant changes in BMLs in patients with medial
knee OA.® The insoles were known to reduce the load in
the medial compartment of the knee during walking.3*
Possible explanations for the absence of a statistical signif-
icance were a too short follow-up period, nonstandardized
shoes, and a heterogeneous response due to different base-
line severity grades.®

Several included studies showed an increased risk for
the presence of BMLs with knee structural lesions. We
were not able to differentiate between different kinds of
meniscal lesions (subluxation, root tears, etc) because of
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the low number of studies included and because of the dif-
ferent definitions used for meniscal lesions. For example, 1
study defined “meniscal derangement” as “disruption of
the overall morphology of the meniscus and diffuse hyper-
intense signal in the body of the meniscus,”**®7* while
another assessed the “extent of meniscal extrusion.”9®9®
A third study defined a meniscal lesion as a “meniscal tear,
maceration, and/or destruction or resection of the anterior
horn, body segment, and the posterior horn of the medial
and lateral menisci,”?*®17%7 and the last study defined
“meniscal tears and subluxations.”®"®?3® Moreover, ACL
ruptures and meniscal lesions (tear, extrusion) alter the
biomechanics of the knee, which may result in an
increased peak articular pressure.’!! This could explain
the association with BMLs because such a redistribution
of loads may result in a higher susceptibility for BMLs in
the more loaded compartments.!! Hunter et al*® showed
that higher BML scores at baseline predicted significantly
greater cartilage loss after 15 or 30 months, and therefore,
BMLs were found to be predictors for cartilage lesions.
This finding may be the reflection of an OA-induced altered
bone structure, resulting in a decreased shock absorption
capacity of the bone. Nevertheless, it is in contrast to our
hypothesis of cartilage being the shock absorber and thus
protecting subchondral bone from overloading. However,
in favor of our hypothesis, another study found that the
prevalence of cartilage lesions at baseline was associated
with the incidence or enlarging of BMLs after 30 months.??
Additionally, increased local bone density, which may
reflect increased loading,®” was shown to be related to
the presence of BMLs.*°

One study found that the presence of BMLs in the lat-
eral compartment was protective of cartilage loss in the
medial compartment.?® One possible explanation for this
finding is that it represents pseudowidening (and thus
decreased loading) of the medial compartment because of
an increased valgus angle.°

A higher physical activity level was found to be related
to the progression or a higher occurrence of BMLs.2%%5 It
was unclear whether the association of BMLs with physi-
cal activity was independent of other structural changes
(eg, cartilage and meniscal lesions) as they are usually
interrelated. Moreover, none of the studies corrected their
findings for knee alignment. The 4 studies investigating
the effect of running were of low methodological quality
because of the small sample sizes and the descriptive
nature of the outcomes.?®*+%264 In general, BMLs
remained detectable immediately®>%* or 6 weeks** after
a long-distance running race only in those knees with
pre-existing structural changes (ligamentous and/or
meniscal). Unfortunately, long-term follow-up data were
not available, and it remains unclear whether this phe-
nomenon is transient.

The results of this review may be of interest for clinical
decision making. Already, BMLs have been significantly
and independently associated with pain in knee OA,”®
and changes in BMLs correlate with changes in pain.'%?®
Treatment guidelines for knee OA generally recommend
exercise therapy, with pain reduction as one of its main
treatment goals.2®®' In our previously published
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systematic literature review, we found that one of the pro-
posed hypotheses for the explanation of the beneficial
effect of exercise in knee OA is an exercise-induced reduc-
tion of the focal peak load in the tibiofemoral joint, but this
hypothesis needs to be confirmed in clinical trials.® How-
ever, the results of the present review suggest that BMLs
may be associated with such focal loads. Interestingly,
Wiegant et al’® found beneficial effects of unloading the
knee by means of joint distraction on OA-related structural
changes; however, they did not report on BMLs.

This study is the first comprehensive review including
a meta-analysis of the effect of knee loading on BMLs.
Studies on patients with radiological knee OA and on
patients at risk of developing knee OA were both included
for this review, and a broad spectrum of types of loading
was taken into account. We tried to combine the data as
much as possible to avoid too much influence from separate
study results and in an attempt to settle controversies aris-
ing from conflicting results.!” However, the results of our
meta-analysis should be interpreted with caution for those
analyses with significant heterogeneity. To reduce the
influence of heterogeneity on our results, subgroup analy-
ses for potentially important sources of heterogeneity
including study design (cross-sectional vs prospective)
and knee compartment (lateral vs medial) were performed.
This approach has previously been used by others in meta-
analyses to counter heterogeneity.?> On the other hand, it
is not uncommon that heterogeneity is present in meta-
analyses: nearly 16% of 509 meta-analyses in the Cochrane
Database of Systematic Reviews show 12 values >70%.%3

CONCLUSION

This review included 29 studies investigating the effect of
joint loading on tibiofemoral BMLs. Augmented compart-
mental loads and structural lesions increased the risk of
the presence or progression of BMLs. Body weight
increased the risk for BMLs to a lesser extent. Contradic-
tory results for the effect of physical activity on BMLs
were found but may be explained by a dose-response rela-
tionship and the fact that the effect of physical activity
may be different according to the context (knee alignment,
structural lesions, etc) in which the physical activity is
performed.
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