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Sex-Specific Influence of Quadriceps Weakness on
Worsening Patellofemoral and Tibiofemoral Cartilage
Damage: A Prospective Cohort Study

Adam G. Culvenor,' Neil A. Segal,” ) Ali Guermazi,” Frank Roemer,* 2/ David T. Felson,” Michael C. Nevitt,°

Cora E. Lewis,” and Joshua J. Stefanik®

Objective. Reports on quadriceps weakness as a risk factor for incident and progressive knee osteoar-
thritis are conflicting, potentially due to differing effects of muscle strength on patellofemoral and tibiofemoral
compartments. This study aimed to examine the sex-specific relation of quadriceps strength to worsening patel-
lofemoral and tibiofemoral cartilage damage over 84 months.

Methods. The Multicenter Osteoarthritis Study is a cohort study of individuals with or at risk for knee osteoarthritis.
Maximal quadriceps strength was assessed at baseline. Cartilage damage was semiquantitatively assessed by mag-
netic resonance imaging at baseline and 84-month follow-up using the Whole-Organ Magnetic Resonance Imaging
Score (WORMS). Worsening patellofemoral and tibiofemoral cartilage damage was defined as any WORMS score
increase in each subregion within medial and lateral compartments separately. Logistic regression with generalized es-
timating equations was used to assess the sex-specific relation of quadriceps strength to worsening cartilage damage.

Results. A total of 1,018 participants (mean + SD age 61 = 8 years, and mean + SD body mass index 29.3 +
4.5 kg/m?; 64% female) were included. Quadriceps weakness increased the risk of worsening lateral patellofemoral
cartilage damage in women (risk ratio for lowest versus highest quartile of strength 1.50 [95% confidence interval
1.03-2.20]; P = 0.007 for linear trend) but not in men. There was generally no association between quadriceps weak-
ness and worsening cartilage damage in the medial or lateral tibiofemoral compartment for either women or men.

Conclusion. Low quadriceps strength increased the risk of worsening cartilage damage in the lateral patellofemoral
joint of women, suggesting that optimizing quadriceps strength may help prevent worsening of structural damage in

the patellofemoral joint in women.
INTRODUCTION

Quadriceps muscle weakness is a common feature of indi-
viduals with knee osteoarthritis (OA) and is an important target for
managing symptoms and functional decline. Reports on quadri-
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ceps weakness as a risk factor for the development of knee OA
have, however, shown conflicting results (1). Indeed, recent data
from more than 40,000 Swedish men revealed that higher quadri-
ceps strength during adolescence was associated with increased
knee OA risk by middle age (2). Similarly, after knee OA is present,
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SIGNIFICANCE & INNOVATIONS

+ Low quadriceps strength increased the risk of wors-
ening cartilage damage in the lateral patellofemoral
joint but not the tibiofemoral joint of women and
not men.

+ Optimizing quadriceps strength may help prevent
worsening of structural damage in the patello-
femoral joint in women.

+ Sex differences in the association of thigh muscle
strength and patellofemoral osteoarthritis worsen-
ing deserve further investigation.

the influence of quadriceps weakness on further joint deterioration
is poorly understood (3).

The conflicting results in relation to both knee OA incidence
and progression may reflect differing effects of quadriceps weak-
ness on different knee joint compartments as well as a difference
in these effects between men and women. Despite knee OA
being primarily viewed as a disorder of the tibiofemoral joint, the
patellofemoral joint is often the most affected compartment from
a structural perspective (4). Analyses of quadriceps weakness and
the risk of OA outcomes have almost exclusively focused on the
tibiofemoral joint, without consideration of coexistent (or isolated)
patellofemoral pathology.

In a recent systematic review evaluating the risk of quadri-
ceps weakness on OA outcomes, only 3 studies reported on
patellofemoral structural pathology (3). In these studies, low
quadriceps strength was found to increase the risk of patellofemo-
ral and tibiofemoral joint space narrowing in women, but not men,
in 1 cohort (5), and not in either men or women in another cohort
(6); and to increase the risk of lateral but not medial patellofemoral
cartilage lesion worsening (not stratified by sex, and no relation-
ship observed in the tibiofemoral joint) (7). Whether quadriceps
weakness increases the risk of medial or lateral patellofemoral
structural pathology in men and women, despite sex differences in
muscle strength, and whether the influence of quadriceps weak-
ness differs between the patellofemoral and tibiofemoral joints is
unclear. Importantly, detection of early preradiographic structural
changes, such as cartilage deterioration, may permit early inter-
vention, such as compartment-specific load management (e.g.,
exercise therapy, knee brace), which may be more effective prior
to the development of advanced disease.

Greater understanding of whether quadriceps weakness is
a risk factor for patellofemoral and tibiofemoral worsening carti-
lage damage in men and women is clinically important, because
muscle strength is a potentially modifiable risk factor. Identifying
distinct relationships between strength and worsening cartilage
damage may therefore affect current nonpharmacologic treat-
ment approaches of knee OA. The aim of the current study was
to evaluate whether quadriceps weakness increases the risk of
worsening cartilage damage assessed by magnetic resonance

imaging (MRI) at both the patellofemoral and tibiofemoral joints of
the knee in men and women.

SUBJECTS AND METHODS

Study design. The Multicenter Osteoarthritis Study
(MOST) is a National Institutes of Health—-funded prospec-
tive cohort study of 3,026 participants, ages 50-79 years at
baseline, with or at risk of radiographic knee OA. Participants
were recruited from lowa City, lowa and Birmingham, Alabama.
Details of participant recruitment and inclusion/exclusion crite-
ria have been published previously (5). The study was approved
by the local institutional review board at each site, and all par-
ticipants gave informed consent. For the current study, we
included participants with quadriceps strength assessed at
baseline and knee MRI assessed at baseline and 84 months.

Quadriceps strength assessment. Maximal quadriceps
strength was assessed at baseline using a Cybex 350 comput-
erized dynamometer at 60°/second (HUMAC software, version
4.3.2 and Cybex 300 for Windows 98, Avocent) (5). These meas-
urements were performed by certified examiners using a stand-
ardized protocol with the same verbal encouragement to assure
consistency between the 2 test sites, with test-retest reliability
(intraclass correlation coefficient) of 0.94 (95% confidence inter-
val [95% CI] 0.82-0.99). After 3 warm-up trials at 50% effort, 4
repetitions at maximal effort were obtained and the peak con-
centric torque normalized to body mass (Nm/kg) was recorded.

MRI acquisition. Knee MRI examinations were performed
using a 1.0T extremity system (OrthOne, ONI Medical Systems)
with a phased-array knee coil at the baseline and 84-month
visits. The MOST imaging protocol consisted of the following
sequences: 1) fat-suppressed fast spin-echo proton density—
weighted sequences in 2 planes, sagittal (repetition time [TR]/
echo time [TE] 4,800 msec/35 msec, 3-mm slice thickness,
0-mm interslice gap, 32 slices, 288 x 192 matrix, 140 mm? field-
of-view, echo train length 8) and axial (TR/TE 4,680 msec/13
msec, 3-mm slice thickness, O0-mm interslice gap, 20 slices,
288 x 192 matrix, 140 mm? field-of-view, echo train length 8);
and 2) a short tau inversion recovery sequence in the coronal
plane (TR/TE 6,650 msec/15 msec, inversion time 100 msec,
3-mm slice thickness, 0O-mm interslice gap, 28 slices, 256 x 192
matrix, 140 mm? field-of-view, echo train length 8).

Cartilage damage assessment. Cartilage damage
was assessed in 1 randomly selected knee per participant by
2 experienced musculoskeletal radiologists (AG, FR) using the
Whole-Organ Magnetic Resonance Imaging Score (WORMS)
(8). The WORMS divides the knee into 14 subregions in the
patellofemoral and tibiofemoral joints to score cartilage dam-
age from O (normal cartilage) to 6 (diffuse full-thickness dam-
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age). The central and posterior femoral subregions and all
tibial subregions (anterior, central, and posterior) were used to
assess cartilage damage in the medial and lateral tibiofemoral
compartments (i.e., 5 subregions each), respectively. Medial
and lateral patellofemoral cartilage damage was assessed in
the medial and lateral femoral trochlea and patellar facets,
respectively (i.e., 2 subregions each). Interreader weighted
kappa values for WORMS ranged from 0.62 to 0.78.

Worsening of cartilage damage in each subregion was
defined as any increase in WORMS >1 grade from baseline to 84
months in the specific subregion, including within-grade changes
to increase sensitivity to change (8). Because grade 1 does not
represent a morphologic abnormality (i.e., cartilage signal change
only), a change from grade O to 1 was not considered as worsen-
ing cartilage damage. Subregions with a maximal WORMS of 6 at
baseline were excluded to avoid ceiling effects.

Statistical analysis. All analyses were stratified by sex due
to differences in both muscle strength and OA worsening in men
and women (5). Participants were grouped into sex-specific quar-
tiles of baseline quadriceps strength, with the strongest quartile as
the referent. Potential relationships between baseline quadriceps
weakness and cartilage damage worsening were evaluated using
logistic regression models with generalized estimating equations,
adjusted for age, body mass index (BMI), clinic site, knee injury/
surgery history, and frontal plane knee alignment, to account for
correlations between subregions from the same knee. Risk ratios
(RRs) >1 represent greater risk for cartilage damage worsening in
the presence of quadriceps weakness. Analyses were completed
using SAS software, version 9.4. P values less than 0.05 were
considered statistically significant.

RESULTS

A total of 1,018 participants (one knee per participant) who
had baseline quadriceps strength assessed as well as longitudinal
cartilage assessment on MRI from baseline to 84 months were
included (Figure 1). Participants were 655 women, mean + SD
age 61 + 8 years, mean + SD BMI 29.0 + 4.8 kg/m?, and 363
men, mean + SD age 60 + 8 years, mean + SD BMI 29.8 + 4.0 kg/
mZ. In all, 158 women (24%) and 71 men (20%) had established
radiographic knee OA (Kellgren/Lawrence score >2). The medial
patellofemoral compartment was the most affected compartment
with cartilage damage (partial- and full-thickness) at both base-
line and follow-up in men and women (see Supplementary Tables
1 and 2, available on the Arthritis Care & Research web site at
http://onlinelibrary.wiley.com/doi/10.1002/acr.23773/abstract).

Cartilage damage worsening in women. The number of
female knees with lateral and medial patellofemoral and tibiofemoral
cartilage damage worsening in each quartile of quadriceps strength
is shown in Table 1. Women in the lowest quartile of quadriceps

3,026 MOST subjects at baseline
[60% female; meantSD age 6318 years and meantSD BMI
30.746.0 kg/m?]

—{ 880 subjects not attending 84-month visit |

2,146 subjects attended 84-month visit |

961 subjects without longitudinal MRI due to no, or
poor quality, MRI

1,185 subjects (one knee each) with 84-month MRI scores

83 knees without baseline cartilage assessment

1,102 knees with cartilage scored at baseline and 84-months

84 knees without strength (or covariate) assessed

1,018 knees (from 1,018 subjects) included
[64% female; meantSD age 6118 years and meanzSD BMI
29.3+4.5 kg/m?)

Figure 1. Flow chart of participant inclusion. MOST = Multicenter
Osteoarthritis Study; BMI = body mass index; MRI = magnetic
resonance imaging.

strength were at an increased risk of worsening lateral (RR 1.50
[95% CI 1.03-2.20]), but not medial (RR 0.90 [95% CI 0.62—-1.32)),
patellofemoral cartilage damage, with a significant overall linear
trend across all quartiles (P = 0.007). There was no significantly
increased risk of medial or lateral tibiofemoral cartiage damage

worsening for women with quadriceps weakness (Table 1).

Cartilage damage worsening in men. During the 84-
month follow-up period, the number of male knees with lateral
and medial patellofemoral and tibiofemoral cartilage damage
worsening in each quartile of quadriceps strength is shown
in Table 2. Men with quadriceps weakness did not display an
increased risk of medial or lateral patellofemoral cartilage damage
worsening (Table 2). In contrast, men in the second highest quar-
tile of quadriceps strength were at significantly increased risk of
medial tibiofemoral cartilage damage worsening (RR 1.72 [95%
Cl1.07-2.78]). Similarly, men in the lowest quartile of quadriceps
strength had an elevated risk of medial tibiofemoral cartilage
damage worsening, but this risk did not reach statistical signifi-
cance (RR 1.61 [95% CI 0.96-2.71]), and the overall linear trend
across the 4 quartiles was not statistically significant (P = 0.3).
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Table 1.
subregions*

Among 655 women: relation of quadriceps strength quartiles to worsening cartilage damage in patellofemoral and tibiofemoral

Patellofemoral lateral

Patellofemoral medial

Tibiofemoral lateral Tibiofemoral medial

Quartile:
strength Frequency of Adjusted RR Frequency of Adjusted RR Frequency of Adjusted RR  Frequency of Adjusted RR
(range)t outcomes (95% CI)§ outcomes (95% CI)§ outcomes (95% CI)§ outcomeF (95% Ch)§
4(0.07-0.73), 63/285 1.50 53/309 (17.2) 0.90 123/809  1.09(0.74-1.59)  127/794 1.04
weak (22.1) (1.03-2.20) (0.62-1.32) (15.2) (16.0) (0.72-1.51)
3(0.74-0.96) 57/300 1.25 65/312 (20.8) 1.07 100/829 0.86 153/828 1.25
(19.0) (0.85-1.83) (0.76-1.52) (12.1) (0.58-1.27) (18.5) (0.89-1.75)
2(0.97-1.21) 47/319 0.91 59/316 (18.7) 0.94 104/817 091 (0.63-1.33)  112/818 0.94
(14.7) (0.61-1.38) (0.66-1.35) (12.7) (13.7) (0.65-1.36)
1(1.22-1.90),  46/305 1.00 (Ref)  61/307 (19.9)  1.00 (Ref) 100/806 1.00 (Ref) 116/800 1.00 (Ref)
strong (15.1) (12.4) (14.5)
P value for - 0.007 - 0.6 - 0.9 - 0.5
trend

* Values are the number/total (%) unless indicated otherwise. RR = risk ratio; 95% Cl = 95% confidence interval; Ref. = reference.

T Nm/kg.

+ Denominators may vary based on unreadable subregions, maximal scores at baseline, or missing covariates.
§ Adjusted for age, body mass index, clinic site, knee injury/surgery history, and frontal plane knee alignment.

There was also no significant relationship observed between
quadriceps weakness and lateral cartilage damage worsening

(Table 2).

DISCUSSION

Our study revealed that women with quadriceps weak-
ness had a significantly elevated risk of worsening lateral
patellofemoral cartilage damage during 84 months, whereas
no relationship was observed in the tibiofemoral joint. In men,
quadriceps weakness was generally not associated with the
risk of worsening patellofemoral or tibiofemoral cartilage dam-
age. These results underpin the importance of optimizing
quadriceps strength for patellofemoral joint health, particularly
in women.

This is the first large-scale prospective study evaluating the
sex-specific relationship between quadriceps weakness and
MRI-assessed structural deterioration in both the patellofemoral
and tibiofemoral compartments. Analyses of OA risk factors in
general have focused on the tibiofemoral compartment, despite
emerging evidence of OA in the patellofemoral compartment
being more prevalent and burdensome than tibiofemoral OA
(4). The results of the current study, suggesting that in women,
quadriceps weakness impacts the patellofemoral joint more
than the tibiofemoral joint, are partly in concordance with ear-
lier longitudinal MOST study results for joint space narrowing
during 30 months (5). In that study, women, but not men, in
the middle quadriceps strength tertile (but not the lowest tertile)
had an elevated risk of radiographic patellofemoral joint space
narrowing (5). By using a preradiographic location-specific
measure (i.e., medial and lateral cartilage separately) over a
much longer follow-up (84 months), we were able to iden-

tify more cases of disease worsening in the current study and
detect a strong linear trend in the lateral patellofemoral joint. Our
findings differed from previous findings in the same cohort that
quadriceps weakness increased the risk of worsening tibiofemo-
ral disease using a radiographic joint space narrowing outcome
(5). Our current study assessed articular cartilage defects only,
which are distinct from radiographic joint space narrowing, a
composite measure of both cartilage and meniscus loss.

Using imaging assessment of medial and lateral
compartmental cartilage defects enabled us to identify the
distinct effect of quadriceps weakness on patellofemoral and
tibiofemoral joints. The increased risk of worsening carti-
lage damage in the presence of quadriceps weakness that
we found only in the lateral patellofemoral compartment
of women extends preliminary data from 265 adults with
established radiographic OA (men and women combined),
showing that quadriceps weakness impacts only lateral patel-
lofemoral (and not tibiofemoral) cartilage (7). Our study adds
important data supporting the idea that the quadriceps influ-
ence patellofemoral and tibiofemoral joint articular cartilage
degeneration differently. The quadriceps muscles function as
general shock absorbers, protecting articular joint surfaces
during loading. While excessive mechanical stress on knee
cartilage due to muscle weakness has been suggested to
contribute to degenerative processes (9), the menisci assist
in dissipating load within the tibiofemoral joint. In contrast,
the patellofemoral joint relies on optimal quadriceps function,
particularly of the vastus medialis, to maintain alignment and
joint stability and to restrict the tendency of the patella to track
and sublux laterally (10). Our positive findings in the patel-
lofemoral joint of women and not men may reflect the inherent
greater passive joint laxity in women, who as a result rely more
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Table 2. Among 363 men: relation of quadriceps strength quartiles to worsening of MRI-detected cartilage damage in patellofemoral and

tibiofemoral subregions*

Patellofemoral lateral

Patellofemoral medial

Tibiofemoral lateral Tibiofemoral medial

Quartile:
strength Frequency of  Adjusted  Frequency of Adjusted Frequency of  Adjusted Frequency of  Adjusted
(range)t outcomer RR(95% Cl)§ outcomet RR(95% CI)§ outcomef RR (95% CI)§ outcomer  RR(95% Cl)§
4(0.14-1.05), 21/167 (12.6) 0.74 23/172 (13.4) 0.60 46/449 1.48 91/444 (20.5) 1.61
weak (0.38-1.45) (0.34-1.07) (10.2) (0.67-3.30) (0.96-2.71)
3(1.06-1.41) 33/178(18.5) 113 24/180 (13.3) 0.67 33/464 (7.1) 1.03 741463 (16.0) 1.37
(0.67-1.92) (0.38-1.20) (0.54-2.00) (0.83-2.27)
2(1.42-1.71)  15/175(8.6) 0.54 24/175 (13.7) 0.71 34/447 (7.6) 1.20 89/449 (19.8) 172
(0.29-1.02) (0.40-1.23) (0.64-2.22) (1.07-2.78)
1(1.72-2.67), 27/174(15.5) 1.00(Ref) 28/172(16.3) 1.00(Ref)  31/450 (6.9) 1.00 (Ref)  45/449(10.0)  1.00 (Ref)
strong
P value for - 0.7 - 0.1 - 0.3 - 0.3
trend

* Values are the number/total (%) unless indicated otherwise. MRl = magnetic resonance imaging; RR = risk ratio; 95% Cl = 95% confidence

interval; Ref. = reference.
T Nm/kg.

1 Denominators may vary based on unreadable subregions, maximal scores at baseline, or missing covariates.
§ Adjusted for age, body mass index, clinic site, knee injury/surgery history, and frontal plane knee alignment.

on optimal muscular stability for patellofemoral function. While
we acknowledge that hip muscle weakness (i.e., hip abduc-
tors) and associated hip kinematics (i.e., increased peak hip
adduction and internal rotation) that were not assessed in
the MOST cohort may impact patellofemoral joint dysfunc-
tion, strengthening the quadriceps may aid in decreasing the
risk of worsening patellofemoral cartilage damage more than
tibiofemoral cartilage, particularly in women.

The limited number of clinical trials evaluating the effect of
quadriceps muscle strengthening on radiographic knee OA fail to
show a significant effect on disease progression (11,12), which
supports our general lack of findings in the tibiofemoral joint.
However, small clinical trials of quadriceps strengthening using
MRI-based cartilage outcomes have shown promise to slow pro-
gression in the earliest stages of disease (13,14). In particular, a
lower-extremity strengthening program, specifically in women,
exerted favorable effects on patellar cartilage quality (i.e., T2 relax-
ation times) (13). These results, together with our findings, high-
light the importance for women with muscle weakness (i.e., <0.73
Nm/kg) to optimize quadriceps strength to minimize the risk of
worsening patellofemoral cartilage, which can be a potent source
of knee pain, contributing to a 6-fold increased risk of knee joint
replacement (15).

Men in the second highest quartile of quadriceps strength
displayed a significantly higher risk of worsening medial
tibiofemoral cartilage damage, yet men with the greatest muscle
weakness did not, resulting in a nonsignificant overall linear trend.
Fewer men than women were included in our sample; however,
this difference did not appear to influence the lack of an asso-
ciation between quadriceps weakness and the risk of worsen-
ing cartilage damage. Indeed, in the patellofemoral joint of men,
quadriceps weakness tended to be protective of worsening car-

tilage defects, although this did not reach statistical significance.
This apparently contradictory finding in men compared to women
has also been observed in relation to knee replacement risk (3)
and incident radiographic knee OA (2). Although previous findings
have suggested that this contradictory relationship may be due
to the moderating effect of knee malalignment (6), we adjusted all
analyses for frontal plane alignment.

One of the limitations of evaluating location-specific car-
tilage deterioration (i.e., medial and lateral patellofemoral and
tibiofemoral regions) is the more modest number of worsen-
ing cartilage defect outcomes per subregion compared to a
whole knee or compartmental analysis. By analyzing all indi-
vidual cartilage areas that contributed to each subregion (e.g.,
medial patella and medial trochlea contributing to the medial
patellofemoral compartment) to increase statistical power,
and using generalized estimating equations to account for
correlations between subregions of the same knee, we were
able to identify important associations between quadriceps
weakness and worsening lateral patellofemoral cartilage dam-
age. Importantly, this joint compartment had approximately
half as many worsening cartilage defects as the tibiofemoral
compartments, suggesting that we were adequately powered
to detect a potential difference. Second, the presence of pain
at baseline may have influenced maximal strength perfor-
mance; however, a sensitivity analysis excluding those who
reported that pain prevented them from achieving maximal
strength (n = 51) did not result in any important differences.
Third, although we adjusted for baseline BMI and knee align-
ment, these can change during a 7-year follow-up period.
Assessing the interaction between BMI or alignment and
muscle strength over time was outside the scope of the cur-
rent evaluation.
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In conclusion, low quadriceps strength was associated
with an increased risk of worsening cartilage damage in the
lateral patellofemoral joint of women. Low quadriceps strength
did not increase the risk of worsening cartilage damage in the
patellofemoral joint in men, nor in the tibiofemoral joint in either
men or women. Sex differences in the association of thigh mus-
cle strength and patellofemoral OA worsening deserve further
investigation.
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