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Does Knee Malalignment Mediate the Effects of
Quadriceps Strengthening on Knee Adduction
Moment, Pain, and Function in Medial Knee
Osteoarthritis? A Randomized Controlled Trial

BOON-WHATT LIM,' RANA S. HINMAN,! TIM V. WRIGLEY,' LEENA SHARMA,? anp KIM L. BENNELL"

Objective. To examine whether the effects of 12 weeks of quadriceps strengthening on the knee adduction moment, pain,
and function in people with medial knee osteoarthritis (OA) differ in those with and without varus malalignment.
Methods. A single-blind, randomized controlled trial of 107 community volunteers with medial knee OA was conducted.
Participants were stratified according to knee malalignment (more varus or more neutral) and then randomized into
either a 12-week supervised home-based quadriceps strengthening group or a control group with no intervention. The
primary outcome was the knee adduction moment, measured using 3-dimensional gait analysis. Secondary outcomes
included the Western Ontario and McMaster Universities Osteoarthritis Index scores (measuring pain and physical
function), step test score, stair climb test score, and maximum quadriceps isometric strength. Analyses of covariance were
carried out based on intent-to-treat principles.

Results. Quadriceps strengthening did not significantly alter the knee adduction moment in either the more malaligned
or the more neutral group (unadjusted knee adduction moment 0.12 and 0.05% Nm/BW xHT, respectively). Function did
not improve significantly following quadriceps strengthening in either alignment group, but there was a significant
improvement in knee pain in the more neutrally aligned group (P < 0.001).

Conclusion. Quadriceps strengthening did not have any significant effect on the knee adduction moment in participants
with either more varus or more neutral alignment. The benefits of quadriceps strengthening on pain were more evident
in those with more neutral alignment. Knee alignment thus represents a local mechanical factor that can mediate

symptomatic outcome from exercise interventions in knee OA.

INTRODUCTION

Mechanical factors have been implicated in the etiology
and progression of knee osteoarthritis (OA) (1,2). In par-
ticular, knee alignment is thought to play an important
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role (3,4). Knee alignment determines load distribution
across the knee. During normal gait, ~70% of knee joint
loading passes through the medial compartment (5) due to
the ground reaction force passing medial to the knee joint.
Malalignment is a local joint factor that can affect how
well the knee copes with imposed forces. Varus malalign-
ment, commonly associated with medial tibiofemoral OA,
serves to increase the moment arm of the ground reaction
force and further increase loading in the medial compart-
ment (6,7). As a result, varus malalignment is a major
contributing factor to OA progression in this compartment
(4,8,9).

Quadriceps strengthening exercises are commonly pre-
scribed for patients with knee OA because they can reduce
pain and improve function (10-12). However, little is
known about their effects on knee loading and disease
progression, and it is unclear whether these effects are
influenced by the presence of knee malalignment. A recent
longitudinal study found that greater quadriceps strength
at baseline increased the risk of disease progression in
patients with malaligned knees but not in those with neu-
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trally aligned knees (13). The authors suggested that the
inability of malaligned knees to evenly distribute muscle
forces could result in greater structural progression in
these joints. It is also possible that greater quadriceps
strength increases compressive forces across the knee joint
(14), and that these effects may be accentuated with knee
malalignment. In other words, local joint abnormalities
such as malalignment could render muscle forces patho-
genic (3,15).

Increased knee joint loading has been associated with an
increased risk of disease progression (16). A commonly
used surrogate measure of medial knee loading is the ex-
ternal knee adduction moment as determined from 3-
dimensional (3-D) gait analysis. The knee adduction mo-
ment is directly related to the ratio of medial to lateral joint
reaction force, and a higher knee adduction moment is
indicative of higher medial compartment joint load
(5,14,17). The peak knee adduction moment has been
shown to be closely related to both the severity (18) and
progression of knee OA (8). Thus, the knee adduction
moment is widely accepted as a biomechanical marker of
medial knee OA disease progression. To our knowledge,
no study to date has evaluated the effects of quadriceps
strengthening on the knee adduction moment in people
with knee OA.

This study aimed to examine whether the effects of 12
weeks of quadriceps strengthening on the knee adduction
moment, pain, and function in people with medial knee
OA differ in those with and without varus malalignment.
We hypothesized that varus malalignment would attenu-
ate the effects of quadriceps strengthening, resulting in a
higher knee adduction moment and poorer symptomatic
outcomes.

PARTICIPANTS AND METHODS

Participants. Participants were recruited from the com-
munity in Melbourne, Australia through advertisements in
newspapers and at local community clubs. All partici-
pants had tibiofemoral joint OA in at least 1 knee fulfilling
the American College of Rheumatology classification cri-
teria (19). To ensure that participants had medial OA,
inclusion criteria were medial knee pain, medial compart-
ment osteophytes, and medial joint space narrowing
greater than lateral joint space narrowing (18). Exclusion
criteria were a history of lower limb joint replacement,
knee surgery within the previous 6 months, intraarticular
steroid or hylan G-F 20 injection within the previous 6
months, a systemic arthritic condition, more than 5 de-
grees of valgus malalignment on radiograph, intention to
start or current participation in physiotherapy for knee OA
or a lower limb strengthening program, and/or presence of
a severe medical condition that precluded safe participa-
tion in an exercise program. Ethical approval was obtained
from the University of Melbourne Human Research Ethics
Committee. Written informed consent was provided by
participants.

Procedures. We conducted a 12-week, single-blind, ran-
domized controlled trial, outlined in Figure 1. Participants

were screened by telephone and those eligible underwent
a standardized, extended-view anteroposterior weight-
bearing radiograph. The most painful knee, or the domi-
nant knee if both knees were equally severe, was deemed
the study knee. Disease severity was assessed using the
Kellgren/Lawrence (K/L) scale (20), in which higher
grades indicate greater severity. Anatomic knee alignment
was determined by a single investigator (B-WL) (intraclass
correlation coefficient [ICC] 0.97) using the methods of
Moreland et al (21). The anatomic femoral axis was ob-
tained by drawing a line from the center of the tibial spines
to a point 10 cm above the joint surface and bisecting the
medial-to-lateral width of the femur. Similarly, tibial ana-
tomic axis was obtained by drawing a line from the center
of the tibial spines to a point 10 cm below the joint surface
and midway between the medial and lateral tibial surfaces.
Anatomic knee alignment is represented by the angle sub-
tended at the point where the 2 lines meet in the center of
the tibial spines. Mechanical knee alignment was then
extrapolated using the following regression equation from
Hinman et al (22): mechanical alignment = 0.915 (ana-
tomic alignment) + 13.895. Alignment is reported as the
deviation from neutral in the varus direction, and an align-
ment of 0 degrees indicates a neutrally aligned knee. Al-
though the mechanical axis measured using a full-limb
radiograph is considered the gold standard in measuring
knee alignment, several studies have found a good to ex-
cellent correlation (r = 0.65—0.88) between the anatomic
axis and the mechanical axis (22—24).

Participants fulfilling eligibility criteria were enrolled in
the study and categorized according to alignment. Partic-
ipants with =5 degrees varus malalignment were deemed
more malaligned, and those with <5 degrees malalign-
ment (in either direction) were deemed more neutral (13).
Each group was then randomized to receive either quad-
riceps strengthening or no intervention (control group).

A random table, stratified by alignment (more mal-
aligned or more neutral) in blocks of 6, was used to deter-
mine group allocation. An independent researcher not in-
volved in eligibility or outcome assessment randomized
participants, and the allocation schedule was concealed
from the blinded examiner (B-WL) who carried out the
outcome assessments.

This study was powered to detect an interaction effect
between alignment and strengthening on the change in
knee adduction moment using a two-way analysis of vari-
ance (ANOVA) with 80% power and an alpha level of 0.05.
We aimed to detect a 10% change in the knee adduction
moment between the more malaligned strengthening
group and the other 3 groups. This change was decided a
priori to be clinically relevant because an increase of this
magnitude could increase the odds of progression X 3.3
(8). Although Thorstensson et al (25) have reported data
concerning the effects of strengthening on the knee adduc-
tion moment, this was not available at our study outset.
Based on our data and that of others (26,27), a 10% change
in the knee adduction moment was assumed to be equiv-
alent to an absolute change of 0.4% Nm/BWXHT, with the
SD estimated to be 0.4% Nm/BWXHT. Based on these
assumptions, a sample size of 49 participants was required
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Figure 1. Flowchart of participants through the study. OA = osteoarthritis.

and this was increased to 107 to account for dropouts and
the chance of a larger variance than anticipated a priori.

Methods. Six experienced musculoskeletal physiother-
apists supervised the home-based quadriceps strengthen-
ing program. Participants were taught 5 quadriceps
strengthening exercises (Table 1) to be performed on the
study leg 5 days a week for 12 weeks using ankle weights
and a black Thera-Band (Hygenic Corporation, Akron,
OH). Participants visited the physiotherapists a total of 7
times (during weeks 1, 2, 3, 4, 5, 7, and 10), and exercise
loads were progressed when participants could comfort-
ably achieve the given dosages. Participants in the control
group were not given any intervention and were asked to
avoid starting any new treatment or exercise program.

Participants were assessed at baseline and week 13. The

following information was obtained: age, sex, height, body
mass, body mass index (BMI), presence of unilateral or
bilateral symptoms, and duration of symptoms.

The primary outcome measure was the peak external
knee adduction moment, which was measured using a
Vicon 612 motion analysis system (Vicon, Oxford, UK)
with 8 cameras (120 Hz M2) and 2 force plates (AMTI Inc.,
Watertown, MA) embedded in the center of a walkway.
Twenty retroreflective markers were placed over standard-
ized anatomic landmarks, and inverse dynamics were
used to calculate external joint moments about an orthog-
onal axis system located in the distal segment of the joint
(28).

Participants walked in their own low-heeled shoes over
an 8-meter walkway at a self-selected pace and a standard-
ized pace of 1 meter/second until 5 acceptable trials were
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Table 1. Quadriceps exercises*®

1. Long arc knee extension using ankle weight in sitting
position from 90 degrees to 0 degrees knee flexion.

2. Inner range knee extension using ankle weight over
fulcrum in supine lying or long sitting position from
30 degrees to 0 degrees knee flexion.

3. Straight leg raise using ankle weight in supine lying
or elbow-supported supine lying position.

4. Isometric knee extension at 30 degrees knee flexion
using ankle weight in sitting position.

5. Isometric knee extension at 60 degrees knee flexion
using Thera-Band in sitting position.

* Each exercise was performed in a controlled manner at a self-
determined pace. Two sets of 10 repetitions were performed for the
first 2 weeks, and 3 sets of 10 repetitions thereafter. Exercises were
performed 5 days of each week, with 2 rest days determined by the
participants according to their symptoms.

recorded for each person. For standardized trials, partici-
pants were given verbal feedback to remain within 10% of
the required pace. Walking speed was measured using
photoelectric beams (Jaycar Electronics, Melbourne, Vic-
toria, Australia) attached to a stopwatch and placed 4
meters apart in the middle of the 8-meter walkway. All
markers were applied by the same examiner (B-WL), and
participants wore the same shoes at baseline and followup.
Test-retest reliability in our laboratory was excellent with
this procedure in 11 knee OA patients tested 1 week apart
(ICC 0.96-0.97).

The Likert version of the Western Ontario and McMaster
Universities Osteoarthritis Index (WOMAC) was used to
assess knee pain and physical function (29). Each subscale
of the WOMAC questionnaire was transformed to a 100-
point scale for ease of interpretation, with higher scores
indicating worse pain or function.

The step test (30) was used to assess dynamic standing
balance. Participants were instructed to maintain balance
on the study leg while stepping the contralateral leg on
and off a 15-cm step as many times as possible in 15
seconds without any weight transfer to the stepping leg.
The stair climb test (31) was used to assess function. Par-
ticipants were instructed to ascend and descend a 6-step
set of stairs at their own pace, and the total time taken was
recorded.

Quadriceps strength was assessed isometrically at 60
degrees knee flexion in the sitting position using a Kin-
Com 125-AP dynamometer (Chattecx Corporation, Hixson,
TN). A submaximal warm up was followed by 3 maximal
5-second contractions with a 15-second rest interval in
between each (32). The highest peak force of the 3 trials
was multiplied by the lever length (in meters) to obtain the
maximum torque, which was then normalized by body
mass (Nm/kg). The test-retest reliability for this measure
in our laboratory in 10 knee OA patients tested 1 week
apart is excellent (ICC 0.93).

To monitor compliance, strengthening participants kept
a training diary; compliance rate was deemed 100% if the
participant had completed 5 days of exercises per week
over 12 weeks (total of 60 exercise days). Cointervention
and adverse effects of the strengthening program were also
recorded.

Statistical analyses. We used SPSS software, version
15.0 (SPSS, Chicago, IL) to undertake statistical analyses
on an intent-to-treat basis using the last observation car-
ried forward method to impute data missing at reassess-
ment. One-way ANOVA was used to examine baseline
comparability across groups and Tukey honest significant
difference post hoc analyses were performed where results
were significant. Chi-square tests were used to determine
baseline comparability for categorical data. For each par-
ticipant, change scores for each dependent variable were
calculated by subtracting the score at followup from that at
baseline.

Two-way ANOVA was performed to examine the main
effect of alignment and strengthening, and their interac-
tion effect, on change scores. Analyses were repeated for
each change score, adjusting for potential confounders
using analyses of covariance. Knee adduction moment was
reanalyzed using age, sex, disease severity, baseline knee
adduction moment, change in walking speed, and change
in knee pain as covariates. Knee pain, function, and quad-
riceps strength were reanalyzed using age, sex, BMI (ex-
cept quadriceps strength), disease severity, and baseline
score of the variable as covariates.

RESULTS

Of the 107 participants enrolled in the study, 97 returned
for reassessment, representing a completion rate of 91%
(Figure 1). The mean * SD compliance rate was 89 * 21%
for the more malaligned group and 86 = 22% for the more
neutral group. More malaligned participants started with
an average exercise load of 3.5 kg and attained 5.7 kg at
week 12. More neutrally aligned participants started with
an average exercise load of 2.7 kg and ended with 5.8 kg.
Although participants were discouraged from seeking ad-
ditional treatment, 14 strengthening participants (8 more
malaligned, 6 more neutrally aligned) and 8 control par-
ticipants (5 more malaligned, 3 more neutrally aligned)
reported performing other low-intensity exercises such as
walking during the study.

Among strengthening participants with more mal-
aligned knees, 4 reported increased knee pain and 2 re-
ported increased hip/groin pain that were attributed to the
intervention. Among strengthening participants with more
neutral alignment, 3 had increased knee pain and 1 re-
ported neck pain due to awkward exercise positioning.
Only the participant with neck pain withdrew from the
study. Two participants (1 from each alignment group)
stopped the strengthening program at week 2 due to in-
creased knee pain but returned for reassessment.

Demographic and anthropometric characteristics of the
participants are shown in Table 2. As expected, both of the
more malaligned groups had greater varus malalignment
than the more neutral groups (P < 0.001 for both post hoc
tests) and there was a significant association between mal-
alignment and disease severity (P < 0.001). In the more
malaligned group, 63% of participants had a K/L grade of
4, compared with 20% in the more neutral group. The
more malaligned strengthening group was significantly
older than the more neutral control group (P = 0.020).
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Table 2. Characteristics of participants at baseline*

Strengthening group

Control group

(n = 53) (n = 54)
More More neutrally More More neutrally
malaligned aligned malaligned aligned
Characteristic (n = 26) (mn = 27) (n = 26) (n = 28)
Age, years 67.2 X 6.7 64.1 £ 9.3 66.6 = 8.9 60.8 £ 7.8
Female, no. (%) 13 (50) 17 (63) 12 (46) 17 (61)
Height, meters 1.67 = 0.10 1.65 = 0.10 1.66 = 0.08 1.64 = 0.11
Body mass, kg 78.7 = 13.0 79.2 £ 15.9 83.4 = 16.6 76.6 = 15.6
BMI, kg/m2 28.2 * 3.7 29.0 £ 5.2 30.3 5.3 28.4 5.0
Physical activity levelt 161.3 = 63.8 159.5 = 77.4 172.4 = 101.6 185.2 = 81.0
Symptom duration, years 59*55 6.1 5.0 8.4 * 6.6 6.4 = 3.9
Bilateral symptom, no. (%) 11 (42) 9(33) 8 (31) 13 (46)
Disease severity, no. (%)#
K/L grade 2 4 (15) 12 (44) 3 (12) 15 (54)
K/L grade 3 8 (31) 7 (26) 4 (15) 10 (36)
K/L grade 4 14 (54) 8 (30) 19 (73) 3(11)
Varus malalignment, degrees 6.7 + 1.7 1.2+ 1.9 6.9 + 2.0 1.6 = 1.8
Quadriceps strength, Nm/kg 1.38 + 0.52 1.32 £ 0.57 1.46 * 0.54 1.12 + 0.49
Knee adduction moment, % Nm/BWXHT 4.28 + 0.63 3.58 = 0.94 3.97 = 0.57 3.91 = 1.01
WOMAC pain score§ 33.1 *15.4 35.7 = 14.6 39.2 = 14.0 34.6 = 16.2
WOMAC function score§ 31.4 *17.4 33.2 *15.4 38.5 =+ 14.5 36.1 = 15.7
Self-selected walking speed, meters/second 1.18 = 0.18 1.22 £ 0.25 1.19 £ 0.21 1.22 £ 0.18
Step test, no. 13 £3 12 £ 3 14 £ 3 13 £ 3
Stair climb test, seconds 12.4 = 4.3 12.0 = 4.8 12.0 + 3.1 12.5 £ 5.5

* Values are the mean * SD unless otherwise indicated. BMI = body mass index; K/L grade = Kellgren/Lawrence grade; WOMAC = Western Ontario

and McMaster Universities Osteoarthritis Index.

F On the K/L scale, higher scores indicate greater osteoarthritis severity.

1t Measured using the Physical Activity Scale for the Elderly (0—400, higher scores indicate greater activity).

§ The WOMAC ranges from 0-100, with higher scores indicating worse symptoms.

Groups were similar at baseline with regard to all outcome
measures except knee adduction moment, which differed
only between the more malaligned strengthening group
and the more neutral strengthening group (P = 0.011).

Quadriceps strength. There was a significant main ef-
fect for strengthening but no significant interaction effect,
suggesting that participants in the strengthening group had
a significantly greater increase in quadriceps strength irre-

Table 3. Effect of quadriceps strengthening and knee alignment on mean change in quadriceps strength and knee adduction
moment*
Strengthening Control P
More More Main effect  Main effect
More neutrally More neutrally of of Interaction
malaligned aligned malaligned aligned alignment strengthening effect
Quadriceps strength, Nm/kg
Baseline 1.38 = 0.52 1.32 £ 0.57 1.46 = 0.54 1.12 £ 0.49
Followup 1.67 £ 0.66 1.68 = 0.61 1.45 = 0.57 1.18 £ 0.53
Unadjusted mean change 0.29 = 0.05 0.36 = 0.05 —0.01 =0.05 0.05 * 0.05 0.204 < 0.001t 0.900
Adjusted mean change® 0.28 £ 0.05 0.36 = 0.05 0.04 = 0.06 0.01 = 0.05 0.673 < 0.001t 0.298
Knee adduction moment, %
Nm/BWXHT
Baseline 4.28 = 0.63 3.58 = 0.94 3.97 £ 057 3.91 £1.01
Followup 4.40 = 0.76 3.63 £ 1.11 3.91 £0.71 3.79 £ 1.11
Unadjusted mean change 0.12 = 0.09 0.05 =0.09 —0.05 = 0.09 0.06 * 0.09 0.804 0.398 0.303
Adjusted mean change§ 0.10 £ 0.09 0.06 =0.09 —0.01 £0.10 0.02 = 0.10 0.997 0.431 0.736
* Values are the mean + SD unless otherwise indicated. Baseline and followup values are unadjusted. Mean change is calculated as the followup value
minus the baseline value.
1 Values are significant.
F Adjusted for age, sex, disease severity (Kellgren/Lawrence [K/L] grade), and baseline quadriceps strength.
§ Adjusted for age, sex, disease severity (K/L grade), baseline knee adduction moment, change in walking speed, and change in Western Ontario and
McMaster Universities Osteoarthritis Index pain score.
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Table 4. Effect of quadriceps strengthening and knee alignment on mean change in pain and function*
Strengthening Control P
More More Main effect  Main effect
More neutrally More neutrally of of Interaction
malaligned aligned malaligned aligned alignment  strengthening effect

WOMAC pain scoret

Baseline 33.1 154 35.7 146 39.2*14.0 34.6 £16.2

Followup 28,5 *+*16.9 228 *16.9 36.2*16.2 33.6 154

Unadjusted mean change —4.6 =25 —13.0*2.3 —3.1*268 —0.7*25 0.231 0.007% 0.033%

Adjusted mean change§ -6.3 24 —-11.7*23 —4.5 £ 2.5 1.0 £ 24 0.981 0.002% 0.024%
WOMAC function scoret

Baseline 314 =174 33.1 £15.4 385 * 145 36.1 £15.7

Followup 29.3 £ 15.6 24.0*+18.1 36.5*18.2 32.4 *15.5

Unadjusted mean change —-2.1+21 -92*21 -20*21 —3.7%*2.0 0.036F 0.179 0.197

Adjusted mean change§ —-3.7*21 -84*20 -33*21 -19*21 0.476 0.086 0.130
Step test, no.

Baseline 13 £3 12 =3 14 £ 3 13 £3

Followup 14 = 3 14 = 4 14 £ 4 14 =3

Unadjusted mean change 1+3 2+2 0+3 1*+2 0.062 0.065 0.904

Adjusted mean change§ 1+2 1*+2 1+3 0*+3 0.871 0.079 0.465
Stair climb test, seconds

Baseline 12.4 = 4.3 12.0 = 4.8 12.0 £ 3.1 12.5 £ 5.5

Followup 11.8 = 4.2 11.0 = 4.8 12.7 = 3.8 11.8 = 4.8

Unadjusted mean change —0.6 =05 —0.9 £ 0.5 0.7*05 —08=*05 0.082 0.156 0.261

Adjusted mean change§ —0.8 £0.5 —0.8 £0.5 0.0 £ 0.5 0.0 £ 0.5 0.998 0.087 0.886
* Baseline and followup values are unadjusted and expressed as mean + SD. Mean change is calculated as the followup value minus the baseline value
and expressed as mean = SE. WOMAC = Western Ontario and McMaster Universities Osteoarthritis Index.
1t The WOMAC ranges from 0-100, with higher scores indicating worse symptoms.
¥ Significant main or interaction effect.
§ Adjusted for age, sex, disease severity (Kellgren/Lawrence grade), body mass index, and baseline score.

spective of alignment group (Table 3). Results were similar
with adjustment for confounders. The adjusted mean
change in quadriceps strength was 0.28 Nm/kg (20%) for
the more malaligned strengthening group and 0.36 Nm/kg
(27%) for the more neutral strengthening group.

External knee adduction moment. Similar results were
obtained for gait trials at self-selected and standardized
paces, and therefore only results from self-selected trials
are presented. There was no main effect of either align-
ment or strengthening on the knee adduction moment
(Table 3). There was also no interaction effect. Results
were unchanged when adjusted for covariates.

Knee pain and function. Quadriceps strengthening led
to a significant improvement in knee pain in only the more
neutrally aligned participants (Table 4). There was a sig-
nificant main effect for strengthening and a significant
interaction effect, both with and without adjustment for
confounders. In the more neutral group, strengthening par-
ticipants reported a significant pain reduction compared
with control participants (adjusted difference 12.7; P <
0.001). There was no significant pain reduction in the
more malaligned group (adjusted difference 1.8; P =
0.592). Although there was a significant effect of alignment
on unadjusted WOMAC physical function scores, the ef-
fect was not present after adjusting for covariates. Regard-
ing observed functional outcomes, there were no signifi-
cant main or interaction effects evident (Table 4).

DISCUSSION

The aim of this study was to examine whether the effects
of quadriceps strengthening on the knee adduction mo-
ment, pain, and function in medial knee OA differ accord-
ing to malalignment. Our results showed that strengthen-
ing did not alter the knee adduction moment after 12
weeks in either the more malaligned or the more neutral
groups. It is unlikely that this nonsignificant finding is due
to insufficient power. The sample size of 107 in this study
is greater than the 49 required to detect an interaction
effect between alignment and strengthening. Post hoc
power analyses using the actual pooled estimate of the
intragroup SD (which was 0.47 instead of the predicted
0.40) revealed that we had 96% power to detect the stip-
ulated minimum interaction effect size with our final sam-
ple size of 97 participants (excluding dropouts). Although
it is possible that much smaller changes in the knee ad-
duction moment may have gone undetected by this study,
the clinical relevance of smaller changes is unclear.
There are few studies examining biomechanical or struc-
tural effects of strengthening interventions in knee OA. A
small uncontrolled study (33) evaluated the effect of 8
weeks of supervised lower limb strength and neuromus-
cular control exercises on the knee adduction moment
(measured during one-leg chair rise and in walking) in 13
patients with early knee OA. Similar to our findings, the
authors found that peak knee adduction moment during
gait was not significantly altered at the completion of the
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exercise program. The observed mean change of 0.02
Nm/kg was equivalent to a ~3.8% increase in knee adduc-
tion moment, which is similar to our results. However, the
authors found a 14% reduction in the knee adduction
moment measured during one-leg chair rise. The authors
postulated that this reduction may be due to hip or ankle
compensation altering the lever arm of the ground reaction
force. It is unclear why such a change did not occur during
walking.

The knee adduction moment is widely considered a
biomarker of disease progression. Only 1 study has evalu-
ated effects of lower limb strengthening on the radio-
graphic progression of knee OA over 30 months in 221
older adults (34). In participants with established knee
OA, mean loss of joint space width was 37% less (0.34 mm
versus 0.54 mm) in the strength training group compared
with the control group, which was performing range of
motion exercises, but the results were not significant (P =
0.136). However, several methodologic issues prevented a
definitive conclusion, one of which was that the strength
training group actually lost quadriceps and hamstring
strength over 30 months (35). As the knee adduction mo-
ment was not measured, it is unclear whether changes in
muscle strength were related to changes in joint loading.
Our intervention resulted in an average quadriceps
strength gain of 28.7%, which enables us to better evaluate
the effect of quadriceps strength gain on knee loading.

We used the knee adduction moment as a surrogate
measure of medial knee joint loading. However, we cannot
exclude an effect of quadriceps strengthening on compres-
sive force across the knee, which would also serve to
increase knee load and thus increase the risk of disease
progression over time. Because the quadriceps muscle
spans the knee joint, the contraction of the muscle will
bring the joint articular surfaces together, causing an axial
compressive loading force (36). Therefore, although con-
traction of the quadriceps muscle can dynamically stabi-
lize the knee and increase knee stiffness (37) prior to heel
strike, it does so at the expense of greater compression
forces through the knee joint (14). Although our study did
not find any significant increase in knee adduction mo-
ment following strengthening, it is possible that overall
compressive force acting across the knee may increase
with a quadriceps strengthening program, and this may
have deleterious consequences for disease progression.

Our study is the first to specifically evaluate the impact
of quadriceps strengthening on pain and function accord-
ing to knee malalignment. We found that quadriceps
strengthening reduced pain in people with more neutral
knee alignment but not in those with more malalignment,
despite similar baseline pain and comparable gains in
quadriceps strength. This finding may, in part, be due to
the improvement in pain observed in the more malaligned
control group but not in the more neutral control group.
Although studies have shown that increased quadriceps
strength improves pain in heterogeneous OA samples (10—
12), the mechanism behind pain improvement is poorly
understood (38).

There are a number of possible explanations for our
results. Stronger quadriceps help to improve joint stabil-
ity, absorb shock, and attenuate ground reaction forces

during gait (39), and this may subsequently improve knee
pain. This mechanism may be less effective in malaligned
knees, possibly due to damaged mechanoreceptors from
stretched joint capsules or due to ligaments producing
abnormal afferent signals that decrease quadriceps con-
traction (40). It is feasible that knee malalignment could
alter the line of action of the quadriceps force and that this
could increase compression forces on localized areas of
articular cartilage (13,41), thereby exacerbating knee pain
in this group. Varus malalignment has been associated
with the presence of medial patellofemoral joint OA (42),
and the contraction of the quadriceps increases patel-
lofemoral joint compression (43). Therefore, the nature of
the exercises may well predispose malaligned participants
to greater patellofemoral joint compression, thus exacer-
bating knee pain.

We did not find any significant effect of quadriceps
strengthening on physical function in either alignment
group, despite a substantial quadriceps strength increase
postintervention. This is in contrast with other studies
(11,44,45) that have demonstrated improvements in
WOMAC function scores after a home-based strengthening
program. Unlike the present study, which specifically pre-
scribed isolated open kinetic chain quadriceps strengthen-
ing, exercise interventions in other studies involved other
lower limb muscle groups in addition to the quadriceps.
Therefore, it is possible that greater quadriceps strength
alone may not affect overall physical function. The non-
functional nature of the prescribed exercises may also
contribute to the lack of improvement in physical func-
tion. However, the exercises were deliberately designed to
isolate the quadriceps, given that this was the research
question. Our nonsignificant finding for function is not
likely to be due to insufficient power; a post hoc power
analysis showed that =67 participants would be needed to
detect a significant interaction effect of alignment and
strengthening of a clinically relevant magnitude (9.1 units
on the WOMAC) at 80% power (46).

A strength of our study is its design, which allowed the
effects of quadriceps strengthening to be compared be-
tween the strengthening and control groups while mini-
mizing the potential effects of confounders. Stratification
of participants by alignment further enabled the effects of
quadriceps strengthening to be differentiated according to
knee alignment. Our exercise protocol was targeted specif-
ically at the quadriceps muscle and we were successful in
achieving a substantial increase in quadriceps strength.
More malaligned participants in our study achieved a 20%
in quadriceps strength compared with 27% for more neu-
trally aligned participants. These strength increases were
within the range reported by other home-based strength-
ening studies (11,44).

However, there are also several limitations to our study.
Marker placements used in the 3-D gait analysis have the
potential to account for some change in the knee adduc-
tion moment over time. Although having standardized
anatomic landmarks all placed by the same blinded exam-
iner minimized these errors, as indicated by the excellent
reliability of this measurement, it is unknown whether the
ideal measure of knee adduction moment without any
measurement error could have detected a change in knee
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adduction moment in the strengthening groups. Further-
more, the presence of a higher baseline knee adduction
moment in the more malaligned participants, although
understandable given their more varus malalignment,
could result in a ceiling effect which may have prevented
a higher knee adduction moment increase in the mal-
aligned strengthening group. It should be highlighted that
the use of high-intensity isolated quadriceps strengthening
in this study does not represent usual clinical practice for
managing knee OA, which typically involves functional
closed kinetic chain exercises that target multiple muscle
groups. Therefore, the results of this study cannot be ex-
trapolated to strengthening exercises using lower exercise
loads and involving different muscle groups. In addition,
stronger hip abductors have been associated with a re-
duced risk of knee OA progression in the ipsilateral knee
(47), and therefore the results may be different with the
addition of hip exercises to the exercise protocol.

This is the first study to demonstrate that subgroups
within knee OA may respond differently to strengthening
exercises with regard to pain reduction. Our findings sug-
gest that the use of exercises focusing on quadriceps
strength may not improve pain in more malaligned people.
Such individuals may benefit more from functional exer-
cises emphasizing neuromuscular control and coordina-
tion (48), but the effects of such a program have not been
evaluated in a malaligned population. The findings of our
study reinforce those by other authors (9,13,48) indicating
that treatment of knee OA should be tailored to the indi-
vidual and that factors such as knee alignment should be
considered.

In conclusion, we found that quadriceps strengthening
did not have any significant effect on knee adduction
moment in participants with either more malaligned or
more neutrally aligned knee OA. However, the benefits of
quadriceps strengthening on pain were more evident in
those with more neutral alignment. Future studies evalu-
ating the efficacy of interventions should stratify analyses
by local factors, particularly knee malalignment.
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