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Introduction

Osteoarthritis (OA) of the knee is a significant source of
disability1,2 and impaired quality of life3-5. In contrast to the
systemic inflammatory arthritides, which progress randomly
in the lower extremities, OA progresses in a non-random man-
ner that is directly related to asymmetric dynamic loading of
the involved joints6,7. High dynamic loads of the medial knee,
as assessed by the external peak knee adduction moment, have
been associated with tibiofemoral OA severity8-10, progres-

sion11, and knee pain12. The external knee adduction moment,
a varus torque about the knee during gait, is widely used as a
surrogate marker of loading of the medial knee compartment
because it can be easily obtained non-invasively in the gait lab-
oratory and has been widely validated13,14.

Multiple variables can influence the external knee adduction
moment, and hence dynamic loading of the medial knee. For
example, varus alignment has been associated with high exter-
nal knee adduction moments during gait in knee OA15,16. Varus
alignment results in an increased distance between the knee and
the ground reaction force vector (Figure 1A). The knee, how-
ever, does not exist in mechanical isolation; instead, the entire
lower extremity operates as an integrated mechanical unit, and
alterations at any segment have consequences throughout the
lower limb. Interventions at the foot, such as wedged orthotic
inserts in shoes17,18, or the toe-out angle during gait15,19 have
been shown to affect the knee adduction moment; similarly,
changes at the hip may be expected to influence the knee.

Exercise represents one of the mainstays of therapy for knee
OA20, and has been repeatedly demonstrated to yield significant
pain palliation21,22, yet historically these regimens have not exam-
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ined what effect exercise might have on the aberrant biomechan-
ical loading at the knee which characterizes knee osteoarthritis.
Conventionally, exercise regimens for knee OA have focused on
strengthening the quadriceps and hamstrings because these mus-
cles function to stabilize the knee joints23,24. However, this strategy
alone may not be ideal to favorably alter the biomechanical milieu
of the knee joints. The quadriceps and hamstrings, acting prima-
rily in the sagittal plane, likely have little effect in the frontal plane,
which would be necessary to counteract the varus torque and shift
the load from the medial to the lateral compartment. Two studies
have observed that conventional exercise regimens, with a focus
on knee musculature, do not result in decreases in the external
knee adduction moment during walking25,26. 

It has been observed that individuals with hip OA have both
decreased strength and decreased evidence of contractile compo-
nents in the hip abductor musculature of their affected versus un-
affected limb27. Decreased activity of hip abductor musculature
during gait has also been suggested in individuals with knee OA
and activity of the hip abductors may play a role in disease pro-
gression28. In healthy adults, hip abductor strength has been shown
to explain some variance in the external hip adduction moment
with higher strength resulting in lower external hip adduction mo-
ments during gait29. The external hip adduction moment has been
reported to be reduced in knee OA8,30, which initially might appear
counterintuitive given the reports of deficient hip muscle strength
in these patients. However, a larger than normal lateral trunk lean

over the affected side during gait has been observed in patients
with medial knee osteoarthritis and has been suggested as a mech-
anism by which individuals with knee OA reduce their external
hip adduction moments30,31. The tendency of individuals with knee
OA to exhibit this type of compensatory gait pattern may be in
part the result of hip abductor weakness. If uncompensated, bio-
mechanically deficient function of the hip abductor muscles af-
fects the posture of the lower extremity by causing the
contralateral pelvis to drop in the frontal plane during the stance
phase of gait, increasing the magnitude of frontal plane external
joint moments31,32, such as the external knee adduction moment,
by moving the ground reaction force medially, and thus increasing
the varus torque lever arm (Figure 1B). 

We hypothesized that muscle training focused on the hip ab-
ductors in addition to quadriceps and hamstring training would
beneficially affect the dynamic loading of the knees during gait
in knee OA, as reflected by a reduction in external knee adduc-
tion moment, an established risk factor for progression of knee
OA, and our primary study outcome. Here, we report the results
of a “proof of concept” pilot study employing an exercise reg-
imen which expanded on the existing “standard of care” for
knee OA exercise interventions. In addition to traditional
quadriceps and hamstring training, which have been shown to
palliate pain but do not affect the external knee adduction mo-
ment during gait, we specifically targeted the hip abductor mus-
culature in order to reduce dynamic loading of the medial knee. 

A B

Figure 1. A. Limb alignment influences the external knee adduction moment. Note that the lever arm (horizontal dashed arrow) of the varus torque
at the knee during unilateral stance in the knee with varus alignment (left) is longer than that of the knee with more neutral alignment (right), con-
tributing to an elevated external adduction moment at the knee. The upwardly directed dashed arrow represents the ground reaction force. B. Pelvis
posture influences the knee adduction moment. Note that the lever arm (horizontal dashed arrow) of the varus torque at the knee during unilateral
stance with pelvis drop due to gluteus medius weakness (left) is longer than when the gluteus medius functions normally (right). This contributes
to an elevated external adduction moment at the knee. The upwardly directed dashed arrow represents the ground reaction force.
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Method

Subjects. With the approval of the Rush University Institu-
tional Review Board, subjects were recruited from the prac-
tices of the Section of Rheumatology and by local advertising
and provided informed consent prior to participation. Subjects
were included if they met all inclusion criteria and had none
of the exclusions. Inclusion criteria consisted of provision of
informed consent; symptomatic OA of the knee, as defined by
the American College of Rheumatology’s Clinical Criteria for
Classification and Reporting of OA of the knee33; radiographic
OA of the more painful knee (index knee) of grade 2 or 3 based
on the Kellgren and Lawrence scale34 as modified by Felson,
et al.35, with evidence of radiographic involvement of the con-
tralateral knee of grade 1, 2, or 3; ambulatory knee pain, de-
fined as at least 30 mm (of a 100 mm visual analog scale) of
knee pain while walking on a level surface, corresponding to
question #1 of the Western Ontario and MacMaster Unviersi-
ties OA Index (WOMAC)36; predominantly medial compart-
ment involvement37. Exclusion criteria included: subjects
currently involved in regular physical therapy for knee OA;
clinically evident OA involving any lower extremity joint other
than the knees; inability to ambulate unassisted or flexion con-
tracture in either knee >15°; valgus deformity >3°, or varus
>12° in either knee, defined by the full limb radiographic knee
alignment angle38,39; substantial obesity, defined as a body
mass index (BMI) >35 kg/m2; presence of any inflammatory
arthropathy; any prior arthroplasty in any lower extremity
joint, or anticipation of surgery in the next 12 months;
arthroscopy of either knee in the previous 6 months; intraar-
ticular hyaluronans in the previous 6 months or glucocorticoids
in the previous 3 months in either knee.

Clinical Protocol. This was a “proof of concept” pilot trial
of a novel lower extremity training regimen, which was de-
signed to reflect the current “standard of care” for knee OA
exercise regimens by including training of quadriceps and
hamstring musculature; however, in addition to the knee mus-
culature, the regimen was specifically and primarily designed
for hip abductor musculature training. Eligible subjects were
scheduled for a baseline visit, during which evaluations of clin-
ical status, including physical examination, comprehensive
medication history, WOMAC, and site-directed WOMAC pain
surveys for the lower extremity joints were completed. In ad-
dition, gait evaluations and quantitative strength testing were
performed. After the initial visit, each subject was scheduled
for a 4 week course of individualized training with a licensed
physical therapist. All clinical and laboratory evaluations were
repeated after the training period.

Gait testing protocol. A standard gait analysis protocol was
employed40. All tests were conducted by the same, trained indi-
vidual. Briefly, four optoelectronic cameras (Qualysis – Goten-
borg, Sweden) tracked the motion of six passive retroreflective
markers, placed at the iliac crest, greater trochanter, lateral knee
joint line, lateral malleolus, lateral aspect of calcaneus, and the
head of the fifth metatarsal. The three-dimensional locations of
each joint center were calculated based on the measured marker

trajectories and anthropometric measurements. A hidden multi-
component force plate (Bertec – Columbus, Ohio, USA)
recorded ground reaction force data. Sagittal plane kinematics
were calculated from the marker positions. Inverse dynamics
were used to calculate three-dimensional external moments
(CFTC – Chicago, Illinois). Each segment, e.g. thigh or shank,
is modeled as a slender rod with the assumption that no rotation
occurs about its long axis. The three-dimensional locations of
each joint center are known throughout gait, based on the meas-
ured marker trajectories and anthropometric measurements.
Therefore by assuming no axial rotation and knowing the three
dimensional location of the joint center, the three-dimensional
moments can be determined even though only two markers were
placed on each segment. At each visit, seven trials were col-
lected – three trials at a self-selected “normal speed”, and two
each at self-selected “fast” and “slow” speeds, and external mo-
ments normalized to percent body weight multiplied by height
(%BW*Ht) were calculated41. To minimize the effects of gait
speed on the external moments, pre and post intervention trials
were speed-matched for each subject.

Evaluation of Muscle Strength. Isometric and isokinetic
strength of both hips and knees were assessed using a
Biodex™ (Shirley, NY) isokinetic dynamometer and peak
torques (Tmax) were divided by subjects’ weights for between-
subjects comparisons. Hip strength assessments were per-
formed with subjects standing and knee strength measurements
where performed while sitting. The axis of rotation of the dy-
namometer was aligned with the axis of rotation of the joint
being tested. For the hip, the force transducer pad was strapped
to the lower thigh and the hip was in neutral starting position
(0° of flexion in the standing position). For the knee, the force
transducer was attached at the lower leg across the tibia and
the knee was in neutral starting position (90º in the sitting po-
sition). Each joint underwent isometric followed by isokinetic
testing. Range of motion at the hip was set at 0° to 40° in both
planes (extension-flexion and adduction-abduction) and at the
knee between 90º and 180º of flexion-extension at the knee.
For isometric muscle strength assessment, hip flexion, exten-
sion, abduction and adduction were evaluated and knee exten-
sion and flexion were assessed. Subjects were instructed to
push their leg against pad of the force transducer, in respective
directions depending on the muscle group being tested. The
measurements were repeated five times with 10-second rest
intervals in between. Isokinetic muscle strength was evaluated
for hip flexion-extension, hip abduction-adduction and knee
flexion-extension at an angular velocity of 60°/second. Each
set consisted of five concentric contractions followed by five
eccentric contractions. A rest period of 2 minutes was provided
between the sets.

Exercise Program. During the four week period, each sub-
ject underwent a total of eight training sessions in a 1:1 setting
with a physical therapist: 3 sessions per week for the first two
weeks followed by 1 session per week for the next two weeks.
In each session, the therapist ensured efficient and proper per-
formance of the muscle stretching and strengthening regimen.
In addition, subjects performed an independent home exercise
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program on days when they did not have a session with the
therapist (i.e. four times per week for the first two weeks and
six times per week over the next two weeks), thus resulting in
daily exercises, either supervised or independent. The home
regimens were designed to take approximately 15 minutes
each day, and it was emphasized to subjects that adherence
was critical to successful completion of the protocol. The iso-
metric exercises were intended simply to teach subjects aware-
ness of the sensation of muscular contraction in the muscles
to be trained. Repetitions of all exercises were progressed to a
maximum of 30 (3 sets, 10 repetitions each) as tolerated by
the subject. Weights or elastic resistance were added when sub-
jects could complete 30 repetitions with ease and independent
maintenance of proper alignment. Subjects received regular
telephone reminders by the study coordinator, and completed
weekly diaries.

Subjects performed traditional exercises for strengthening
of the hamstrings and quadriceps. Hamstrings: (1) Isometric:
With subjects positioned supine or long sitting with the knee
slightly flexed, they gently pressed the heel into the treatment
table (2) Strengthening: This was performed in both standing
and prone positions; each knee was sequentially flexed to 90°
and then slowly lowered. Quadriceps: Strengthening: (a) Sub-
jects sat with legs over the edge of the table, allowing the knees
to flex to 90°, and slowly extended the knee to full extension
and then returned to the flexed position. (b) Subjects stood
with their backs flat against a wall and slowly flexed the knees
and hips, lowering the body along the wall and then raising up
again. As strength increased, knee flexion could be gradually
increased to a maximum of 60°.

Subjects also completed focused hip muscle training target-
ing the gluteus medius and tensor fascia latae. The focused hip
muscle training protocol was as follows: (1) Isometric: With
the subject in the lateral decubitus position and the limb in
slight extension, the therapist provided downward resistance
to the subject’s shank below the knee and asked the subject to
attempt to raise the limb against resistance; no movement was
allowed. This was performed only during sessions with the
therapist. (2) Strengthening: (a) With subjects in the lateral de-
cubitus position, the hip was actively abducted while assuring
that it remained in slight extension and that no rotation oc-
curred. (b) Subjects performed standing hip abduction exer-
cises with the hip in slight extension. (c) Subjects stood with
one leg on a 2-4 inch step positioned close to a wall to aid in
balance, and alternately lowered and raised the pelvis on the
unsupported side, eliciting contraction of the abductor muscu-
lature of the stance leg. Stretching: (3 repetitions, 15 seconds
hold each repetition) (a) The subject stood with the limb to be
stretched crossed behind the other limb. While maintaining
both feet flat on the ground, the subject leaned the trunk away
from the target limb while allowing the pelvis to move hori-
zontally in the direction of the target limb. The knee of the
other limb was allowed to bend. An additional stretch of the
limb could be obtained if it was positioned with the hip in ex-
ternal rotation. (b) The subject lay on the side with the limb to
be stretched on top and the bottom limb flexed for support.

The therapist assisted in positioning the target limb into hip
abduction and slight extension. The limb was then externally
rotated and adducted until a stretch was felt. 

Statistical Analyses. All outcome parameters were com-
pared prior to and after completion of the exercise intervention,
and differences were assessed using paired t-tests for all data
analyses with the exception of the WOMAC (pain) data which
was assessed with non-parametric Wilcoxon signed rank tests
due to the non-normal distribution of this specific data. Differ-
ences in gait parameters were investigated using speed matched
walking trials; p<0.05 was considered significant for all vari-
ables. All data are expressed as mean±standard deviation (SD)
with the exception of the WOMAC data which is expressed as
median and range values due to its non-normal distribution. 

Results

Subjects. Five women and one man met study criteria for
this pilot study and completed the exercise protocol. Ages
ranged from 31 to 84 years with a mean (±S.D.) of 59.7±17.2
years. Body mass index (BMI) ranged from 26 to 35 kg/m2

with a mean (±S.D.) of 30±4.1 kg/m2. 
Pain. The median WOMAC pain subscale scores (maxi-

mum=500 mm) in the index knees at baseline and after com-
pletion of the four week exercise protocol were 211 mm and
24 mm respectively (p=0.028). The range of pain subscale
scores at baseline was 83mm-348 mm and after the exercise
the range in pain subscale scores was 3mm-109mm. The me-
dian of the total WOMAC scores (max=2400 mm) before and
after completion were 879 mm and 205 mm respectively
(p=0.046). The range of total WOMAC scores at baseline was
425 mm-1369 mm and after the exercise regimen this range
was 55mm-483 mm.

Figure 2. The knee adduction moment before and after participation
in the exercise regimen taken from speed matched gait trials with
speed differences smaller than 1%. Each symbol type reflects the peak
knee adduction moment of a patient before and after exercise. Lines
indicate the slope of change in the adduction moment.
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Gait. At completion of the four week exercise program, the
self-selected “normal” walking speeds of the subjects did not
significantly differ from their pre-treatment baselines,
1.18±0.12 m/s vs. 1.21±0.20 m/s (mean±SD) (p=0.924). An
overall 9% reduction in the peak external knee adduction mo-
ments at the index knees (2.9±0.8 vs. 2.6±0.7 %BW*Ht;
p<0.05) was observed when speed matched trials were com-
pared (Figure 2). The change in hip external adduction moment
was not statistically significant (3.4±1.2 vs. 3.1±0.8 %BW*Ht;
p=0.2). Interestingly, the hip range of motion of flexion-exten-
sion excursion during stance phase increased in five out of six
patients an overall mean of 3 degrees (27.6º±5.2º and
30.5º±6.0º, respectively; p<0.05). 

Strength. The strength measurements were more variable
than the moment measurements, and no significant strength al-
terations for hip abductor musculature were observed (Figure 3).
The mean isometric hip abductor strength at baseline and after
completion of the exercise regimen was 5.0±1.5 Tmax/BW and
7.5±5.5 Tmax/BW, respectively (p=0.246). The mean isokinetic
hip abductor strength was 6.7±1.4 Tmax/BW and 8.0±2.4
Tmax/BW, respectively (p=0.286). No significant changes in
strength of knee musculature were observed after completion of
the intervention (See Table 1). 

Discussion

In this study, we demonstrate that knee joint loading, a
known mechanical risk factor for OA progression, can be fa-
vorably altered, i.e. decreased, when focused hip muscle ex-
ercises, targeting the hip abductor muscles, are added to a
conventional knee OA exercise regimen. It has recently been
reported that neither quadriceps strength nor the interaction
between quadriceps strength and alignment explain variance
in the peak knee adduction moment in individuals with symp-
tomatic medial knee osteoarthritis42. In addition, while quadri-
ceps training has been shown to reduce pain in individuals with
knee OA, strengthening the quadriceps did not result in reduc-
tions of the knee adduction moment26. In contrast, we speculate
it is the hip musculature which controls medial-lateral balanc-
ing at the knee both directly, through the illio-tibial tract shift-
ing the compressive joint force at the knee laterally, and
indirectly, through pelvis stabilization. At completion of the
exercise intervention, the peak knee adduction moment was
reduced in every subject, with an overall 9% mean reduction.
We hypothesize that this decrease in the external knee adduc-
tion moment was due to training of the hip abductor muscula-
ture in the prescribed exercise regimen. 

Figure 3. Isometric and isokinetic hip abductor strength before and after participation in the exercise regimen. On average both isokinetic and
isometric strength of the patients increased, though this was not statistically significant. Error bars indicate standard deviations.

Isometric (Tmax/BW) Isokinetic (Tmax/BW)

Hamstrings Quadriceps Hamstrings Quadriceps

Pre Training 14.0±4.0 21.6±6.5 11.5±6.3 12.7±9.5

Post Training 12.8±3.6 18.3±4.7 15.3±6.4 13.2±4.8

p-value 0.442 0.142 0.116 0.855

Table 1. Isometric and isokinetic strength of knee musculature before and after participation in the exercise regimen. Data are expressed as
mean±standard deviations.
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No significant increases in hip abductor, hamstring or quadri-
ceps strength were seen, although on average there was an in-
crease. This may have been due to insufficient power, as this
was a small pilot study; to ensure 80% power to detect a 30%
difference between pre and post-intervention strength values,
approximately 16 subjects would have been required. However,
the absence of a significant change in muscle strength despite
the observed decrease in the knee adduction moment may also
have been due to the nature of the strength testing. Muscle
strength is defined as “the greatest measurable force that can be
exerted by a muscle or muscle group to overcome resistance
during a single maximal effort”43. During gait, muscles do not
contract to their maximal potential44, hence joint moments may
not be reflective of the absolute strength of a muscle.

While not formally assessed in the present work, we spec-
ulate one potential mechanism for the decreased knee adduc-
tion moments seen after completion of the exercise regimen,
is increased activity of the hip abductor musculature during
gait. While no direct cause and effect relationship can be
drawn here, we speculate that increased hip abductor muscle
activity following the intervention would allow better control
of frontal plane ground reaction forces, and is a plausible ex-
planation for the decreased external knee adduction moment.
Although not significant, it is interesting to note that on aver-
age the subjects of this study showed an increase in abductor
strength and lowered the hip adduction moment during gait.
In healthy adults, hip abductor strength has been shown to ex-
plain variance in the external hip adduction moment29. The ob-
servation of improved hip range of motion during gait
following the intervention, with sagittal plane excursion trend-
ing towards normal values45, provides some support to our hy-
pothesis that postural changes are occurring at the hip, despite
the absence of direct measures of lateral trunk leaning in these
subjects. Alternatively, the beneficial effects of a hip exercise
program on knee loading may be related to improved en-
durance of muscles or improvements in timing of muscular
contraction during gait. Although the contribution of these po-
tential mechanisms is important, an analysis of their contribu-
tions would require a larger study and was beyond the scope
of the present work.

Recently it has been suggested that a generalized program
of lower extremity strengthening and proprioceptive/balance
training can reduce the knee adduction moment during a one-
leg rise, but no significant changes during level walking were
observed25. Muscle weakness may be one of the earliest fea-
tures of OA; it has been reported in asymptomatic subjects
with only radiographic evidence of OA, and it may predict the
development of both radiographic and symptomatic OA46.
Thus, muscle weakness itself appears to be pathophysiologi-
cally related to OA and not simply a consequence of advanced
OA-induced pain and disuse. This is substantiated by animal
models47-49, where muscle dysfunction has been associated
with OA pathophysiology50. In these models, OA developed
solely due to muscle weakness, without trauma or joint insta-
bility47,48,51. Thus, training the appropriate muscles may well
influence disease progression52.

In addition to the reduced dynamic loading at the knee, each
subject experienced a dramatic decrease in knee pain during
the study. Because this pilot study was neither blinded nor
placebo-controlled, it is not possible to assess the overall sig-
nificance of this pain palliation. In general, there are high
placebo responses in studies of pain, and interventions involv-
ing active exercise are also likely to result in perceived pain
relief independent of any biomechanical benefit. Nonetheless,
the dramatic reductions in the WOMAC pain subscale and in
the total WOMAC scores observed here suggest that this ex-
ercise regimen may be at least comparable in its palliative ef-
fect on pain to more traditional programs of quadriceps and
hamstring strengthening alone21,22. While the lack of a control
group limits the conclusions which can be drawn regarding
pain data, the biomechanical endpoints are non-subjective and
known to be stable over time in untreated individuals53; hence,
the objective loading reductions at the knee experienced by
every subject are likely ascribable to the biomechanical inter-
vention rather than to a placebo effect. In addition, the magni-
tude of the external knee adduction moments for the subjects
in the present work following the intervention are approaching
the normal values for healthy age-matched asymptomatic in-
dividuals without radiographic evidence of knee OA10.

Conclusion

In conclusion, in this proof of concept pilot study, a training
regimen emphasizing hip abductor musculature in addition to
traditional quadriceps and hamstring training reduced the dy-
namic loading of the medial knee in symptomatic patients with
knee OA. The present work highlights the need for further re-
search on this topic, specifically larger randomized controlled
trials. Such future work is necessary to corroborate these find-
ings in a larger cohort as well as to elucidate the potential
mechanisms causing these reductions in the external knee ad-
duction moment, determine the ideal exercise prescription in-
cluding ideal frequency, intensity, and duration of exercise,
and to examine whether the effects of the exercise are sus-
tained over a longer period. 
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