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Objective. To determine the extent to which knee extensor strength and power explain variance in knee adduction
moment (KAM) peak and impulse in clinical knee osteoarthritis (OA).
Methods. Fifty-three adults (mean � SD age 61.6 � 6.3 years, 11 men) with clinical knee OA participated. The KAM
waveform was calculated from motion and force data and ensemble averaged from 5 walking trials. The KAM peak was
normalized to body mass (Nm/kg). The mean KAM impulse reflected the mean total medial knee load during stride (Nm �
seconds). For strength, the maximum knee extensor moment attained from maximal voluntary isometric contractions
(MVIC) was normalized to body mass (Nm/kg). For power, the maximum knee extensor power during isotonic contrac-
tions, with the resistance set at 25% of MVIC, was normalized to body mass (W/kg). Covariates included age, sex, knee
pain on the Knee Injury and Osteoarthritis Outcome Score, gait speed, and body mass index (BMI). Relationships of the
KAM peak and impulse with strength and power were examined using sequential stepwise forward linear regressions.
Results. Covariates did not explain variance in the KAM peak. While extensor strength did not, peak knee extensor
power explained 8% of the variance in the KAM peak (P � 0.02). Sex and BMI explained 24% of the variance in the KAM
impulse (P < 0.05). Sex, BMI, and knee extensor power explained 31% of the variance in the KAM impulse (P � 0.02),
with power contributing 7% (P < 0.05).
Conclusion. Knee extensor power was more important than isometric knee strength in understanding medial knee loads
during gait.

INTRODUCTION

Given that knee musculature has the capacity to modify
the loading environment at the knee (1), there has been

much interest in a potential role of muscle in the devel-
opment and progression of knee osteoarthritis (OA). Defi-
cits in knee extensor strength, i.e., reductions in the net
maximum extensor moment during voluntary contrac-
tions, are related to pain and mobility impairments in
people with knee OA (2). However, changes in knee ex-
tensor muscle strength are not necessarily related to pro-
gression of knee OA. In a prospective, 30-month study
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with 265 subjects with symptomatic knee OA, no associ-
ations were found between quadriceps strength and carti-
lage loss at the tibiofemoral joint, regardless of limb align-
ment (3). Similarly, in elderly women with established
knee OA (n � 79), stronger quadriceps strength did not
protect against radiographic progression over 2.5 years (4).

The role of knee extensor strength on the incidence of
radiographic knee OA is controversial. Slemenda et al
showed that women who developed incident knee OA
(n � 13) had 15–18% lower knee extensor strength at
baseline when compared to controls (n � 107) after adjust-
ing for body mass (P � 0.053) and lean muscle mass (P �
0.085) (5). However, in the Multicenter Osteoarthritis
Study, which included 2,519 knees with no radiographic
signs of OA at baseline, knee extensor strength did not
predict incident radiographic evidence of knee OA 30
months later (6). Palmieri-Smith et al compared isometric
quadriceps strength in 348 women with mild, moderate,
and severe radiographic knee OA and found no difference
in strength between the moderate and severe knee OA
groups (7). Also, quadriceps strength was not different
between women with (n � 22) and without (n � 13) mild
knee OA, suggesting that knee extensor strength may not
be affected in women with mild disease (8).

While primarily responsible for sagittal plane motion,
the knee extensors may play an important role in the knee
adduction moment (KAM). The quadriceps are active dur-
ing activities that produce a frontal plane moment (9).
Using a biomechanical model, Shelburne et al demon-
strated that the quadriceps were capable of developing
forces that counteract the external KAM during gait, de-
spite a small moment arm to do so (10). It is likely that
quadriceps and other muscles primarily controlling sagit-
tal plane movement can modify frontal plane loads by
enhancing joint stability through co-activation, which in-
creases the contact forces between the tibia and femur
during activity (11). However, cross-sectional and longitu-
dinal studies suggest that a measure of strength may not
represent this ability for the knee to modify frontal plane

knee loads. Correlations between knee extensor strength
and medial knee joint loads during gait were low, at best,
in early or established knee OA (12,13). The KAM peak is
a surrogate for medial loading which is often, but not
always, elevated in people with knee OA compared to
healthy counterparts (14). Lim et al found a trend toward a
weak relationship between quadriceps strength and KAM
peak in 184 people with knee OA (r � 0.14, P � 0.059)
(13). Similarly, a bivariate relationship between quadri-
ceps strength and loading rate in 204 participants with
knee OA (r � 0.27, P � 0.008) was explained by walking
speed (15). After 6 months of high intensity resistance
training in 26 women with knee OA, the KAM peak did
not change (16). These studies could point to the possibil-
ity that knee extensor strength may not be the best variable
to represent muscle function in knee OA.

Knee power may better reflect the capacity of muscle to
manage knee loads than strength. Knee power accounts for
the rate of moment development, and, in the case of knee
extensor power, it is the product of the extensor moment of
force and the velocity of movement (17). Therefore, com-
pared to strength, power could demonstrate better rela-
tionships with the KAM because it reflects speed of move-
ment, and faster accelerations of the body’s center of mass
during gait may result in higher ground reaction forces,
therefore larger knee joint moments (18). Furthermore,
power is a more robust predictor of functional outcomes
than strength in the aging literature (19) and shows prom-
ise in understanding knee OA pathology (20). To date, the
role of knee extensor power in understanding medial knee
loads has not been explored. Therefore, the purpose of this
study was to determine the extent to which knee extensor
strength and power explain variance in KAM peak and
impulse among participants with clinical knee OA. We
hypothesized that knee extensor power would explain a
larger proportion of the variance in the KAM peak and
KAM impulse than knee extensor strength in participants
with knee OA.

PATIENTS AND METHODS

This cross-sectional study of associations was conducted
as a secondary analysis from an ongoing longitudinal
study.

Study sample. Community dwelling adults between
ages 40–70 years who met the American College of Rheu-
matology (ACR) clinical criteria for knee OA were re-
cruited from a local rheumatologist’s and orthopedic sur-
geon’s office. The clinical guidelines set forth by the ACR
include having knee pain on most days of the month and
at least 3 of the following 6 criteria: age �50 years, stiffness
lasting �30 minutes, crepitus, bony tenderness, bony en-
largement, and no palpable warmth (21). Exclusion criteria
included having a diagnosis of other forms of arthritis (e.g.,
rheumatoid arthritis), active nonarthritic disease (e.g.,
gout), conditions that might be exacerbated by the protocol
(e.g., unstable angina), current/past use of intraarticular
therapies (e.g., cortisone injections), or previous knee sur-
geries (e.g., high tibial osteotomies, joint replacements). In

Significance & Innovations
● Much research has investigated the role of muscle

strength, or the ability of a muscle to produce a
moment, in the incidence and progression of knee
osteoarthritis (OA). Knee extensor power reflects
the ability to generate an extensor muscle moment
quickly and has the potential to add to our under-
standing of the role of muscle function in knee OA.

● Knee extensor power significantly explained the
variance in the knee adduction moment (KAM)
peak and impulse during gait, whereas knee exten-
sor strength did not.

● Knee extensor power may have better potential
than strength in explaining the KAM peak and
impulse during gait because power reflects the
speed with which joint moments can be developed
to move or support the knee.

688 Calder et al



addition, potential participants were excluded if they re-
quired an adaptive walking aid such as a cane or a walker
on a regular basis, sustained lower extremity trauma
within the past 3 months, had ipsilateral hip or ankle
conditions, or had contraindications to magnetic reso-
nance imaging, an element of a larger study. If a patient
had bilateral knee OA, the extremity that the patient re-
ported as having more severe symptoms was used as the
study leg. The study was approved by the Human Research
Ethics Board at McMaster University and all participants
provided written informed consent.

Dependent variables. The KAM waveform was calcu-
lated from barefoot gait trials. Kinematic data were col-
lected using 3 Optotrak Certus camera banks (totaling 9
cameras; Northern Digital) sampling at 100 Hz. Kinetic
data were collected using a synchronized floor-mounted
force plate (Advanced Mechanical Technology) sampling
at 1,000 Hz. Rigid clusters of infrared-emitting diode mark-
ers were secured to the sacrum, thigh, shank, and foot of
the study leg (3 markers per cluster). The thigh and shank
clusters were positioned on the lateral aspect of the study
extremity adjacent to the estimated center of mass of these
segments. The foot cluster was affixed to the lateral aspect
of the foot. A digitizing probe was used to define localized
skeletal landmarks. These landmarks were used to create
the link-segment model during a static reference trial.

Participants ambulated barefoot at self-selected speeds
until 5 trials were captured in which the participant struck
the force plate cleanly with the study leg. Using commer-
cial software (Visual 3D, C-Motion), the marker data were
lowpass filtered with a fourth-order Butterworth filter with
a 6-Hz cutoff frequency (22), and the KAM waveform was
generated using inverse dynamics with a 3-dimensional
floating axis coordinate system (23). The mean peak KAM
from 5 trials represented the maximum medial knee load
experienced during level walking. The peak KAM has
been shown to be a reliable and valid measure (24,25) that
is sensitive to radiographic progression (26). The peak
KAM is presented normalized to body mass (Nm/kg) to
allow comparisons between people of different body sizes.
The KAM impulse for each of the 5 gait trials was calcu-
lated using the trapezoidal rule to integrate the stance
phase portion of the KAM waveform (Matlab 7.0.1, Math-
works). The mean KAM impulse over the 5 trials was used
as the representation of total knee loading magnitude be-
cause it incorporates the magnitude and duration of the
entire stance phase. The KAM impulse has been shown
to be a reliable and stable measure (27), associated with
increased pain in knee OA (28), and sensitive to radio-
graphic disease progression (29). The KAM impulse values
in non-normalized units of Nm � seconds were used in
the analysis, as normalizing the KAM impulse may di-
vert attention from the absolute mechanical loading at the
knee (30).

Independent variables. An isokinetic dynamometer
(Biodex System 3) was used to measure knee extensor
strength and power of the test extremity. Participants were
seated upright with the hips in 80° of flexion. The center of

rotation of the knee was aligned with the axis of rotation of
the dynamometer. The lever was secured using a Velcro
strap around the lower leg of the test extremity, approxi-
mately 3 cm proximal to the medial malleolus. To avoid
unwanted movement, straps were secured over the thigh
of the test extremity, across the waist, and over both shoul-
ders. To measure knee strength, 5 maximal effort isometric
knee extensor contractions (MVIC) were performed with
the knee positioned at 60° of flexion. Participants were
verbally encouraged to give a maximal effort and hold the
contraction for 5 seconds with a 5-second rest period be-
tween each contraction. Knee extensor strength was the
maximum moment measured during 1 of the 5 measure-
ment trials. As recommended by Bennell et al, strength
was normalized to body mass (Nm/kg) to account for dif-
ferences in body mass (31). Isometric knee extensor efforts
have demonstrated excellent reliability (32).

Dynamic contractions where the speed of movement can
vary are necessary to measure knee extensor power. Ten
isotonic contractions with the resistance set at 25% of
MVIC were performed as quickly as possible. Participants
started the trial with the knee at 90° flexion and were
verbally encouraged to use their full extension and flexion
range at maximum velocity. Data were recorded at 10 Hz.
Moment values were converted from foot-pounds to Nm,
and velocity values were converted from degree/second to
radian/second (1 degree/second � 0.0174532925). Power,
measured in watts (W), was calculated as the product of
moment in Nm and velocity in radian/second. The maxi-
mum value from any of the 10 isotonic trials was normal-
ized to body mass and used to represent knee extensor
power (W/kg). This maximum power value may have oc-
curred at any point in range of motion, with all occurring
near midrange.

Covariates. We examined whether the following vari-
ables were potential covariates in the analyses because
these have been previously identified as being related to
KAM: age (33), sex (34), knee pain (35), gait speed (36), and
obesity (37). Knee pain was measured using the pain sub-
scale of the Knee Injury and Osteoarthritis Outcome Score
(KOOS-pain) (38). The KOOS was developed to assess
self-reported knee pain, physical function, quality of life,
and sport and recreation. For the purpose of this study,
only the pain subscale was used. Participants were asked
to consider pain over the last week and scores from this
5-point Likert subscale were then normalized, with 100
indicating no symptoms and 0 indicating extreme symp-
toms. Gait speed was measured during gait trials between
first heel strike and the second heel strike (meters/second).
Obesity was characterized by body mass index (BMI),
which was calculated from measured height and body
mass (kg/m2) while participants were barefoot, wearing a
t-shirt and shorts.

Statistical analysis. Statistical analyses were performed
using SPSS software. Descriptive statistics (means and
SDs) were calculated for the demographic, dependent, in-
dependent, and covariate variables. Pearson’s correlation
coefficients examined bivariate relationships between the
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KAM impulse and KAM peak with the independent vari-
ables and each of the potential covariates. For the correla-
tions, Bonferroni adjustments were made for multiple
comparisons, resulting in an alpha set at 0.002. Two step-
wise, forward linear regression analyses were performed
for each of the 2 dependent variables: KAM peak and KAM
impulse. These analyses aimed to evaluate the extent to
which variance in the dependent variable could be ex-
plained by 1) knee extensor strength and 2) knee extensor
power. In both regressions, all potential covariates were
entered before the independent variable, either knee ex-
tensor strength or knee extensor power. In and out P values
were set at 0.05 and 0.10, respectively.

RESULTS

Fifty-three participants (42 women, 11 men) completed
the study (Table 1). Correlations between the covariates
and the dependent measures (KAM peak and impulse)

were significant at the corrected alpha level of 0.002 (Table
2). Figure 1 shows the relationships of KAM impulse and
KAM peak with each of knee extensor strength and knee
extensor power. While KAM impulse and KAM peak were
related to knee extensor power, they were not related to
knee extensor strength.

Table 3 shows the stepwise linear regression analyses
for KAM peak and mean KAM impulse as dependent vari-
ables. When the KAM peak was the dependent variable,
model 1 showed that no variables met the entry criteria.
However, model 2 showed that peak knee extensor power
explained 8.2% of variance in the KAM peak (P � 0.022).
When the mean KAM impulse was the dependent variable,
24.2% of the variance in KAM impulse was explained by
the covariates sex and BMI (P � 0.001); knee extensor
strength did not add significantly to model 1 (P � 0.05). On
the other hand, 31.0% of the variance in KAM impulse
was explained by model 2 (P � 0.001), with knee extensor
power contributing 6.8% (P � 0.018).

DISCUSSION

Knee extensor power shared a positive relationship with
the medial compartment knee load during level walking in
this sample of participants with clinical knee OA. There-
fore, those capable of producing large knee powers also

Table 1. Descriptors of the knee OA participants
(n � 53)*

Mean � SD
Minimum,
maximum

Age, years 61.6 � 6.3 41, 70
Body mass, kg 75.0 � 16.2 51.0, 117.0
Height, meters 1.625 � 0.119 1.070, 1.941
BMI, kg/m2 27.9 � 5.6 19.7, 41.8
KOOS pain, scale 0–100 74.7 � 17.3 42.0, 100.0
Gait speed, meters/second 1.16 � 0.22 0.73, 1.61
Knee extensor strength, Nm 110.4 � 47.5 26.9, 251.8
Knee extensor strength

normalized, Nm/kg
1.5 � 0.6 0.3, 3.5

Knee extensor power, W 279.8 � 163.7 43.4, 991.4
Knee extensor power

normalized, W/kg
3.77 � 1.89 0.55, 10.04

KAM peak, Nm/kg 0.37 � 0.17 0.04, 0.77
KAM impulse, Nm �

seconds
9.8 � 6.7 0.9, 26.9

* OA � osteoarthritis; BMI � body mass index; KOOS � Knee
Injury and Osteoarthritis Outcome Score; W � watts; KAM � knee
adduction moment.

Table 2. Correlation coefficients between covariates, independent variables, and dependent variables*

Age Sex Pain
Gait

speed BMI
Knee

strength
Knee

power
KAM

impulse

Age, years 1
Sex† 0.20 1
Pain �0.14 �0.05 1
Gait speed, meters/second �0.11 �0.05 0.34 1
BMI, kg/m2 �0.05 0.09 �0.40 �0.08 1
Knee strength, Nm/kg �0.27 �0.23 0.38 0.15 �0.40 1
Knee power, W/kg �0.19 �0.35 0.35 0.11 �0.35 0.70‡ 1
KAM impulse, Nm � seconds 0.02 �0.29 �0.10 �0.02 0.40 �0.01 0.21 1
Peak KAM, Nm/kg 0.08 �0.08 0.06 0.13 0.05 0.18 0.32 0.81‡

* BMI � body mass index; KAM � knee adduction moment; W � watts.
† Men � 0, women � 1.
‡ Significance based on Bonferroni-corrected P value (P � 0.002).

Figure 1. Relationships between dependent variables (knee ad-
duction moment [KAM] peak and KAM impulse) with knee ex-
tensor strength and power. W � watts.

690 Calder et al



demonstrated large KAM peaks and impulses during a
stride. Knee extensor strength was not related to either the
KAM peak or impulse. Therefore, the rate of moment de-
velopment by the knee extensors may be more important
than the extensor moment itself to the KAM peak and
impulse in participants with knee OA. These data suggest
that the ability to generate moments quickly may be im-
portant to consider in studying the initiation and progres-
sion of knee OA.

Power may have outperformed strength in the current
study because the speed with which joint moments can be
developed to move the knee, or respond to joint loads that
result from weight bearing, may be important to the me-
chanical pathology of knee OA. While no studies were
identified that related power with the KAM, some work
examined the impact of muscle function on loading rates.
Compared to 19 women who engaged in lower extremity
strength training at least 3 times a week for a year, 18
sedentary women demonstrated greater maximum slopes
of vertical ground reaction force after heel strike (39).

Eighteen adults with knee pain demonstrated greater
speeds of the foot and ankle at heel strike and reduced
duration of quadriceps activation measured using electro-
myography (EMG), compared to 14 asymptomatic controls
(40). Strength or power cannot be inferred from EMG, but
these data suggest a potential relationship between muscle
function and control of extremity speeds. An inability to
control extremity speed and loading rates during the
weight-acceptance period of gait could result in greater
impact loads on articular cartilage and subchondral bone,
therefore facilitating OA changes within the joint. How-
ever, the findings of the current study suggest that capacity
for greater power was related to larger KAM impulses,
which may not be desirable in knee OA. Although knee
extensor power only explained 6.8% of the variance in
KAM impulse, this significant contribution warrants fur-
ther investigation into the role of the knee musculature’s
ability to develop force quickly in response to load and,
importantly, to determine the effect of power training on
medial knee loads for those with symptomatic knee OA.

Table 3. Sequential forward linear regression models of the knee adduction moment peak and impulse*

Independent variables
Cumulative
adjusted R2

Change in
adjusted R2

Standardized
� coefficient

Unstandardized �
coefficient (95% CI) P

Dependent variable: KAM peak, Nm/kg
Model 1

No variables met entry criteria
Model 2

1. Power 0.082 0.315 0.029 (0.004, 0.053) 0.022
Excluded variables

Age 0.291
BMI 0.203
Sex 0.811
Gait speed 0.652
KOOS pain score 0.689

Dependent variable: KAM impulse, Nm � seconds
Model 1

1. BMI 0.145 0.402 0.477 (0.171, 0.783) 0.033
2. BMI � sex 0.242 0.174 � 0.001

BMI 0.431 0.512 (0.223, 0.801) 0.001
Sex �0.332 �5.411 (�9.380, �1.442) 0.009

Excluded variables
Age 0.359
Gait speed 0.935
KOOS pain score 0.615
Strength 0.403

Model 2
1. BMI 0.145 0.402 0.477 (0.171, 0.783) 0.003
2. BMI � sex 0.242 0.097 � 0.001

BMI 0.431 0.512 (0.223, 0.801) 0.001
Sex �0.332 �5.411 (�9.380, �1.442) 0.009

3. Sex � BMI � power 0.310 0.068 � 0.001
BMI 0.533 0.633 (0.340, 0.927) � 0.001
Sex �0.229 �3.739 (�7.769, 0.290) 0.068
Power 0.319 1.127 (0.200, 2.055) 0.018
Excluded variables

Age 0.164
Gait speed 0.382
KOOS pain score 0.928

* Model 1 incorporates knee extensor strength as a potential predictor. Model 2 incorporates knee extensor power as a potential predictor. 95% CI �
95% confidence interval; KAM � knee adduction moment; BMI � body mass index; KOOS � Knee Injury and Osteoarthritis Outcome Score.
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Nonetheless, in the knee OA literature, research that has
examined the relationship between muscle power with
self-reported function and performance tasks suggests that
power training may have benefits in knee OA (20,41–44).
Compared to knee extensor strength, greater leg power
measured on a leg press was more strongly related with
better performance of fast walking and repeated chair-
stand tasks, as well as self-reported function on the West-
ern Ontario and McMaster Universities Osteoarthritis In-
dex (WOMAC) in 39 adults after total knee arthroplasty
(41). Muscle power at lower resistances and higher veloc-
ities was more predictive of self-reported physical func-
tion on the WOMAC than muscle strength in 40 partici-
pants with knee OA (43). Berger and colleagues used a
dynamometer to measure knee extensor MVICs and iso-
tonic power at 10%, 20%, 30%, 40%, and 50% of isomet-
ric MVIC. Power recorded when resistance was relatively
light predicted a small portion of the variance in self-
reported function (20% MVIC; r2 � 0.13, P � 0.05, and
30% MVIC; r2 � 0.12, P � 0.05) (43). Therefore, it appears
that although higher knee extensor power could relate to
greater exposure to medial knee loading in a stride, it
could concurrently relate to improved mobility and re-
duced symptoms for people with knee OA. While this
discrepancy may seem counterintuitive, use of pain med-
ications has also demonstrated this pattern. Pain medica-
tions concurrently reduce symptoms and increase the knee
adduction moment peak (45).

Furthermore, there are numerous studies in the healthy-
aging literature that show muscle power to be a stronger
predictor of functional performance than strength. With
aging, the knee extensors have shown greater losses of
power than strength (19). In more than 1,400 elderly par-
ticipants, variation in leg power accounted for more of the
variance in the performance of important mobility tasks
(gait speed and stair climb time) than strength, where poor
muscle power was associated with a 2–3-fold greater risk
in mobility problems than poor muscle strength (46). More
specifically, the velocity component of muscle power was
found to be more compromised than the force production
component in older adults with mobility limitations (47).
When force and velocity contributions to muscle power
were compared between middle-aged adults (ages 40–55
years, n � 25), older healthy adults (ages 70–85 years,
n � 28), and older adults with mobility limitations (ages
70–85 years, n � 26), velocity was found to be highly
associated with power production capability in the older
adults with mobility limitations for a multiple chair-rise
task (r2 � 0.59, P � 0.0007) and stair-climb time task
(r2 � 0.29, P � 0.034) (47). However, these studies in-
cluded only healthy aging samples. The positive relation-
ship between power and KAM impulse in this study
should be studied further to determine whether power
and impulse increase with advancing disease severity
over time. Longitudinal study of OA populations would
be required in order to determine the validity of this hy-
pothesis.

The impact of power training on disease progression in
knee OA remains unclear. Power training, both aquatic
and land-based, appears to be well tolerated by people
with clinical knee OA (44,48). These pilot studies demon-

strate benefits of power training to muscle outcomes as
well as symptoms; however, power training programs
aimed to improve lower extremity muscle power in knee
OA must identify the ideal resistance, positioning, and
velocities that relate to activities of daily living, and, for
those without severe disease, recreation and sport. Given
the positive relationship found between power and both
KAM peak and impulse, it will be important to investigate
power training regimens and, specifically, to quantify the
potential increases in the KAM in people with knee OA. If
power training results in an increase in the KAM in people
with knee OA, such a finding must be weighed against the
other potential benefits to symptoms, mobility, and quality
of life. It is very likely that such clinical improvements are
more important.

Muscle strength has been postulated as a determinant of
the KAM between different levels of disease severity in
knee OA (7). In the current study, knee strength did not
explain variance in the KAM peak or impulse, nor was it
related to these dependent variables. Similar findings have
been previously reported in lean and obese knee OA pa-
tients, where maximal knee extensor strength was not
related to external KAM peak (12,13). These findings sup-
port the notion that maximal isometric quadriceps
strength may not be the best variable to relate with dy-
namic knee loading during gait.

A limitation of the study is the cross-sectional study
design. Acquiring longitudinal data will aid in our under-
standing of the impact of changes in muscle power and
strength impairments in explaining variability in changes
in the KAM. Because of the numerous age-related physio-
logic and neurologic mechanisms that could lead to de-
clines in muscle power, such as dropout of type 2 fibers,
alterations in agonist/antagonist coactivation, and decline
in motor unit firing rate (49), other measurements of mus-
cle function, such as using EMG or nerve conductions
studies, would help explain mechanisms of underlying
declines or increases in muscle power and strength, which
may impact mobility. Finally, knee power and strength
were measured in this study using a concentric protocol,
despite the fact that the knee extensor activity during gait
is largely eccentric. The concentric protocol was chosen
for these study participants to avoid the potential for mus-
cle injury.

Further investigation is warranted to explore the rela-
tionship between isotonic muscle power with gait me-
chanics and the impact of this relationship on the inci-
dence and progression of knee OA. In this study, the KAM
peak and impulse were used to represent medial compart-
ment knee joint loading during walking and a positive
relationship was found between KAM and power. Several
of the training programs currently in use for those with
knee OA are aimed at increasing muscle power. In light of
the findings of the current study, these power-focused
programs should be studied to weigh the effect of in-
creased medial compartment load with the benefits in
terms of mobility and reduced symptoms in knee OA.

In conclusion, unlike strength, knee extensor power
shared a positive relationship with the magnitude of the
KAM peak and impulse during gait in individuals with
clinical knee OA. Cross-sectionally, those capable of pro-
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ducing large knee extensor powers also showed large KAM
peaks and impulses. Further work is necessary to examine
the impact of power training on KAM in a prospective
design and relate these findings with improvements in
clinical signs and symptoms.

AUTHOR CONTRIBUTIONS

All authors were involved in drafting the article or revising it
critically for important intellectual content, and all authors ap-
proved the final version to be submitted for publication. Dr. Maly
had full access to all of the data in the study and takes responsi-
bility for the integrity of the data and the accuracy of the data
analysis.
Study conception and design. Calder, Beattie, Callaghan, Adachi,
Maly.
Acquisition of data. Calder, Acker, Arora, Beattie, Adachi, Maly.
Analysis and interpretation of data. Calder, Acker, Arora, Beattie,
Adachi, Maly.

REFERENCES

1. Cole G, Nigg B, van den Bogert A, Gerritsen K. Lower extrem-
ity joint loading during impact in running. Clin Biomech
1996;11:181–93.

2. Hurley M, Scott D, Rees J, Newham D. Sensorimotor changes
and functional performance in patients with knee osteoarthri-
tis. Ann Rheum Dis 1997;56:641–8.

3. Amin S, Baker K, Niu J, Clancy M, Goggins J, Guermazi A, et
al. Quadriceps strength and the risk of cartilage loss and
symptom progression in knee osteoarthritis. Arthritis Rheum
2009;60:189–98.

4. Brandt K, Heilman D, Slemenda C, Katz B, Mazzuca S,
Braustein E, et al. Quadriceps strength in women with radio-
graphically progressive osteoarthritis of the knee and those
with stable radiographic changes. J Rheumatol 1999;26:
2431–7.

5. Slemenda C, Heilman D, Brandt K, Katz B, Mazzuca S,
Braustein E, et al. Reduced quadriceps strength relative to
body weight. Arthritis Rheum 1998;41:1951–9.

6. Segal N, Torner J, Felson D, Niu J, Sharma L, Lewis C, et al.
Effect of thigh strength on incident radiographic and symp-
tomatic knee osteoarthritis in a longitudinal cohort. Arthritis
Rheum 2009;61:1210–7.

7. Palmieri-Smith R, Thoma A, Karvonen-Gutierrez C, Sowers
M. Isometric quadriceps strength in women with mild, mod-
erate, and severe knee osteoathritis. Am J Phys Med Rehabil
2010;89:541–8.

8. Thomas AC, Sowers M, Karvonen-Gutierrez C, Palmieri-
Smith RM. Lack of quadriceps dysfunction in women with
early knee osteoarthritis. J Orthop Res 2010;28:595–9.

9. Buchanan T, Lloyd D. Muscle activation at the human knee
during isometric flexion-extension and varus-valgus loads.
J Orthop Res 1997;15:11–7.

10. Shelburne K, Torry M, Pandy M. Contributions of muscles,
ligaments and the ground-reaction force to tibiofemoral joint
loading during normal gait. J Orthop Res 2006;24:1983–90.

11. Bennell K, Wrigley T, Hunt M, Lim B, Hinman R. Update on
the role of muscle in the genesis and management of knee
osteoarthritis. Rheum Dis Clin North Am 2013;39:145–76.

12. Aaboe J, Bliddal H, Alkjaer T, Boesen M, Henriksen M. The
influence of radiographic severity on the relationship be-
tween muscle strength and joint loading in obese knee osteo-
arthritis patients [abstract]. Arthritis 2011;2011:571519.

13. Lim BW, Kemp G, Metcalf B, Wrigley TV, Bennell KL, Cross-
ley KM, et al. The association of quadriceps strength with the
knee adduction moment in medial knee osteoarthritis. Arthri-
tis Rheum 2009;61:451–8.

14. Foroughi N, Smith R, Vanwanseele B. The association of
external knee adduction moment with biomechanical vari-

ables in osteoarthritis: a systematic review. Knee 2009;16:
303–9.

15. Hunt MA, Hinman RS, Metcalf BR, Lim BW, Wrigley TV,
Bowles KA, et al. Quadriceps strength is not related to gait
impact loading in knee osteoarthritis. Knee 2010;17:296–302.

16. Foroughi N, Smith R, Lange A, Baker M, Fiatarone Singh M,
Vanwanseele B. Lower limb muscle strengthening does not
change frontal plane moments in women with knee
osteoarthritis: a randomized controlled trial. Clin Biomech
2011;26:167–74.

17. Sayers S. High-speed power training. A novel approach to
resistance training in older men and women: a brief review
and pilot study. J Strength Cond Res 2007;21:518–26.

18. Andriacchi T, Ogle J, Galante J. Walking speed as a basis for
normal and abnormal gait measurements. J Biomech 1977;10:
261–8.

19. Skelton D, Greig C, Davies J, Young A. Strength, power and
related functional ability of healthy people aged 65-89 years.
Age Aging 1994;23:371–7.

20. Bastiani D, Ritzel CH, Bortoluzzi SM, Vaz MA. Work and
power of the knee flexor and extensor muscles in patients
with osteoarthritis and after total knee arthroplasty. Rev Bras
Rheumatol 2012;52:195–202.

21. Altman R, Asch E, Bloch D, Bole G, Borenstein D, Brandt K,
et al. Development of criteria for the classification and report-
ing of osteoarthritis: classification of osteoarthritis of the
knee. Arthritis Rheum 1986;29:1039–49.

22. Robertson D, Dowling J. Design and responses of Butterworth
and critically damped digital filters. J Electromyogr Kinesiol
2003;13:569–73.

23. Cole G, Nigg B, Ronsky J, Yeadon M. Application of the joint
coordinate system to three-dimensional joint attitude and
movement representation: a standardization protocol. J Bio-
mech Eng 1993;115:344–9.

24. Zhao D, Banks S, Mitchell K, D’Lima D, Colwell C, Fregly B.
Correlation between the knee adduction torque and medial
contact force for a variety of gait patterns. J Orthop Res 2007;
25:789–97.

25. Birmingham T, Hunt M, Jones I, Jenkyn T, Giffin J. Test–retest
reliability of the peak knee adduction moment during walking
in patients with medial compartment knee osteoarthritis.
Arthritis Rheum 2007;57:1012–7.

26. Miyazaki T, Wada M, Kawahara H, Sato M, Baba H, Shimada
S. Dynamic load at baseline can predict radiographic disease
progression in medial compartment knee osteoarthritis. Ann
Rheum Dis 2002;61:617–22.

27. Robbins S, Birmingham T, Jones G, Callaghan J, Maly M.
Developing an estimate of daily cumulative loading for the
knee: examining test-retest reliability. Gait Posture 2009;30:
497–501.

28. Thorp L, Sumner R, Wimmer M, Block J. Relationship be-
tween pain and medial knee joint loading in mild radio-
graphic knee osteoarthritis. Arthritis Rheum 2007;57:1254–
60.

29. Robbins S, Birmingham T, Maly M, Chesworth B, Giffin
J. Comparative diagnostic accuracy of knee adduction mo-
ments in knee osteoarthritis: a case for not normalizing to
body size. J Biomech 2011;44:968–71.

30. Browning R, Kram R. Effect of obesity on the biomechanics of
walking at different speeds. Med Sci Sports Exerc 2007;39:
1632–41.

31. Bennell K, Hunt M, Wrigley T, Lim B, Hinman R. Role of
muscle in the genesis and management of knee osteoarthritis.
Rheum Dis Clin North Am 2008;34:731–54.

32. Curb J, Ceria-Ulep C, Rodriguez B, Grove J, Guralnik J, Wilcox
B, et al. Performance-based measures of physical function for
high-function populations. J Am Geriatr Soc 2006;54:737–42.

33. Sharma L, Cahue S, Song J, Hayes K, Pai Y, Dunlop D. Phys-
ical functioning over three years in knee osteoarthritis: role of
psychosocial, local mechanical, and neuromuscular factors.
Arthritis Rheum 2003;48:3359–70.

34. Berger MJ, McKenzie CA, Chess DG, Goela A, Doherty TJ. Sex
differences in quadriceps strength in OA. Int J Sports Med
2012;33:926–33.

Knee Power and OA 693



35. Riddle D, Stratford P. Impact of pain reported during isomet-
ric quadriceps muscle strength testing in people with knee
pain: data from the Osteoarthritis Initiative. Phys Ther 2011;
91:1478–89.

36. Mundermann A, Dyrby C, Hurwitz D, Sharma L, Andriacchi
T. Potential strategies to reduce medial compartment loading
in patients with knee osteoarthritis of varying severity: re-
duced walking speed. Arthritis Rheum 2004;50:1172–8.

37. Messier S, Gutekunst D, Davis C, DeVita P. Weight loss re-
duces knee-joint loads in overweight and obese older adults
with knee osteoarthritis. Arthritis Rheum 2005;52:2026–32.

38. Roos E, Roos H, Lohmander L, Ekdahl C, Beynnon B. Knee
injury and osteoarthritis outcome score (KOOS): development
of a self-administered outcome measure. J Orthop Sports Phys
Ther 1998;78:88–96.

39. Mikesky A, Meyer A, Tompson K. Relationship between
quadriceps strength and rate of loading during gait in women.
J Orthop Res 2000;18:171–5.

40. Radin EL, Yang KH, Riegger C, Kish VL, O’Connor JJ. Rela-
tionship between lower limb dynamics and knee joint pain.
J Orthop Res 1991;9:398–405.

41. Aalund PK, Larsen K, Hansen TB, Bandholm T. Normalized
knee-extension strength or leg-press power after fast-track
total knee arthroplasty: which measure is most closely asso-
ciated with performance-based and self-reported function?
Arch Phys Med Rehabil 2013;94:384–90.

42. Barker KL, Jenkins C, Pandit H, Murray D. Muscle power and

function two years after unicompartmental knee replacement.
Knee 2012;19:360–4.

43. Berger MJ, McKenzie CA, Chess DG, Goela A, Doherty TJ.
Quadriceps neuromuscular function and self-reported func-
tional ability in knee osteoarthritis. J Appl Physiol 2012;113:
255–62.

44. Sayers SP, Gibson K, Cook CR. Effect of high-speed power
training on muscle performance, function, and pain in older
adults with knee osteoarthritis: a pilot investigation. Arthritis
Care Res (Hoboken) 2012;64:46–53.

45. Henriksen M, Simonsen E, Alkjaer T, Lund H, Graven-Nielsen
T, Danneskiold-Samsoe B, et al. Increased joint loads during
walking: a consequence of pain relief in knee osteoarthritis.
Knee 2006;13:445–50.

46. Bean JF, Leveille SG, Kiely DK, Bandinelli S, Guralnik JM,
Ferrucci L. A comparison of leg power and leg strength within
the InCHIANTI study: which influences mobility more? J
Gerontol A Biol Sci Med Sci 2003;58:728–33.

47. Pojednic RM, Clark DJ, Patten C, Reid K, Phillips EM, Fielding
RA. The specific contributions of force and velocity to muscle
power in older adults. Exp Gerontol 2012;47:608–13.

48. Segal NA, Wallace R. Tolerance of an aquatic power training
program by older adults with symptomatic knee osteoarthritis
[abstract]. Arthritis 2012;2012:895495.

49. Allman B, Rice C. Neuromuscular fatigue and aging: central
and peripheral factors. Muscle Nerve 2002;25:785–96.

694 Calder et al


