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Background. Knee osteoarthritis is 2–3 times more prevalent in females than males. Biomechanical diﬀerences in gait may play a role
in this gender predisposition. The purpose of this study was to determine if there are gender-based biomechanical diﬀerences in the gait
patterns of people with knee osteoarthritis.
Methods. Three-dimensional gait analysis was performed on healthy (18 males and 24 females) subjects and patients with moderate
knee osteoarthritis (24 males and 15 females). Kinematics and kinetics at the hip, knee and ankle were calculated. Variables including
anthropometrics, stride characteristics, strength, pain, stiﬀness, function and radiographic disease severity were also quantiﬁed. Multivariate statistical techniques and analysis of variance were used to test for main disease eﬀects, main gender eﬀects and disease vs. gender
interactions.
Findings. A signiﬁcant interaction eﬀect between gender and disease was found in the knee ﬂexion angle and the knee moments in the
sagittal, frontal and transverse planes. In each of these measures the females exhibited diﬀerent biomechanics with osteoarthritis, while
the osteoarthritic males maintained the same biomechanics as healthy males. This interaction between gender and osteoarthritis was not
associated with diﬀerences in anthropometrics, stride characteristics, strength, pain, stiﬀness, function or radiographic disease severity
between the populations.
Interpretation. This study has found gait pattern diﬀerences between the genders in the osteoarthritic patients that were not apparent
in the healthy subjects. This suggests that the biomechanics associated with knee osteoarthritis are gender dependent. Therefore, gender
speciﬁc design of biomechanical interventions to slow the progression of osteoarthritis should be explored.
 2006 Elsevier Ltd. All rights reserved.
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Osteoarthritis (OA) is a dynamic, progressive disease
causing signiﬁcant disability and loss of function. Knee
OA is 2–3 times more prevalent in females than males
(Buckwalter and Lappin, 2000) and females have two times
the risk of developing bilateral knee OA (March and
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Bagga, 2004). Intrinsic diﬀerences in strength (Cureton
et al., 1988; Drinkwater, 1988), quadriceps angle (Horton
and Hall, 1989; Hsu et al., 1990), joint laxity (Bridges
et al., 1992) and muscle activation patterns (White et al.,
2003) exist between males and females. These factors aﬀect
the biomechanical environment of the lower limb and may
cause biomechanical diﬀerences in the way males and
females walk that contribute to the higher prevalence of
OA in females.
In healthy non-osteoarthritic subjects, similar joint
kinetics at the knee (Hurwitz et al., 1998; Kerrigan et al.,
2000) and equivocal results for joint kinematics and stride
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2.2. Data collection
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2.2.1. Gait analysis
Each subject completed a three-dimensional gait analysis. Subjects wore spandex shorts and a t-shirt to allow
placement of light emitting markers on bony landmarks
on the shoulder, greater trochanter, lateral epicondyle
and lateral malleolus of their aﬀected side (randomly chosen for controls). In addition, a cluster of three infrared
markers was ﬁxed to the pelvis, thigh, shank and foot of
the same leg. A 1 s calibration trial with the subject standing in a neutral position was collected to use as a reference
position. The following virtual points were digitized in the
neutral position to aid in the construction of anatomical
coordinate systems: right anterior superior iliac spine
(RASIS), left anterior superior iliac spine (LASIS), medial
epicondyle, ﬁbular head, tibial tuberosity, medial malleolus, second metatarsal head and calcaneus (Cappozzo
et al., 1995). The subjects completed ﬁve walking trials at
a self-selected speed in their regular walking shoes. Marker
coordinates were collected at 100 Hz using the Optotrak
motion analysis system (National Digital Inc., Waterloo,
ON, Canada). A force platform (Advanced Medical Technology Inc., Watertown, MA, US) aligned to the global
coordinates of the Optotrak system was used to record
ground reaction forces and moments of force for one complete stride of the test leg (1000 Hz). The ground reaction
force and lateral malleolus marker were used to deﬁne
one complete gait cycle, from initial heel strike of the test
leg on the force plate to the second heel strike with the
same leg (Hreljac and Marshall, 2000). All gait measures
were time normalized to 100% of the subject’s gait cycle
and ensemble averaged for each subject. Subject age,
height, weight, foot width, calf and thigh circumference
were measured. Height and weight were used to calculate
body mass index (BMI). Anthropometrics were used to
estimate the inertial properties of the body segments
(Clausser, 1969).
Joint kinematics and kinetics were calculated using custom analysis software in Matlab (Mathworks, Natick, MA,
US). Markers clusters on the pelvis, thigh, shank and foot
were used to model each segment of the lower limb as a
rigid body deﬁned by a right handed Cartesian coordinate
system. The position and orientation of each segment was
estimated using a least squares optimization routine (Challis, 1995). Three-dimensional joint angles were calculated
using the joint coordinate system (Grood and Suntay,
1983). At the knee, the ﬂexion/extension axis, or primary

on

pe

th
o

r's

2.1. Subjects
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2. Methods

Forty-two healthy subjects (18 males and 24 females)
and 39 OA subjects (24 males and 15 females) were
included in the study. Healthy subjects were recruited
through postings on Dalhousie University campus and
they had to be over the age of 35 years, have no history
or evidence of arthritis or surgery to the lower limbs. OA
subjects were recruited from the waiting list for exploratory
knee arthroscopy of the Orthopaedic and Sports Medicine
Clinic of Nova Scotia. They were diagnosed clinically and
radiographically with moderate knee osteoarthritis indi-
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cated by a Kellgren–Lawrence (KL) score between 1 and
3 (Kellgren and Lawrence, 1957). Subjects were excluded
from either group if they had any major surgery or trauma
to the lower limb, neuromuscular disorders, other forms of
arthritis, gout or history of stroke or cardiovascular disease. Informed consent, in accordance with Dalhousie University Ethics Review Board, was obtained from all
subjects upon arrival to the laboratory.
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characteristics (Cho et al., 2004; Kerrigan et al., 1998) have
been reported when comparing gait patterns between males
and females.
Diﬀerences in gait patterns between healthy and osteoarthritic populations have been well documented. Male
and female OA patients walk with an increased knee
adduction moment (Baliunas et al., 2002; Hurwitz et al.,
1998), decreased knee ﬂexion moment (Kaufman et al.,
2001), decreased knee ﬂexion angle (Childs et al., 2004)
and at a slower velocity than healthy controls (Andriacchi
et al., 1977; Kaufman et al., 2001).
The eﬀect of gender diﬀerences in an OA population on
biomechanics remains unclear. The few studies that have
diﬀerentiated gait patterns between OA males and females
have reported conﬂicting results. Some studies indicate
males exhibit gait patterns more consistent with OA gait
than females (Kaufman et al., 2001; Weidenhielm et al.,
1994); however, results concerning diﬀerences in the adduction moment have been conﬂicting (Wada et al., 2001;
Weidenhielm et al., 1994). Weidenhielm et al. (1994)
reported a greater peak and midstance knee adduction
moment in OA males compared to OA females, while
Wada et al. (2001) reported no diﬀerence in the peak knee
adduction moment between OA males and OA females.
Furthermore, the descriptions of confounding clinical variables, including disease severity have varied between studies. A comprehensive study on a well-described patient
population in the early stage of the disease process is
lacking.
Therefore, the purpose of this study was to determine if
gender diﬀerences in an OA population aﬀect biomechanics
and if these diﬀerences can be explained by diﬀerences in
anthropometrics, strength, or disease severity. The hypothesis was that biomechanical diﬀerences exist between
healthy females and OA females that do not exist between
healthy males and OA males and that these biomechanical
diﬀerences are not aﬀected by diﬀerences in anthropometrics, strength or disease severity. If biomechanical diﬀerences can be detected between males and females in the
early stage of the disease, future research can focus on gender speciﬁc modiﬁcation of the biomechanical environment
to slow the progression of the disease.
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2.3. Data reduction
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global grading scale (Kellgren and Lawrence, 1957) and the
Scott feature-based scoring system (Scott et al., 1993). The
feature-based criteria were also used to score the patellofemoral joint using lateral view radiographs. Intraclass correlation coeﬃcients were used to test the interrater reliability
of each score. Correlation coeﬃcients <0.39 indicate poor
reliability, 0.4–0.74 indicate fair to good reliability and
>0.75 indicate excellent reliability (Fleiss, 1986). The
reliable scores from one rater were randomly chosen for
further analysis.
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Principal component analysis was applied to the waveforms for each gait measure for the OA and healthy groups
together (Deluzio et al., 1997). Each gait measure was represented by an n · p matrix X, where n = 81 subjects and
p = 101 variables, each variable representing a percent of
the gait cycle. The eigenvectors, U, or principal components (PCs) extracted from the covariance matrix (S) of
X are an orthogonal representation of the original variables
that describe features of variation within the original waveforms. The PCs are extracted hierarchically according to
the amount of variation they explain. A PC is extracted
for each of the original variables; however, the majority
of the variation is typically described in the ﬁrst few PCs.
The number of PCs to retain, k, to reduce the data and adequately describe the variation was determined using parallel analysis (Jackson, 1991). This technique involves
creating an n · p matrix, XR containing standardized, normally distributed random numbers. Principal component
analysis is applied to XR. The PCs extracted from the original data matrix, X, that explain a greater amount of variation than the PCs extracted from XR are retained. For
each retained PC, a score was calculated for each subject,
Z ¼ ðX  X ÞU , where X is the original variables and U is
the transformed variables. PC scores indicate the distance
of the subject’s waveform from the mean for a given PC.
The maximum and minimum waveforms and the eigenvector are used to interpret the feature of variation that the PC
is describing (Jones and Rice, 1992). Subjects with high PC
scores have a waveform closer to the maximum described
by that PC, while subjects with low PC scores have waveforms closer to the minimum described by that PC.
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axis, is deﬁned by a bone embedded mediolateral vector
between the two epicondyles. The internal/external rotation axis, or secondary axis is a bone embedded axis in
the tibia deﬁned by a distal proximal vector from the midpoint of the two malleoli to the midpoint of the tibial plateau. Abduction/adduction is described about an axis
orthogonal to the two bone embedded axes. At the ankle,
the ﬂexion/extension axis is deﬁned by a mediolateral
vector between the two malleoli, the internal/external rotation axis is deﬁned by a distal proximal vector between the
second metatarsal head and the calcaneus and the abduction/adduction axis is orthogonal to these two axes, directed anteriorly and inferiorly from the ankle joint. At the
hip, the ﬂexion/extension axis is deﬁned by a mediolateral
vector between the right and left anterior superior iliac
spines, the internal/external rotation axis is deﬁned by a
distal proximal vector from the midpoint between the malleoli to the hip joint center and the adduction/abduction
axis is the common perpendicular, directed anteriorly from
the hip joint. At each joint the motion of the distal segment
is described relative to a ﬁxed proximal segment and ﬂexion, adduction and internal rotation are positive.
An inverse dynamics model combined the kinematic
data, ground reaction forces, moments of force and estimated inertial properties to calculate resultant joint
moments at the hip, knee and ankle (Braune and Fischer,
1895). Joint moments were calculated using a Cartesian
coordinate system at each segment and were subsequently
transformed into the joint coordinate system to attain anatomical meaning. Joint moments were normalized to body
mass (kg) (Costigan et al., 1992) and expressed as external
moments.

on

402

Au

th
o

r's

2.2.2. Strength
Two maximum voluntary isometric contraction exercises were performed after the gait analysis. Seated resisted
(1) knee extension (45) and (2) knee ﬂexion (55) were each
performed twice and held for 3-s using a Cybex Isokinetic
Dynamometer (Cybex Inc., Lumex, NY). Torque output
for each trial was subdivided into 500 ms windows and
averaged within each window. The maximum averaged
window was deﬁned as the peak torque for that trial. The
maximum torque across the two trials for each condition
was used for further analysis.
2.2.3. Health outcome questionnaires
Each subject completed two health outcome questionnaires, the SF-36 (Ware et al., 2000) general health questionnaire and the Western Ontario & McMaster
University Osteoarthritis Index (WOMAC) (Bellamy
et al., 1988). For the SF-36 higher scores are indicative of
a better health status. For the WOMAC higher scores indicate greater impairment.
2.2.4. Radiographic grading and reliability
Anterior posterior knee radiographs for all OA patients
were scored by 3 orthopaedic surgeons according to the KL

2.4. Statistical analysis
A two-way ANOVA was used to test for diﬀerences in
PC scores between gender and disease for all PCs retained
using parallel analysis. Tukey’s post-hoc honestly signiﬁcant diﬀerence test was applied to the PCs with a signiﬁcant
interaction eﬀect. Anthropometrics, stride characteristics,
strength, and health outcome data were also analyzed using
a 2-way anova and Tukey’s post-hoc analysis. A Fischer’s
Exact test was used to test for diﬀerences in radiographic
scores between OA males and females. Post-hoc testing
was used to identify diﬀerences at each level of the
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radiographic scores. Signiﬁcant P-values were adjusted for
the number of comparisons using Bonferonni’s adjustment.
Statistical tests were conducted in Matlab (Mathworks,
Natick, MA, US) and Statistical Packages for Social
Sciences 9.0 (SPSS Inc., Chicago, IL, US) using a signiﬁcance level of P < 0.05.

3.1. Anthropometrics

co

Main eﬀect diﬀerences were found for both gender and
disease (Table 1). Males were signiﬁcantly taller and heavier than females (P < 0.01) OA patients were signiﬁcantly
older (P < 0.05), heavier and had a higher BMI than the
healthy subjects (P < 0.01). There was no interaction eﬀect
between gender and disease for age, height, weight or BMI.
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3.2. Gait analysis
3.2.1. Stride characteristics
Males had a signiﬁcantly longer stride length and stance
time than females (P < 0.01). Healthy subjects walked faster, with a longer stride length and a shorter stance time
than OA subjects (P < 0.05). There was no interaction
eﬀect between gender and disease for any stride characteristics (Table 1).

2). Female subjects walked with signiﬁcantly less hip internal rotation, a smaller ﬂexion moment and a larger adduction moment than male subjects (P < 0.01). Females also
walked with a smaller internal/external rotation moment
at the knee than males (P = 0.04).
Signiﬁcant disease eﬀects were found in gait measures at
the hip, knee and ankle (Table 2). OA subjects walked with
a smaller internal/external rotation moment (P < .01) and
a more internally rotated hip (P = 0.01) than healthy subjects. At the knee, OA subjects walked with a larger knee
adduction moment than healthy subjects, or greater load
on the medial compartment during the stance phase
(P = 0.05) and a smaller knee ﬂexion angle throughout
the entire gait cycle (P = 0.02) compared to healthy subjects. At the ankle, OA subjects were less plantar ﬂexed
at toe-oﬀ (P < 0.01) and generated a smaller ankle ﬂexion
moment during stance (P < 0.01).
A signiﬁcant interaction eﬀect between gender and disease was found in the knee ﬂexion angle and the knee
moments in the sagittal, frontal and transverse planes
(Table 2). In each of these measures the females exhibited
diﬀerent biomechanics with OA, while the OA males maintained the same biomechanics as healthy males.
The mean waveforms for the knee ﬂexion moment show
that OA females produce less ﬂexion/extension moment
throughout the stance phase of the gait cycle (Fig. 1a). This
amplitude diﬀerence was captured by the second eigenvector or PC2 (Fig. 1b). Flexion moment waveforms associated
with high and low PC2 scores diﬀer in the extent of knee
ﬂexion moment observed in early stance relative to the
extension moment observed in late stance (Fig. 1c). Therefore, PC2 captures the overall amplitude of the ﬂexion
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3. Results
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3.2.2. Kinematics and kinetics
Signiﬁcant gender eﬀects were found in the internal rotation angle, adduction moment and ﬂexion moment at the
hip and the internal rotation moment at the knee (Table

Normal

Strength
Knee extension 45 (Nm)
Knee ﬂexion 55 (Nm)
Health outcomes
WOMAC
Pain
Stiﬀness
Function
Total

Gender eﬀect

Disease eﬀect

Interaction eﬀect

SD

P-value

P-value

P-value

n = 18

Female

n = 24

Male

n = 24

Female

n = 15

Mean

SD

Mean

SD

Mean

SD

Mean

52.2
1.8
78.9
24.7

(10.1)
(0.1)
(13.5)
(3.2)

48.7
1.7
66.2
24.4

(10.3)
(0.1)
(9.7)
(3.6)

55.1
1.8
94.3
29.7

(13.8)
(0.1)
(16.6)
(4.6)

57.0
1.7
85.5
31.5

(11.2)
(0.1)
(14.5)
(5.2)

0.76
<0.01
<0.01
0.44

0.04
0.86
<0.01
<0.01

0.30
0.79
0.53
0.28

1.6
1.5
0.7

(0.2)
(0.1)
(0.1)

1.4
1.4
0.6

(0.2)
(0.1)
(0.1)

1.3
1.4
0.7

(0.2)
(0.1)
(0.1)

1.3
1.3
0.7

(0.3)
(0.2)
(0.1)

0.62
<0.01
<0.01

0.02
0.01
0.03

0.57
0.78
0.45

131.2
77.1

(39.4)
(29.0)

96.7
43.0

(29.3)
(15.5)

125.1
57.4

(37.2)
(21.6)

77.6
33.6

(28.6)
(15.8)

<0.01
<0.01

0.11
<0.01

0.41
0.28

0.2
0.1
1.3
1.7

(0.6)
(0.3)
(3.2)
(3.9)

0.1
0.2
0.7
1.0

(0.4)
(0.8)
(2.5)
(3.7)

7.3
3.2
23.0
33.5

(3.7)
(1.6)
(12.2)
(16.6)

7.7
4.2
21.9
33.7

(4.0)
(1.7)
(10.7)
(14.9)

0.79
0.05
0.63
0.93

<0.01
<0.01
<0.01
<0.01

0.67
0.08
0.89
0.85

Au

Stride characteristics
Speed (m/s2)
Stride length (m)
Stance time (s)

OA

Male

th
o

Anthropometrics
Age (years)
Height (m)
Weight (kg)
BMI (m2/kg)

r's

Table 1
Anthropometric, stride characteristic, strength, and health outcome data for normal and OA males and females

A 2-way ANOVA was used to test for main gender eﬀects, main disease eﬀects and gender by disease interactions (P < .05).
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Table 2
Interpretation of signiﬁcant PCs

Knee
Flexion angle
Adduction moment
Flexion moment
Internal rotation moment
Ankle
Flexion angle
Adduction moment
Flexion moment

Disease eﬀect
P-value

<0.01
0.39
0.06
<0.01

0.89
0.82
0.65
0.09

0.02
0.02
0.05
<0.01
<0.01
0.06
0.70

0.72
0.03
0.80
0.06
0.05
0.05
0.31

<0.01
<0.01
<0.01

0.94
<0.01
0.16

PC

Interpretation

PC1
PC2
PC1
PC2

Magnitude stance and swing
Magnitude during stance
Magnitude during stance
Amplitude during stance

<0.01
<0.01
<0.01
0.98

PC1
PC4
PC1
PC2
PC2
PC1
PC2

Magnitude stance and swing
Range of motion during stance
Magnitude during stance
Relative magnitude of ﬁrst and second peak
Amplitude during stance
External rotation moment (early stance)
Internal rotation moment (late stance)

0.60
<0.01
0.28
0.47
<0.01
0.14
0.04

PC2
PC2
PC1

Magnitude at toe-oﬀ
Amplitude during stance
Magnitude during stance

co

Hip
Internal rotation angle
Adduction moment
Flexion moment
Internal rotation moment

Gender eﬀect
P-value

py

Interpretation of signiﬁcant PCs

0.67
0.75
0.07

al

Gait measure

Interaction
eﬀect P-value

This biomechanical pattern was not only present at the
knee but also at the ankle. Females with OA exhibited different biomechanics for certain gait measures than healthy
subjects, while OA males maintained biomechanics closer
to healthy males. PC2 for the ankle adduction moment,
or toe-in moment, also captured an amplitude diﬀerence
during the stance phase. PC scores indicated OA females
began generating an ankle toe-in moment earlier in the
stance phase than healthy females and healthy males, but
generated less total amplitude throughout the stance phase
(Fig. 3). OA males also generated more toe-in moment
than healthy females.
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moment during stance. The ANOVA of the PC2 scores and
the post-hoc pairwise comparisons shown in the interaction
plot (Fig. 2e) revealed that OA females had a signiﬁcantly
lower ﬂexion moment amplitude than the healthy females,
OA males and healthy males (P < 0.05).
The fourth eigenvector, PC4, for the knee ﬂexion angle,
quantiﬁed the overall range of motion during the stance
phase of the gait cycle. That is, higher ﬂexion angle PC4
z scores reﬂected a greater range of motion during stance.
This is illustrated by the diﬀerence between ﬂexion angle
waveforms corresponding to high and low z scores
(Fig. 2b). The interaction plot (Fig. 2a) and the pairwise
comparisons revealed the interaction between gender and
OA were because gender diﬀerences existed in subjects with
OA but not in the healthy subjects. Speciﬁcally, females
with OA exhibited less range of motion during the stance
phase than healthy females or males (P < 0.05). This pattern was also seen in knee internal rotation moment data.
There was an interaction eﬀect in the ﬁrst PC of the internal rotation moment (Fig. 2g and h). OA females had signiﬁcantly less external rotation moment at the knee than
the healthy females (P < 0.05), corresponding to less internal/external rotation moment.
We also observed a feature of the knee adduction
moment that was diﬀerent between healthy and OA
females but was similar between healthy and OA males.
PC2 of the adduction moment captured a relative diﬀerence between the ﬁrst and second peaks of the adduction
moment (Fig. 2d). The OA females had lower PC2 scores
than the healthy females (P < 0.05), indicating a smaller
ﬁrst peak relative to the second peak (Fig. 2c). The healthy
females exhibited a higher initial peak adduction moment,
however this decreased during the second half of the stance
phase; where as, the OA females sustained the adduction
moment throughout more of the stance phase.

on

A 2-way ANOVA was used to test for main gender eﬀects, main disease eﬀects and gender by disease interactions in z scores (P < .05).

3.3. Strength
Males had signiﬁcantly greater hamstring and quadriceps strength than females (P < 0.01). Healthy subjects
had greater hamstring strength than OA subjects
(P < 0.01). There was no interaction eﬀect for either
strength measures (Table 1).
3.4. Health outcome questionnaires
3.4.1. WOMAC
Females reported greater stiﬀness than males (P < 0.05).
OA subjects reported more pain, stiﬀness and loss of function than the healthy subjects (P < 0.01). Total WOMAC
scores and WOMAC subscales for pain and function did
not reveal an interaction eﬀect (Table 1).
3.4.2. SF-36
Healthy subjects scored signiﬁcantly higher than OA
subjects (P < 0.05) for all SF-36 subscales except role emotional and mental health, indicating a better health status.
There was no main gender eﬀect or gender by disease inter-
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This study suggests that moderate knee OA is associated
with diﬀerences in certain gait biomechanics in females that
do not exist in males. This interaction between gender and
OA was not associated with diﬀerences in anthropometrics,
stride characteristics, strength, pain, stiﬀness, function or
radiographic disease severity between the populations.
OA females generate less torque at the knee and ankle
and less range of motion at the knee, while OA males maintain mechanics closer to normal.
The population studied was a representative sample of
moderate OA and healthy subjects. This is evidenced by
the higher BMI, slower velocity and shorter stride length
of the OA population relative to the healthy subjects. In
the literature, OA gait has also been characterized by a
greater load on the medial compartment of the knee (Baliunas et al., 2002; Hurwitz et al., 1998) and a decreased knee
ﬂexion moment (Kaufman et al., 2001). Our data supports
these ﬁndings. We also found diﬀerences between OA and
healthy subjects at the hip and ankle, however, comparison
of these results to existing literature is diﬃcult because the
focus of most previous studies has been limited to the knee.
Diﬀerences in anthropometrics (Cho et al., 2004; Kerrigan
et al., 1998, 2000), stride characteristics (Kerrigan et al.,
1998) and walking biomechanics (Hurwitz et al., 1998;
Kerrigan et al., 2000) between males and females were also
consistent with the literature. The longer stride length for
males than females is likely due to the height diﬀerence.
The gender diﬀerence in stride length disappeared when
stride length was normalized to height. Biomechanics were
similar between the two groups. Diﬀerences that were
detected were primarily at the hip joint. These main gender
and disease eﬀects conﬁrmed that our subject population
was consistent with previous work.
The focus of this study was the interaction of gender and
OA on gait biomechanics. We found that OA is associated
with changes in certain gait biomechanics in females that
do not occur males. As described above, both males and
females with OA generate a larger magnitude knee adduction moment throughout stance compared to healthy subjects, however only OA females were associated with a
change in the shape of the adduction moment waveform.
The ratio between the ﬁrst and second peaks was smaller
in OA females than in healthy females, indicating OA
females maintain the load on the medial compartment of
the knee throughout the stance phase. Most studies have
focused on the peak adduction moment (Baliunas et al.,
2002; Hurwitz et al., 1998; Kaufman et al., 2001; Wada

on

PC2 Loading Vector
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py

sharpening of tibial spines (P = 0.02). The distribution of
KL scores is shown in Fig. 4. There was a greater number
of OA females with a KL score of 1 (P = 0.02), indicating a
less severe stage of the disease. There was no diﬀerence in
the number of OA males and females with a KL score of
grade 2 or 3. Signiﬁcantly more OA males had the osteoarthritic feature of sharpened tibial spines.
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Fig. 1. Analysis of knee ﬂexion-extension moment. (a) Average knee
ﬂexion waveforms for each of the four groups: males in black, females in
gray, healthy solid lines, and OA dotted lines. (b) The loading vector for
PC2 (second eigenvector). (c) Flexion moment waveforms corresponding
to high and low PC2 scores demonstrate the diﬀerence in the biphasic
shape, or amplitude, captured by PC2.

3.5. Radiographs
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action for any of the SF-36 subscales including mental
health, social function, physical function, vitality, general
health, bodily pain, role physical or role emotional.
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3.5.1. Reliability
All individual radiographic features except sclerosis and
joint space narrowing of the patellofemoral joint had intraclass correlation coeﬃcients between 0.47 and 0.71, indicating fair to good reliability (Table 3). The global KL score
was also reliable across the three scorers; the intraclass correlation coeﬃcient was 0.59, with a 95% conﬁdence interval
of 0.42–0.74.
3.5.2. OA males vs. OA females
There was a signiﬁcant diﬀerence between OA males and
OA females in two measures, the KL score (P = 0.05) and
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Fig. 2. Interaction eﬀect in knee gait measures. (a, c, e, g) PC score means with standard error of the means for the males (black) and the females (gray). Tukey
post-hoc analysis was used for the pairwise comparisons that are indicated on the graphs. Signiﬁcant diﬀerences (from the Tukey post-hoc tests) (P < 0.05) are
shown by diﬀerent letters. (b, d, f, h) Gait waveforms corresponding to high and low PC scores demonstrate the interpretation of each of the PCs.
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Fig. 3. Interaction eﬀect in ankle gait measure. (a) PC score means with standard error of the means demonstrate the gender by disease interaction.
Signiﬁcant diﬀerences (from the Tukey post-hoc tests) are indicated by diﬀerent letters on the graph. (b) Gait waveforms corresponding to high and low PC2
scores.

et al., 2001; Wang et al., 1990); however, few have explored
both peaks, or the relationship between the two peaks. We

found that the relationship between the two peaks is, in
fact, important in characterizing male and female, healthy
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Table 3
Reliability and diﬀerences in radiographic features
Reliability
a

Fischer’s exact test

95%CI

P-value

0.71
0.47
0.49
0.60
0.63
0.61
0.28
0.25
0.53
0.59

(0.57
(0.28
(0.19
(0.42
(0.46
(0.40
(0.09
(0.06
(0.35
(0.41

0.83)
0.65)
0.70)
0.75)
0.77)
0.77)
0.50)
0.46)
0.70)
0.74)

0.43
0.63
0.91
0.75
0.40
0.28
0.09
0.07
0.02
0.28

Kellgren Lawrence global

0.59

(0.42 0.74)

0.05

py

ICC
Joint space narrowing medial
Joint space narrowing lateral
Joint space narrowing PF
Osteophytes medial
Osteophytes lateral
Osteophytes PF
Sclerosis TF
Sclerosis PF
Tibial spines
Chondrocalcinosis

16
OA Male

14

OA Female
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# of Subjects

12

4
2
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Kellgren Lawrence Score
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Inter rater reliability for Scott feature-based and Kellgren Lawrence global
radiographic scoring. Diﬀerences in scores between OA males and OA
females were tested using a Fisher’s exact test (P < .05). Reliable scores are
shown in bold.
a
Intraclass Correlations Coeﬃcient (ICC).
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moment at the knee and less toe-in moment at the ankle
in OA females compared to healthy females. A smaller
toe-in moment has been reported in the literature as a
mechanism to decrease the load on the medial compartment of the knee in OA patients (Wang et al., 1990;
Andrews et al., 1996).
We investigated whether the diﬀerences found in the
kinetic and kinematic variables were confounded with the
group diﬀerences in height, weight, BMI, walking speed,
and age. Analysis of covariance techniques were used to
incorporate these concomitant variables into the analysis
of the features (PCs) extracted from the kinematic and
kinetic gait variables. The analysis of covariance did not
change the results of the two-way ANOVAs described
above. Therefore, the diﬀerences in gait kinematics, and
kinetics existed even after accounting for the confounding
variables. We also examined the eﬀect of normalization
of joint moments on our results. Some authors normalize
joint moments to percent (body mass * height) (Hurwitz
et al., 1998); whereas other authors normalize joint
moments to body mass (Costigan et al., 1992), as we have
done. Normalizing to percent (body mass * height) did not
change our results.
We investigated whether these biomechanical diﬀerences
were associated with strength, or measures of disease severity. These were not aﬀected by the combination of disease
and gender; therefore, they do not appear to be responsible
for diﬀerences in gait. Not only was there no interaction
eﬀect in any of these variables, but when these variables
were put into an analysis of covariance the kinetic and
kinematic diﬀerences remained the same. This supports
our ﬁndings that the interactions in gait parameters were
not due to clinical measures of OA.
These clinical variables, in addition to radiographic
evidence of OA, were used to deﬁne disease severity. In
the literature, disease severity is often reported based on
radiographic evidence, most commonly using the KL global radiographic score and measures of joint space narrowing (Miyazaki et al., 2002; Wada et al., 2001). While we
have shown radiographic disease severity can be assessed
reliably across diﬀerent surgeons, other research has shown
a poor correlation between radiographic OA and selfreported pain (Hannan et al., 2000). We collected the clinical variables described above, plus global and feature
radiographic scores in order to better capture the stage of
disease. The only indication of a diﬀerence in disease severity across these parameters was in global radiographic
scores. Signiﬁcantly more females had a KL score of 1,
indicating a less severe disease state. Despite the fact that
OA females may be in an earlier stage of the disease they
exhibited biomechanics more consistent with OA gait than
their male counterparts.
It is unknown whether the gender speciﬁc biomechanical
diﬀerences we observed are contributing factors that help
explain why more females have knee OA, or are a measure
of the diﬀerent biomechanical eﬀect of knee OA on females.
OA females may be altering their biomechanics either

co

Radiographic features

th
o

Fig. 4. Distribution of KL global radiographic scores. Radiographic data
for the OA subjects revealed that signiﬁcantly more OA females had a KL
score of 1 than OA males (P < .02). * indicates signiﬁcant diﬀerence.

and OA gait. Weidenhielm et al. (1994) found the midstance adduction moment to be more important for diﬀerentiating between OA and healthy subjects than the peak
adduction moment. A lower peak adduction moment has
also been reported in OA subjects compared to normal
subjects, however the OA subjects in both studies walked
signiﬁcantly slower than the normal subjects (Kaufman
et al., 2001; Weidenhielm et al., 1994).
OA females also changed their biomechanics in the sagittal and transverse planes at the knee, and in the frontal
plane at the ankle compared to healthy females. OA
females generated a smaller ﬂexion/extension moment
and less range of motion at the knee, biomechanics which
are consistent with those documented in OA patients
(Childs et al., 2004; Kaufman et al., 2001; Messier et al.,
1992). We also found less internal/external rotation

Au
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These results have implications for conservative and surgical treatments for OA. Shoe orthotics, knee braces and
total knee replacements are currently designed to modify
the biomechanical environment of the knee. This study
has shown that in the presence of OA females walk significantly diﬀerent, with respect to certain gait biomechanics,
than healthy females. These diﬀerences were not found in
males. Therefore, gender speciﬁc design of biomechanical
interventions to slow the progression of OA should be
explored. Furthermore, stratifying biomechanical relationships by gender is instrumental in order to properly characterize the disease process.

rs

earlier in the disease process or to a greater extent than
their male counterparts as a mechanism to alleviate pain.
Speciﬁcally, a decreased ﬂexion/extension moment has
been referred to as quadriceps avoidance and may be an
attempt to decrease the forces through the knee joint and
ultimately alleviate pain (Andriacchi et al., 1982). Limiting
the internal rotation moment at the knee may also eliminate pressure on painful areas, and decreasing the amount
of knee ﬂexion limits the area that potentially degenerative
articular cartilage and menisci must articulate. In the frontal plane, females may be maintaining load on the medial
compartment of the knee throughout stance to alleviate
pain associated with a high medial load just after heel
strike. Biomechanical strategies at the ankle joint may aid
in achieving these changes at the knee. This interjoint interaction has been reported by Wang et al. (1990).
Pain avoidance mechanisms have been proposed in the
past to explain gait adaptations associated with OA (Kaufman et al., 2001; Schnitzer et al., 1993); however, the
important ﬁnding from this study is that females exhibit
certain changes with OA that do not occur in males. These
changes may be related to diﬀerences in the way males and
females react to pain, or to intrinsic diﬀerences in neuromuscular function between males and females that were
not quantiﬁed in this study. There are some reports of differences in neuromuscular function between males and
females. For example, higher coactivation of hamstring
and quadriceps muscles have not only been found in
females compared to males (White et al., 2003), but also
in an OA population compared to a healthy population
(Childs et al., 2004). Furthermore, healthy females have
been reported to have lower absolute quadriceps muscle
activation levels compared to males, and this was attributed to a lower percentage of fast twitch muscle ﬁbres,
especially in the vastus lateralis, (Bilodeau et al., 2003).
Females were also shown to have a delayed time to generate maximal hamstring strength compared to their male
counterparts (Huston and Wojtys, 1996) and decreased
quadriceps muscle strength (White et al., 2003). These neuromuscular diﬀerences between males and females may be
partially responsible for the diﬀerences we observed in
the biomechanics of people with knee OA.
It remains unclear from this study whether OA causes
these speciﬁc biomechanical diﬀerences in females or if they
are an eﬀect of the OA process. To our knowledge, only
three other studies have reported on gender diﬀerences in
OA gait (Kaufman et al., 2001; Wada et al., 2001;
Weidenhielm et al., 1994), however none of these have
explored the interaction between gender and disease. To
the author’s knowledge this 2-way ANOVA design has
been the most comprehensive method to date to explore
this cause/eﬀect relationship between gender biomechanics
and OA, however long-term follow-up studies are required.
Furthermore, the analysis of covariance techniques conﬁrmed that the gait diﬀerences found in this study cannot
be explained by these clinical variables and are therefore
due to other mechanism not captured in this study.
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