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Background: Patients with knee osteoarthritis can adapt their gait to unload the most painful knee joint in order
to try to reduce pain and improve physical function. However, these gait adaptations can cause higher loads on
the contralateral joints. The aim of the study was to investigate the interlimb differences in knee and hip frontal
plane moments during gait in patients with knee osteoarthritis and in healthy controls.

Methods: Forty patients with knee osteoarthritis and 19 healthy matched controls were measured during
comfortable treadmill walking. Frontal plane joint moments were obtained of both hip and knee joints. Differ-
ences in interlimb moments within each group were assessed using statistical parametric mapping and discrete
gait parameters.

Findings: No interlimb differences were observed in patients with knee osteoarthritis and control subjects at group
level. Furthermore, the patients presented similar interlimb variability as the controls. In a small subgroup (n =
12) of patients, the moments in the most painful knee were lower than in the contralateral knee, while the other
patients (n = 28) showed higher moments in the most painful knee compared to the contralateral knee. However,
no interlimb differences in the hip moments were observed within the subgroups.

Interpretation: Patients with knee osteoarthritis do not have interlimb differences in knee and hip joint moments.
Patients and healthy subjects demonstrate a similar interlimb variability in the moments of the lower extremities.
In this context, differences in knee pain in patients with knee osteoarthritis did not induce any interlimb dif-
ferences in the frontal plane knee and hip moments.

1. Introduction Mackler, 2009). It is known from literature that 87% of the patients with

knee OA have multiple joints simultaneously affected (Giinther et al.,

Knee osteoarthritis (OA) is a highly prevalent disease leading to pain
and decline in physical function (Woolf and Pfleger, 2003). Patients with
knee OA can adapt their gait to unload the most painful knee joint,
relative to the contralateral knee, in order to try to reduce pain and
improve physical function (Lewek et al., 2004; Winter and Eng, 1995).
However, these gait adaptations might result in overloading of other
joints, especially the contralateral knee and hip joint (Briem and Snyder-
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1998), and that 72% of patients develop OA in the contralateral hip joint
instead of the ipsilateral hip joint (Shakoor et al., 2002). This onset of
OA could be due to interlimb differences in joint load (Briem and
Snyder-Mackler, 2009; Shakoor et al., 2002). Joint moments, estimated
with gait analysis, are often used to infer magnitude of joint load (Chang
et al., 2005; Miindermann et al., 2005). Several studies have examined
joint moments during gait in the most painful limb of knee OA patients
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compared to controls (Astephen et al., 2008; Linley et al., 2010), but
research is limited on interlimb differences of patients with knee OA
(Briem and Snyder-Mackler, 2009; Messier et al., 2016).

To our knowledge, only a few studies investigated interlimb differ-
ences in knee and hip moments in patients with knee OA during gait
(Briem and Snyder-Mackler, 2009; Messier et al., 2016) and they re-
ported contradicting results. One study found no interlimb differences
(Messier et al., 2016) and another study observed higher frontal plane
moments in the contralateral hip joint (Briem and Snyder-Mackler,
2009). Both studies lacked a healthy control group. Therefore, it is not
clear whether the differences between the studies are just a consequence
of natural interlimb variability. In addition to lacking a control group,
these studies have analyzed differences in discrete scalar parameters (i.
e. peaks) rather than continues curves, potentially missing differences
over the stance phase. Therefore, the aim of this study was to investigate
the interlimb differences in knee and hip frontal plane moments during
gait in patients with knee OA and in healthy control subjects. It was
hypothesized that patients unload the most painful knee and that as a
consequence the hip and knee joints on the contralateral side have
increased loading.

2. Methods
2.1. Study population

Forty patients with knee OA were recruited from the Amsterdam
Osteoarthritis cohort of Reade, Center of Rehabilitation and Rheuma-
tology, Amsterdam, the Netherlands or from the database of the
Department of Rehabilitation Medicine, Amsterdam UMC, location
VUmc, Amsterdam, the Netherlands (VUmc). Inclusion criteria were (1)
diagnosis of knee OA according to the clinical American College of
Rheumatology (ACR) criteria (Altman et al., 1986), (2) able to walk 5
min without stopping, (3) body mass index (BMI) between 20 and 35 kg/
m? and (4) maximal score of 7 on the Numeric Pain Rating Scale (NPRS).
Exclusion criteria were (1) diagnosis of hip OA, rheumatoid arthritis or
any other form of inflammatory arthritis, (2) lower extremity joint
replacement, (3) a knee related injury last year and (4) not willing to
walk without a walking aid. Nineteen healthy control subjects were
included and sex, age and BMI-matched with the patient group. Exclu-
sion criteria were (1) diagnosed with a musculoskeletal disease, (2) a
knee related injury in the last 5 years or (3) knee-related problems. The
study was approved by the medical ethics committee of the VUmc. All
subjects signed informed consent.

2.2. Data collection

The measurements were performed in a virtual reality environment
on an instrumented treadmill with two incorporated force plates (GRAIL
system, Motekforce Link BV, Amsterdam) surrounded by ten motion
capture cameras (Vicon, Oxford, United Kingdom). The session started
with completing the Western Ontario and McMaster Universities Oste-
oarthritis Index (WOMAC) (Collins et al., 2011) questionnaire and
Numeric Pain Rating Scale (NPRS) (Ferreira-Valente et al., 2011) about
knee pain at the moment. After obtaining the anthropometrics, the
subject was prepared for treadmill walking by placing 40 reflective
markers on the body according to the calibrated anatomical systems
technique (CAST) model (Cappozzo et al., 1995). A familiarization trial
of 4 min walking was performed in which also the comfortable walking
speed was determined. Next, a trial of 4 min treadmill walking was
captured. After this trial, the NPRS for knee pain during gait was
completed. Finally, radiographs of the knee joints were obtained
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according to the Buckland-Wright protocol (Buckland-Wright, 1995)
and scored by an experienced clinician using the Kellgren & Lawrence
(K&L) classification system (Kellgren and Lawrence, 1957).

2.3. Data analysis

The marker and ground reaction force data were input in a custom-
made Matlab program, BodyMech (Harlaar and Doorenbosh, 2006), to
obtain the frontal plane knee and hip joint moments. Raw marker data
were filtered by the cross-validated quintic spline (Woltring, 1978). The
raw force data were filtered using a two-way 10Hz 4" order low-pass
Butterworth filter. Next, inverse dynamics was used to calculate the
knee and hip joint moments. The moments were time-normalized to
percentage stancetime using a cubic interpolation function and marker-
based initial contacts and toe-offs (Zeni Jr et al., 2008). The moments
were amplitude-normalized to bodyweight. The ensemble-average
frontal plane knee and hip moments over approximately 60 steps were
calculated for each subject. After averaging, discrete gait parameters
were obtained from these time series (max, min and range values).
Interlimb variability was calculated for the OA and control group by
computing the difference in interlimb knee and hip peak moments over
the approximately 60 steps per participant and determining the 95%
confidence interval. The ipsilateral knee and hip was at the start of the
study determined by the patient as the most painful knee and for the
control group a random generator was used.

2.4. Subgroup analysis

Subgroup analysis was performed to explore the hypothesis that
patients who unload the ipsilateral knee joint, increase the load on the
contralateral hip joint. Therefore, patients showing lower ipsilateral
than contralateral external knee adduction moments (KAM) (averaged
over the stance phase) were defined as the low KAM group (OA LK).
Patients that exhibited no interlimb knee moment difference or higher
ipsilateral than contralateral KAM were assigned to the high KAM group
(OA HK).

2.5. Statistical analysis

Descriptive statistics of each group were calculated of the anthro-
pometrics, gait speed and scores on the questionnaires. These variables
were screened for normality by a Shapiro-Wilk test. Normal distributed
variables were compared between groups with independent samples t-
tests. Otherwise, the variables were compared with Mann Whitney-U
tests.

The interlimb differences within each group were assessed at each
point of the stance phase using Statistical Parametric Mapping (SPM)
(Pataky et al., 2013) implemented in Matlab (MATLAB R2018a, The
MathWorks, Inc, Natick, United States of America) and with discrete gait
parameters using Statistical Package for the Social Sciences (SPSS)
software (ver.24 SPSSInc., Chicago, United States of America). With
both methods paired samples t-test were used to analyze interlimb dif-
ferences in normal distributed variables. Otherwise, Wilcoxon signed-
rank tests were applied. Interlimb variability was compared between
the OA and control group with independent samples t-tests or non-
parametric Mann-Whitney U tests. The significance level was a < 0.05.

3. Results

No differences were observed in anthropometrics between the pa-
tients and healthy controls (Table 1). All knee OA patients had bilateral
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Table 1
Characteristics of patients with knee OA (n = 40), healthy control subjects (n = 19) and differences between groups.
OA group (n = 40) Control group (n = 19) p-value
Mean (SD) Mean (SD)

Female (n (%)) 24 (60) 10 (53) 0.59
Age (yr) 66 (8) 65 (6) 0.39
Height (m) 1.77 (0.10) 1.75 (0.08) 0.43
Weight (kg) 80.8 (13.8) 73.5(12.2) 0.06
BMI (kg/mZ) 25.7 (3.1) 24.0 (3.3) 0.06
K&L grade (<2) - ipsilateral (n (%)) 23 (58%) -
K&L grade (>3) - ipsilateral (n (%)) 17 (42%)
K&L grade (<2) — contralateral (n (%)) 30 (75%)
K&L grade (>3) — contralateral (n (%)) 10 (25%)
NPRS knee — ipsilateral (0-10) 33)™
NPRS knee - contralateral (0-10) 0 (2™
NPRS knee during gait - ipsilateral (0-10) 2(@H™
NPRS knee during gait — contralateral (0-10) om™
WOMAC - Pain (0-20) 9 (9™
WOMAC - Stiffness (0-8) 3™
WOMAC - Functional (0-68) 28 (33)™ -
Gait speed (m/s) 1.30 (0.29)™ 1.40 (0.20)™" 0.03

BMI = Body Mass Index, K&L = Kellgren & Lawrence classification, NPRS = Numeric Pain Rating Scale, WOMAC = Western Ontario and McMaster Universities

Osteoarthritis Index.
Bold p-value = Statistically significant difference (p<0.05)
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Fig. 1. Interlimb differences in the frontal plane (FP) knee and hip moments in the OA group (n = 40) and control group (n = 19).
Dotted line (red) = ipsilateral leg, solid line (green) = contralateral leg.
The solid and dotted lines of the graph represent the mean pattern of the group and the shaded area shows the standard deviation of the patterns of the group.(For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

knee OA. The ipsilateral knee joint was more painful than the contra-

lateral knee joint, as reflected by the NPRS (mean difference (MD) = 3
points). Twenty-three patients had radiographically moderate OA of the
ipsilateral knee joint (K&L score <2) and 17 patients showed severe
radiographic knee OA (K&L score >3). Thirty-six patients showed a

higher or equal K&L score for the ipsilateral knee joint than for the
contralateral knee joint. The OA group walked 8% slower than the

control group (MD = 0.10 m/s, p = 0.03).

No interlimb differences were observed in the SPM results (Fig. 1)
nor for the discrete gait parameters (Table 2) of the frontal plane knee
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Discrete gait parameters and interlimb variability in the frontal plane (FP) knee and hip moments in the OA group (n = 40) and control group (n = 19).

OA group (n = 40) p-value Control group (n = 19) p-value
Mean (SD) Mean (SD)
(ipsi/contra) (ipsi/contra)
Discrete parameters- moments (Nm/kg)
Knee - First peak adduction moment 0.39 (0.22)/0.50 (0.40) 0.45™" 0.52 (0.16)/0.52 (0.13) 0.96
Knee - Second peak adduction moment 0.23 (0.21)/0.28 (0.24) 0.15 0.29 (0.11)/0.25 (0.10) 0.22
Knee — Peak abduction moment 0.14 (0.08)/0.11 (0.07) 0.10 0.10 (0.06)/0.08 (0.04) 0.89
Knee — Range frontal plane moment 0.51 (0.22)/0.61 (0.26) 0.87™" 0.62 (0.13)/0.62 (0.14) 0.96
Hip - First peak adduction moment 1.11 (0.46)/1.14 (0.33) 0.87"" 1.14 (0.17)/1.04 (0.23) 0.20™"
Hip - Second peak adduction moment 0.86 (0.23)/0.90 (0.25) 0.23™ 0.89 (0.14)/0.85 (0.18) 0.39
Hip — Peak abduction moment 0.20 (0.10)/0.20 (0.09) 0.98 0.20 (0.09)/0.24 (0.11) 0.18
Hip - Range frontal plane moment 1.22 (0.28)/1.34 (0.31) 0.29"" 1.33 (0.26)/1.34 (0.49) 0.72""
Mean (2*SD) Mean (2*SD) p-value
Interlimb variability - moments (Nm/kg)
Knee - First peak adduction moment 0.03 (0.40) 0.00 (0.37) 0.54
Hip - First peak adduction moment 0.03 (0.59) 0.05 (0.32) 0.78
" = non-normal distribution i.e. median and interquartile range are provided.
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Fig. 2. Interlimb differences in the frontal plane (FP) knee and hip moments in patients with a high (n = 28, OA HK group) versus a low (n = 12, OA LK group)

ipsilateral knee adduction moment.

Dotted line (red) = ipsilateral leg, solid line (green) = contralateral leg. Black bars represent significantly differences in interlimb moments.
The solid and dotted lines of the graph represent the mean pattern of the group and the shaded area shows the standard deviation of the patterns of the group.(For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

and hip joint moments for the patients with knee OA or control group.
The patients showed also no differences in interlimb variability of the
first peak KAM (MD = 0.03 Nm/kg, p = 0.54) and first peak hip
adduction moment (MD = 0.02 Nm/kg, p = 0.78) compared to the
control group (Table 2).

The subgroup analysis showed that the OA HK group (n = 28) had a
lower contralateral than ipsilateral KAM during 19-91% (MD = 0.11

Nm/kg, p < 0.01) of stance (Fig. 2). No interlimb differences were
observed in the hip joint moments of the OA HK group (Fig. 2 and
Table 3). The OA LK group (n = 12) had a higher contralateral than
ipsilateral KAM during 18-51% (MD = 0.16 Nm/kg, p < 0.01) and 90-
93% (MD = 0.10 Nm/kg, p = 0.03) of stance. Furthermore, the OA LK
group presented no interlimb moment differences in the hip joints (Fig. 2
and Table 3).
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Table 3
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Discrete gait parameters in the frontal plane (FP) knee and hip moments in moments in patients with a high (n = 28, OA HK group) versus a low (n = 12, OA LK group)

ipsilateral knee adduction moment.

OA HK group (n = 28) p-value OA LK group (n = 12) p-value

Mean (SD) Mean (SD)

(ipsi/contra) (ipsi/contra)
Discrete parameters- moments (Nm/kg)
Knee - First peak adduction moment 0.53 (0.22)/0.45 (0.32) 0.00 0.39 (0.20)/0.53 (0.28) 0.00™"
Knee — Second peak adduction moment 0.32 (0.22)/0.26 (0.27) 0.00 0.21 (0.17)/0.33 (0.15) 0.01
Knee — Peak abduction moment 0.08 (0.09)/0.13 (0.12) 0.02™ 0.14 (0.08)/0.11 (0.08) 0.18
Knee — Range frontal plane moment 0.64 (0.16)/0.67 (0.23) 0.05 0.52 (0.18)/0.67 (0.19) 0.00
Hip - First peak adduction moment 1.12 (0.35)/1.07 (0.16) 0.26"" 1.09 (0.23)/1.18 (0.17) 0.37
Hip - Second peak adduction moment 0.87 (0.18)/0.88 (0.16) 0.06™" 0.90 (0.16)/0.96 (0.16) 0.68
Hip - Peak abduction moment 1.30 (0.29)/1.28 (0.19) 0.98 0.20 (0.10)/0.20 (0.09) 0.88
Hip - Range frontal plane moment 1.30 (0.26)/1.28 (0.27) 0.00 1.22 (0.26)/1.37 (0.32) 0.18™

Bold p-value = Statistically significant difference (p<0.05)

nn

4. Discussion

The aim of the study was to investigate interlimb differences in
frontal plane knee and hip moments during comfortable gait in patients
with knee OA and in healthy controls. We found that interlimb pain
differences of on average 3 points on the NPRS scale were present in the
knee OA patients. Nevertheless, no interlimb differences in frontal plane
knee and hip moments were observed in this group. Also our subgroup
analysis did not reveal a compensatory mechanism. Furthermore, the
knee OA patients presented similar interlimb variability in peak knee
and hip adduction moments as we found in the controls. Therefore, in
this context, differences in knee pain in patients with knee OA did not
induce any interlimb differences in the frontal plane knee and hip
moments.

The absence of interlimb differences in the OA group is in line with
the results of Messier et al (2016) (Messier et al., 2016), who measured
the kinematics and kinetics of patients with unilateral and bilateral knee
OA. However, another study by Briem and Snyder-Mackler (2009), re-
ported higher contralateral frontal plane hip moments compared to
ipsilateral frontal plane hip moments in patients with unilateral knee OA
(Briem and Snyder-Mackler, 2009). Interestingly, despite having
radiographic bilateral knee OA, our patients showed similar interlimb
variability as the controls. It is plausible that patients with unilateral
knee OA isolated to the medial compartment relates to a gait adaptation
that relieves the load on the affected knee and increases the load on the
contralateral hip joint. This gait adaptation could be a trunk lean
strategy, but we did not evaluate this. Future studies should consider the
effect of the location of knee OA on interlimb joint moment differences.

A limitation of this study is the inclusion of only bilateral knee OA
patients. However, bilateral knee OA is more prevalent than unilateral
OA (Giinther et al., 1998; Shakoor et al., 2002). A second limitation is
the small sample size of the study. Measuring more knee OA patients
might give significant results in interlimb hip moments. A third limita-
tion was the absence of hip radiographs. Therefore, some subjects might
have had radiographic hip OA which could have influenced their gait
pattern. However, subjects with clinical symptoms of hip OA were
excluded from the study. A fourth limitation is that the subjects walked
on a treadmill during the measurements. Walking on a treadmill can
result in small differences in gait kinetics compared to over ground
walking (Riley et al., 2007). However, collection of treadmill-based data
has the advantage of collecting a large amount of kinetic data while
allowing a consistent gait speed. Finally, although our analysis was
limited to the frontal plane moments these moments are most frequently
used in literature and are associated with OA progression (Astephen
et al., 2008; Chang et al., 2005).

= non-normal distribution i.e. median and interquartile range are provided.

5. Conclusion

During comfortable gait speed, patients with knee OA and healthy
subjects demonstrate a similar interlimb variability in the moments of
the lower extremities. In this context, differences in knee pain in patients
with knee OA did not induce any interlimb differences in the frontal
plane knee and hip moments.
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