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Gait Asymmetry Variation in Kinematics, Kinetics,
and Muscle Force along with the Severity Levels
of Knee Osteoarthritis

Junging Wang, ME"*?, Qinsheng Hu, PhD? Chenyu Wu, MB?, Shiqi Li, MB*, Qian Deng, MM?, Ruoliang Tang, PhD”,
Kang Li, PhD', Yong Nie, PhD* ©, Bin Shen, MD, PhD?

'West China Biomedical Big Data Center, Sichuan University West China Hospital and *Department of Orthopedics, Orthopedic Research
Institute and National Clinical Research Center for Geriatrics, West China Hospital, West China Medical School, 3Med-X Center for
Informatics, *College of Electrical Engineering and °Sichuan University-Pittsburgh Institute (SCUPI), Sichuan University, Chengdu, China

Objective: Knee osteoarthritis (OA) patients exhibit greater gait asymmetry than healthy controls. However, gait
asymmetry in kinematics, kinetics and muscle forces across patients with different severity levels of knee OA is still
unknown. The study aimed to investigate the changes of gait asymmetry in lower limb kinematics, kinetics, and mus-
cle force across patients with different severity levels of knee OA.

Methods: This is a cross-sectional study. From January 2020 to January 2021, 118 patients with symptomatic and
radiographic medial knee OA were categorized into three groups using the Kellgren and Lawrence scale (mild: grade
1 and 2, n = 37; moderate: grade 3, n = 31; severe: grade 4, n = 50). During self-paced walking, marker trajectories
and ground reaction forces data were recorded. Musculoskeletal simulations were used to determine gait kinematics,
kinetics, and muscle force. One-way analysis of variance with Tukey’s post-hoc test was used to evaluate group differ-
ence. Paired-sample t-test was used to compared the between-limb difference.

Results: In the Severe group, significantly greater asymmetry index in knee flexion/extension range of motion (45%)
was observed with a greater value on the contralateral side (p < 0.01), compared to the Mild (15%) and Moderate
(15%) groups. Significantly higher peak hip contact force (JCF) on the contralateral side was found in the Mild (more
affected side: 3.80 & 0.67 BW, contralateral side: 4.01 + 0.58 BW), Moderate (more affected side: 3.67 £+ 0.56 BW,
contralateral side: 4.07 + 0.81 BW), and Severe groups (more affected side: 3.66 + 0.79 BW, contralateral side:
3.94 + 0.64 BW) (p < 0.05). Significantly greater gluteus medius muscle force on the contralateral side was found in
Mild (more affected side: 0.48 4+ 0.09 BW, contralateral side: 0.52 4+ 0.12 BW), Moderate (more affected side:
0.45 + 0.10 BW, contralateral side: 0.51 + 0.15 BW), and Severe groups (more affected side: 0.42 + 0.15 BW, con-
tralateral side: 0.47 + 0.12 BW) (p < 0.05). The contralateral side showing significantly higher peak knee adduction
moment and medial knee JCF was only observed in the Mild group (p < 0.05).

Conclusions: Gait asymmetry in kinematics and muscle forces increased from mild to severe knee OA. Asymmetrical
gait pattern tends to transfer loads from the more affected side to the contralateral side. Peak hip JCF and gluteus
medius muscle force can be used to detect this asymmetrical gait pattern in patients with knee OA, regardless of
severity levels.
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Introduction
Knee osteoarthritis (OA) is a widespread joint condition
that causes lower limb pain, instability, and muscle
weakness."> To cope with these symptoms, individuals with
knee OA often adopt strategies, e.g., reducing walking speed,
lowering the pelvis to the contralateral side or other changes
in multiplanar kinematics and kinetics of the lower limbs,
resulting in modified gait patterns.>* Unfortunately, these
findings are closely related to the knee OA affected knee,
while the understanding of the potential biomechanical
changes on the contralateral side knee is still lacking. Evalu-
ating the state of the contralateral knee may help prevent the
development and progression of knee OA on the contralat-
eral side.>” Gait asymmetry which has been used to charac-
terize and quantify the biomechanical differences between
lower limbs can be used to evaluate bilateral limbs.® There-
fore, it is important to calculate gait asymmetry when evalu-
ating the progression of knee OA and its potential influence
on the biomechanics of modified gait patterns.

Previous studies have reported several characteristics
regarding gait asymmetry in patients with knee OA. Gait
asymmetry can be evaluated by comparing the two sides.
Compared with the OA affected knee, the contralateral knee
exhibits higher peak flexion angle,” peak vertical knee contact
force,” peak vertical ground reaction force,® and hip and
knee flexion moments.” In addition, gait asymmetry can also
be quantified using asymmetry index,’ making it easier to
compare across different groups. For example, knee OA
patients may exhibit greater asymmetry in foot posture
index,'® medial-lateral trunk acceleration,'' knee flexion at
initial contact,” peak knee flexion angle,'* and peak knee
flexion moment'”? compared to healthy individuals. However,
gait asymmetry among knee OA patients with different
severity levels is yet to be investigated. Asymmetry in quadri-
ceps strength and trunk movement were closely related to an
increased risk of developing knee OA and exerted impacts
on lower limb function.'® Therefore, in clinical settings, it is
crucial for clinicians and physical therapists to understand
how knee OA severity affects gait asymmetry and to evaluate
the gait modification accompanied with asymmetry.

The purpose of the present study was to (1) evaluate
knee OA patients for their gait asymmetry in kinematics,
kinetics, and muscle forces and (2) investigate the associa-
tions between knee OA severity (i.e, mild, moderate, and
severe) and the magnitude of gait asymmetry. We hypothe-
sized that gait asymmetry in kinematics, kinetics, and muscle
forces would increase along with the severity levels of
knee OA.

Methods

Subjects

In this study, 118 patients with symptomatic medial knee
OA were recruited from West China Hospital between
January 2020 and January 2021 (Table 1). Ethics approval
was obtained from the local ethics committee, and informed
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consent was provided by all patients (No. 268). Inclusion
criteria included: (1) definitive radiographic diagnosis of
knee OA in the medial tibiofemoral compartment in one or
both knees defined as Kellgren and Lawrence (K&L)
grade > 1'% (2) knee pain most of the days within the past
month; (3) ability to walk independently on a flat surface
without external ambulatory assistance. Several exclusion
criteria were also applied, including (1) medical history of
lower limb surgery; (2) body mass index (BMI) greater than
30 kg/mz; (3) rheumatoid arthritis; (4) other neuromuscular
conditions or diseases that may potentially affect walking. In
addition, 20 healthy adults without radiographic and symp-
tomatic knee OA from the community were recruited as the
healthy control (Table 1).

Knee OA patients were subsequently categorized into
three groups based on the K&L grade of the more affected
knee, including Mild group (Grade 1 and 2; n = 37), Moder-
ate group (Grade 3; n = 31), or Severe group (Grade 4;
n = 50). The lower limb alignment for each side was deter-
mined by measuring the angle between the mechanical axes
of the femur and the tibia, as seen on a full-length standing
radiograph.'” Varus alignment was indicated by values less
than 180°, while valgus alignment was indicated by values
greater than 180°."

Gait Analysis

The subjects walked barefoot along a 12-meter walkway at
their self-selected pace. They were instructed to walk as natu-
rally as possible and look straight ahead. A total of 28 retro-
reflective markers were placed on the pelvis and lower limbs
using the CAST lower body marker set.'® Ground reaction
force (GRF) data and marker trajectory data were collected
using two Bertec force plates (Bertec, Columbus, OH, USA)
embedded in the walkway synchronized with a 10-camera
motion capture system (Oqus300, Qualisys, Gothenburg,
Sweden). Data was recoded at 1000 Hz for GRF and 200 Hz
for marker trajectory. Prior to the walking trial, participants
completed a standing static trial, followed by three walking
trails.'”

Marker trajectory and GRF data were lowpass filtered
using a fourth-order zero-lag Butterworth filter with cutoff
frequencies of 6 Hz and 45 Hz, respectively,'® and converted
to a format compatible with OpenSim.

Musculoskeletal Modeling

A previously published and validated full-body musculoskel-
etal gait model'” was implemented in OpenSim (v4.2).>° This
model was comprised of 18 segments, 21° of freedom, and
92 Hill-type muscle-tendon units. The Hip joints were
modeled as ball-and-socket joints. Ankle and subtalar joints
were modeled as hinge joints. The knee joints were modeled
as hinge joints with 1° of freedom and the ability to resolve
medial and lateral compartment contact forces. Furthermore,
this model also allowed for adjustment in frontal plane knee
alignment and the medial and lateral compartment contact
locations."”
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TABLE 1 Mean (SD) demographic data for the participating knee OA patients and healthy control

Knee OA group

Mild(n = 37) Moderate (n = 31) Severe(n = 50) Healthy control (n = 20)

Age (yr) 54.4 (12.9) 60.2 (10.2) 64.2 (6.5) 48.8 (3.2)
Height (cm) 160.0 (7.0) 157.5 (4.8) 159.2 (7.1) 157.5 (5.5)
Weight (kg) 61.9 (8.60) 60.5 (8.4) 64.9 (8.8) 58.6 (6.9)
BMI (kg/m?) 24.2 (3.3) 24.3 (2.6) 25.6 (2.9) 23.6 (2.5)
Female, n (%) 30 (81.1) 25 (80.6) 40 (80) 16 (80)

K&L Grade (of the more affected knee) 1:4, 11:33 11:31 IV: 50 0: 20

Alignment (of the more affected knee) (°) 178.8 (2.0) 177.8 (3.0) 169.7 (5.9) 179.4 (1.7)

Abbreviation: BMI, body mass index

After scaling the generic model to each subject’s
anthropometry, a subject-specific model was created using
the lower limb alignment for that subject. Joint angles were
determined by minimizing the errors between experimentally
collected marker trajectories and virtual markers identified
on the model at locations corresponding to the markers used
in the gait trials. Then, a residual reduction algorithm®® was
used to improve the dynamic consistency of each simulated
walking trial. Static optimization, a valid approach to esti-
mate gait characteristics,”’ was employed to estimate muscle
forces generated during the walking trial by minimizing the
sum of squared muscle activations. Lastly, hip, knee (includ-
ing the medial and lateral compartments), and ankle joint
contact forces were calculated using the JointReaction Analy-
sis tool in OpenSim.**

Data Post-Processing

Gait parameters were calculated using Visual3D™ software
(C-Motion, Inc., Germantown, MD, USA), including gait
speed, stance time, stride length, hip flexion/extension range
of motion (RoMy,;,), knee flexion/extension range of motion
(RoMjyee), ankle flexion/dorsiflexion range of motion
(RoM,pke)> peak knee flexion moment, and peak knee
adduction moment (KAM). All parameters, except for gait
speed and stride length, were obtained from the stance phase
of the gait, which was defined as the period from heel strike
(i.e., initial contact with vertical GRF >20 N) to toe-off
(i.e., vertical GRF < 20 N).*

Based on OpenSim simulations, peak muscle forces of
gluteus maximus (GMax), gluteus medius (GMed), semi-
membranosus, biceps femoris long head (BFLH), rectus
femoris, and gastrocnemius medialis during the stance
phase were collected, along with the peak joint contact
forces of the hip, knee (including medial and lateral knee
contact force), and ankle, respectively. Muscle force and
joint contact force data were then normalized against each
subject’s own body weight. For the Control group, mean
values of the left and right side were calculated and used
in future analysis.

Asymmetry index (ASI) was used to assess the asym-
metry of lower limbs in knee OA patients, using the follow-
ing formula®:

_ 100 = | Vaﬂected - Vcantralateml ‘
0.5 | Vajffected + Vcontmlateml |

ASI

An ASI value of “0” indicates perfect symmetry
between the two lower limbs, while a greater value of ASI
indicates an increased magnitude of asymmetry. For healthy
control, ASI values were also determined between the left
and right legs.

Statistical Analysis

The Shapiro-Wilk test was used to evaluate the normality of
the data sets. Levene’s test was used to check for equality of
variance. Differences between the two lower limbs were
determined using a paired-sample t-test or Wilcoxon signed-
rank test, depending on the distribution of data. Differences
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Fig. 1 Asymmetry index in kinematics. RoM: range of motion in the
sagittal plane during stance phase. * indicates significant difference
between knee OA groups (p < 0.05). (A) Mild knee OA was significantly
different from healthy control (p < 0.05); (B) Moderate knee OA was
significantly different from healthy control (p < 0.05); (C) Severe knee
OA was significantly different from healthy control (p < 0.05)



1387

ORTHOPAEDIC SURGERY
VoLUME 15 « NUMBER 5 *« May, 2023

among four subject groups (three patient groups and one
control group) were analyzed using one-way analysis of vari-
ance (ANOVA) or the Kruskal-Wallis test. Tukey’s post-hoc
test or pairwise comparison with a Bonferroni correction was
used for multiple comparisons across all subject groups. All
statistical analyses were conducted using SPSS (v19, IBM
Corp., Armonk, NY, USA). The significance level was set
at p < 0.05.

Results

here was no significant difference in BMI between the

knee OA patients and the healthy controls. Patients in
the Severe group had a greater varus deformity
(169.7 &+ 5.9°) compared to those in the Mild (178.8 + 2.0°)
and Moderate groups (177.8 & 3.0°) (p < 0.001; Table 1).
The asymmetry index (ASI) in kinematics and muscle force
increased from mild to severe knee OA, but not in kinetics.
No significant difference in ASI was observed between the
Mild and Moderate groups.

Kinematics

The Severe group exhibited greater ASI in stance time and
stride length (p < 0.05) compared to the Mild group. In
addition, patients in the Severe group also had a significantly
higher ASI in RoMypee (45%) compared to the Mild and
Moderate groups (15% respectively; p < 0.001). All three
knee OA groups had greater ASI in stance time, stride
length, and RoMy,;, compared to healthy subjects (p < 0.05).
Furthermore, the Severe group had a higher ASI in RoMjyee
than the other groups (p < 0.05) (Figure 1). The Moderate
and Severe groups both demonstrated significantly less
stance time, ROMjpee, and RoMp, on the more affected side
compared to the contralateral side (p < 0.05) (Table 2).

Kinetics

No significant difference was observed in the ASI of kinetics
across the three knee OA groups. All three knee OA groups
had higher ASI in peak knee flexion moment, KAM, medial
knee contact force (MCF), and lateral knee contact force
(LCF) compared to healthy controls (p < 0.05) (Figure 2).
Furthermore, significantly lower peak hip joint contact force
on the more affected side compared to the contralateral side
was observed in the Mild (more affected side: 3.80 &+ 0.67
BW, contralateral side: 4.01 £ 0.58 BW), Moderate (more
affected side: 3.67 & 0.56 BW, contralateral side: 4.07 & 0.81
BW), and Severe groups (more affected side: 3.66 £ 0.79
BW, contralateral side: 3.94 & 0.64 BW) (p < 0.05). Only the
Mild group exhibited significantly greater peak KAM (more
affected side: 0.37 0.15 N-m/kg, contralateral side:
043 +£0.14 N-m/kg) and MCF (more affected side:
2.75 + 0.82 BW, contralateral side: 3.18 4= 0.86 BW) on the
more affected side (p < 0.05) (Table 3).

Muscle Forces
The Severe group had significantly greater ASI in peak forces
of the GMed, GMax, rectus femoris, and gastrocnemius
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Abbreviation: RoM, range of motion in stance phase.; Note: Statistical value refers to the tvalue of paired-sample t-test or the v-value of Wilcoxon signed-rank test.; ®Indicates significant difference

between the more affected side and the contralateral side (p < 0.05).
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Fig. 2 Asymmetry index in kinetics. PKFM: peak knee flexion moment;
PKAM: peak knee adduction moment; HCF: peak hip contact force;
MCF: peak medial knee contact force; LCF: peak lateral knee contact
force; KCF: knee contact force; ACF: peak ankle contact force. GMed:
gluteus medius; GMax: gluteus maximus; SMB: Semimembranosus;
BFLH: Biceps femoris long head; RF: rectus femoris; GM:
gastrocnemius medialis. * indicates significant difference between
knee OA groups (p < 0.05). (A) Mild knee OA was significantly different
from healthy control (p < 0.05); (B) Moderate knee OA was significantly
different from healthy control (p < 0.05); (C) Severe knee OA was
significantly different from healthy control (p < 0.05)

medialis compared to the Mild group (p < 0.05). When com-
pared to healthy controls, all three knee OA groups demon-
strated higher ASI in peak forces of the GMed, GMax,
semimembranosus, and gastrocnemius medialis (p < 0.05).
Additionally, the Severe group showed greater ASI in peak
forces of the BFLH and rectus femoris compared to healthy
controls (p < 0.01) (Figure 2). The more affected side
exhibited a significantly lower peak force of the GMed com-
pared to the contralateral side in patients with mild (more
affected side: 0.48 £ 0.09 BW, contralateral side: 0.52 £ 0.12
BW), moderate (more affected side: 0.45 & 0.10 BW, contra-
lateral side: 0.51 4= 0.15 BW) and severe knee OA (more
affected side: 0.42 £+ 0.15 BW, contralateral side: 0.47 £ 0.12
BW) (p <0.05). Patients in the Severe group had signifi-
cantly lower peak forces of the GMax, BFLH, and rectus
femoris in the affected side compared to the contralateral
side (p < 0.05) (Table 4).

Discussion
he present study evaluated the effects of varying degrees
of knee OA severity on gait asymmetry in kinematics,
kinetics, and muscle forces. The current findings suggest that
increased gait asymmetry in kinematics and muscle forces
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Statistical
value (p value)

Statistical value More affected Contralateral
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value (p value)

More affected Contralateral
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side (p value) side side

side

side

side

~1.61(0.118)
~0.15 (0.883)

0.38 (0.16)
0.43 (0.16)

0.34 (0.12)
0.42 (0.16)

243 (0.103)
~2.29 (0.028)

0.45 (0.15)
0.43 (0.14)
4.01 (0.58)
3.41 (0.87)
3.18 (0.86)
1.01 (0.32)
4.78 (0.86)

0.41 (0.16)
0.37 (0.15)
3.80 (0.67)
3.20 (0.93)
2.75 (0.82)
1.01 (0.29)
4.71 (1.02)

Peak knee flexion moment (N-m/kg)

Peak knee adduction moment (N-m/kg)

Peak hip contact force (BW)

Peak knee contact force (BW)

Peak MCF (BW)
Peak LCF (BW)

335 (0.09)

3.05 (1.07)

2.71(0.79)

536 (0.005)

4.75(0.77) 4.72(0.76) —0.28 (0.779)

398 (0.492)

Peak ankle contact force (BW)

Abbreviations: LCF: Lateral knee contact force; MCF: Medial knee contact force.; Note: Statistical value refers to the t-value of paired-sample t-test or the v-value of Wilcoxon signed-rank test.; ® Indicates

significant difference between the more affected side and the contralateral side (p < 0.05).
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compartment to the medial compartment in severe varus
deformity,”® resulting in increased MCF. For patients
with mild knee OA with relatively neutral knee align-
ments, the greater peak KAM and MCF on the contralat-
eral side may be results of reducing the pain on the more
affected side by shifting loads from the more affected side
to the contralateral side.”” Patients with severe knee OA
demonstrated more severe varus deformity in both lower
limbs, resulting in greater peak KAM and MCF in both
sides. Therefore, the effect of the selected gait modifica-
tion where the contralateral side bears more loading may
be reduced in the presence of the larger varus angles in
both sides, since the more affected knee may also bear the
load. The current findings are consistent with previous
studies that found gait modifications to be effective in
reducing knee loading only in patients with less severe
knee OA.”” Therefore, the between-limb differences could
be observed with peak KAM and MCEF at the mild stage
of knee OA. However, for those with severe varus defor-
mity, these two parameters may not reflect the between-
limb differences and instead reveal the load on the medial
knee.”’

With respect to the hip joint contact force, all knee
OA patients had greater peak values on the contralateral side
compared to the more affected side, suggesting that gait
modification may reduce load at the hip joint, regardless of
knee OA severity. For the ankle joint contact force, no signif-
icant difference in gait asymmetry was observed across four
groups or between two limbs of knee OA patients. These
findings suggest that knee OA patients may modify their
walking patterns to redistribute loads from the more affected
side to the contralateral side.> However, this mechanism may
be limited to the hip and knee joints.

Muscle Force

This study showed that gait asymmetry in muscle forces
increased with the severity levels of knee OA. Our observa-
tions support the previous finding that quadriceps
strength asymmetry is associated with increased gait
asymmetry.'*>? Patients with severe knee OA showed
greater gait asymmetry in peak forces of the GMax, GMed,
rectus femoris, and gastrocnemius medialis was found in
patients with severe knee OA compared to those in the
Mild group. This gait asymmetry may be due to greater
peak muscle forces found on the contralateral side com-
pared to the more affected sides. This greater muscle force
can lead to increased load at the knee and hip joints on
that side, and potentially worsen the OA on the contralat-
eral joints.””

It is worth noting that the peak muscle force of
GMed was consistently higher on the contralateral side
compared to the more affected side across all three knee
OA groups, in line with the peak hip contact force. The
between-limb difference in peak hip contact force may be
due to the contribution of the GMed to hip movement.
These results may suggest that the hip joint plays an

GAIT ASYMMETRY IN KNEE OSTEOARTHRITIS

important role in gait modification between two lower
limbs in varying degrees of knee OA severity. This gait
modification can be observed with the peak hip contact
force and GMed muscle force, regardless of the severity of
knee OA.

Strengths and Limitations

The strength of our study was that the results were quanti-
fied using gait asymmetry, which may help evaluate bilat-
eral limbs. This study also has several limitations. Firstly,
gait speed was not considered a covariate.’’ Although gait
speed has been reported to impact lower limb
biomechanics,’® gait speed is inherently linked to the
worsening of knee OA and changes with knee OA sever-
ity.’"** Secondly, the musculoskeletal model used did not
include ligaments, which may lead to an underestimation
of knee contact force. While a significant lateral collateral
ligament contribution to joint stability in the frontal plane
has been predicted using models, these same models also
predicted lateral compartment unloading, which would
tend to induce greater ligament strain.”* In addition, con-
sidering the cross-sectional study design, the current find-
ings may not be applicable to improve the understanding
of the causal relationships between these biomechanical
parameters and the severity levels of knee OA. Future lon-
gitudinal studies are needed to better understanding these
relationships. Lastly, a lower limb emphasized marker set
was used in this study, rather than a full-body marker set.
Since trunk lean and trunk movement asymmetry have
been reported in knee OA patients,'>> investigations of
gait asymmetry using a full-body marker set may provide
deeper insights into the specific gait modification strategy
employed by knee OA patients with varying severity
levels.

Conclusion

Increased gait asymmetry was observed in kinematics and
muscle forces, but not in kinetics with the worsening severity
level of knee OA. This increased gait asymmetry accom-
panies modified gait pattern that patients distribute more
load to the contralateral side. The gait modification accom-
panied with asymmetry may be detectable by monitoring the
peak hip contact force and GMed muscle force, regardless of
knee OA severity. In clinical settings, peak hip contact force
and GMed muscle force may be used to evaluate gait asym-
metry in patients with knee OA.
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