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SUMMARY

Objective: This study examined 1) the clinical relevance of trunk movement asymmetry, which was
evaluated using a trunk-mounted inertial measurement unit (IMU), and 2) the relationship between
trunk movement asymmetry and lower limb muscle strength asymmetry in individuals with knee
osteoarthritis (OA).
Design: One-hundred-thirty-one participants (mean age, 74.2 years; 71.8% female; Kellgren and Law-
rence [K&L] grade >1) underwent gait analysis at their preferred pace for IMU-based measurement of
trunk movement asymmetry (harmonic ratio [HR] and improved HR). The isometric strength of quad-
riceps and hip abductors was evaluated using a hand-held dynamometer. Pain and disability level were
evaluated using a validated self-reported questionnaire. Multiple regression analyses with covariate
adjustment were performed to examine the relationship between trunk movement asymmetry (inde-
pendent variable) and pain, disability level, or muscle strength asymmetry (dependent variables).
Results: Individuals with severe knee OA (K&L grade >3) had increased trunk movement asymmetry in
the medio-lateral axis compared to those with a K&L grade of 1. Increased trunk movement asymmetry
was associated with a greater knee pain and disability. The increased trunk movement asymmetry was
significantly associated with an increase in the asymmetry of quadriceps strength, but not with asym-
metry in the strength of hip abductor.
Conclusion: Our findings indicate that increased medio-lateral trunk movement asymmetry may be an
indicator of impairment, rather than adaptation, in individuals with knee OA. This preliminary finding
warrants validation by future study. Paying close attention to medio-lateral trunk movement asymmetry
may be key to our understanding of OA-related pain and disability.

© 2018 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Introduction

As these deviations are performed to compensate for the ipsilateral
limb, they may increase the joint load on the contralateral limb?,

Knee osteoarthritis (OA) is a leading cause of knee pain and
functional disability'. Patients with knee OA show biomechanical
deviations in multiple joints during level walking, possibly due to
efforts made to avoid pain and minimize stress to the knee joint’.
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Kohoku-ku, Yokohama 223-8522, Japan. Tel: 81-45-563-1141; Fax: 81-45-566-
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which may cause knee OA to progress in the contralateral limb>.
Better understanding of knee OA-related biomechanical deviations
during level gait is therefore crucial for clinicians and physical
therapists.

OA-related biomechanical deviations accompany gait
asymmetry*~®. This provides a valuable insight into the adapted
gait strategy used by patients with knee OA. The harmonic ratio
(HR) is a representative measure of gait asymmetry calculated via
spectral analysis of acceleration time-series signals’®, generally
acquired using an inertial measurement unit (IMU) attached to the
lower trunk. Recently, Pasciuto et al. demonstrated that an
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improved HR (iHR) was both more reliable and easier to interpret
than a traditional HR’. These HR techniques have been applied to
characterize patients with pathologies'®!!; for example, a lower
medio-lateral HR was associated with greater disability in stroke
patients'’. Considering that lower HRs were found in individuals in
the early stage of Parkinson's disease, whose stride length and
stride time were similar to those of age-matched healthy older
adults'!, HR techniques would be able to characterize subtle
biomechanical deviations that are not recognized using typical
spatiotemporal gait parameters. However, OA-related alterations in
these measures have not been addressed, and their clinical rele-
vance remains unclear. Furthermore, whether gait variability
determined using HR indicates impairment or adaptation is not
fully understood. Medio-lateral trunk movement asymmetry has
been suggested to serve a different function in locomotor control in
comparison to other orientations of asymmetry'?. These results
suggest that investigating IMU-based trunk movement asymmetry
in individuals with knee OA, particularly in the medio-lateral axis,
and clarifying its clinical relevance would improve our under-
standing of OA-related disability and biomechanical deviations.

Lower limb muscle weakness and strength asymmetry are fac-
tors potentially involved in OA-related gait asymmetries. Weak
quadriceps and hip abductor muscles are features of knee OA'>'%,
and contraction of these muscles plays a role in the three-
dimensional regulation of the center of mass during normal
walking'®. Conversely, displacing the trunk laterally shifts the
center of gravity and allows the body to balance over the stance leg
with minimal muscular support at the hip and knee joints, which
causes an imbalance in muscle strength between limbs. Laroche
et al. revealed that older women with quadriceps strength asym-
metry had greater asymmetry and variability in their spatiotem-
poral gait parameters'S. However, we are unaware of any studies
examining the relationship between trunk movement asymmetry
and muscle strength asymmetry in the lower limbs of individuals
with knee OA.

This cross sectional study of individuals with knee OA aimed to
examine 1) the clinical relevance of trunk movement asymmetry,
using HRs and iHRs, and 2) the relationship between trunk move-
ment asymmetry and lower limb muscle strength asymmetry. We
hypothesized that 1) individuals with more severe knee OA had a
higher degree of trunk movement asymmetry, which is associated
with a greater knee pain and disability and 2) increased trunk
movement asymmetry is associated with a greater degree of
quadriceps and hip abductor muscle strength asymmetries.

Methods
Participants

Elderly participants who had reported knee pain within the last
month were identified using a mail-based survey and invited to
Kyoto University in September 2017. The minimum number of
participants was set based on the minimum sample size required to
ensure adequate statistical power; however, no restrictions were
imposed on the upper limit owing to the observational nature of
the study. The ethical committee of Kyoto University approved the
study (approval number: C1297), and written informed consent
was obtained from all participants prior to enrollment. The eligi-
bility criteria included (1) age >45 years; (2) a Kellgren and Law-
rence [K&L] grade >1, using the original scale'’, in one or both
knees, in the medial tibiofemoral compartment, evaluated using
weight-bearing antero-posterior radiographs; (3) knee pain during
daily living within the past 30 days; and (4) the ability to walk
independently on a flat surface without ambulatory assistive de-
vices. Participants with bilateral knee OA were not evaluated

separately from those with unilateral OA; both bilateral and uni-
lateral OA cases were included in this study. The exclusion criteria
included (1) a history of knee surgery, (2) rheumatoid arthritis, (3) a
periarticular fracture, or (4) the presence of neurological problems.
We included patients with a K&L grade >1 because a pre-
radiographic diagnosis of knee OA, particularly K&L grade 1, pre-
dicts radiographic OA progression to at least grade 2 within 3—5
years 819,

Measurements and procedures

The following measurements were performed on all partici-
pants: (1) IMU-detected HR and iHR during level walking, (2)
muscle strength, and (3) OA-related self-reported measures of knee
pain and disability.

IMU-detected HR and iHR during level walking

Instrumentation. Linear lower trunk acceleration was measured
along three orthogonal axes (medio-lateral, vertical, and antero-
posterior) using a single IMU (TSND151, ATR-Promotions Co., Ltd.,
Kyoto, Japan) with a sampling frequency of 200 Hz [Fig. 1(A)]. Ac-
celeration values were expressed as a sensor coordinate system
(reported in the X, y, and z fields of the sensor). Footwear influences
balance?®?!, walking speed?’, and vertical acceleration produced by
heel strike??; thus, to prevent potential bias from footwear, all
participants wore standard shoes (LD AROUND M, Mizuno, Tokyo,
Japan) mounted with a pressure sensor (force register sensors
Model 402, Interlink Electronics Inc., CA, USA) on both feet. The
sensor-mounted shoes can precisely detect the time point of heel
contact that is required for stride segmentation and calculation of
HR and iHR. Although the footwear was novel for each participant,
all subjects reported that the shoes were comfortable. Data were
sampled at 100 Hz.

Procedures for gait analysis. After fitting of the lower trunk-
mounted IMU and footwear, participants underwent gait analysis
on a 14 m walkway at their preferred pace. Participants stood still
for 3 s and walked the full 14 m, although only a designated 10-m
distance was analyzed to exclude the first and last two to three
steps®>. As HR is gait velocity-dependent®*, each patients’ gait ve-
locity (m/s) was calculated based on a time measured by an expe-
rienced physical therapist using a stopwatch, and was subjected to
statistical analysis.

Data reduction and calculation of HR and iHR. Figure 1 in the
Supplemental Appendix S1 describes the data reduction process
for HR and iHR calculations. After stride segmentation and offset
correction, a low-pass fourth-order Butterworth filter with a cutoff
frequency of 20 Hz was applied®.

The HR was calculated by decomposing filtered acceleration
signals into harmonics using a discrete Fourier transform [Fig. 1(B)];
the summed amplitudes of the first 10 even harmonics were then
divided by the summed amplitudes of the first 10 odd harmonics
for vertical and antero-posterior accelerations, and vice-versa for
medio-lateral accelerations®*. The iHR was also calculated. iHR is
thought to have less variability than traditional HR and measures
range from O (total asymmetry) to 100 (total symmetry), allowing
intuitive interpretation®. The iHR is calculated as the ratio between
the power of the even harmonic over the total power of the signal,
as shown in Supplemental Appendix S1, Method 1. All data analyses
were performed using MATLAB version R2017a (MathWorks Inc., 3
Apple Hill Drive, Natick, MA, USA).
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Fig. 1. Experimental setting (A) and illustration of the discrete fast Fourier transform processing applied to acceleration data (B). Harmonic content of the acceleration signals in
each direction (expressed as a sensor coordinate system) was extracted using a fast Fourier transform. Using even and odd harmonics, harmonic ratio [HR] and improved HR (iHR)
were calculated (see Supplemental Appendix S1, Method 1). White and black bars indicate odd and even harmonics, respectively.

Muscle strength

The maximum isometric quadriceps and hip abductor muscle
strengths (Nm/kg) in both legs were measured using a hand-held
dynamometer (HHD; pTas F-1, Anima Corp., Tokyo, Japan) accord-
ing to a method previously validated for use in community-
dwelling elderly fallers*®. Measurement procedures for each mus-
cle are provided in Supplemental Appendix S1, Method 2.

The minimum detectable change (MDCgs) was calculated using
100 randomly selected participants (i.e., 200 knees) to determine
the smallest degree of change outside of the muscle strength
testing error-range. The MDCgs was 0.227 Nm/kg and 0.132 Nm/kg
in quadriceps and hip abduction strengths, respectively. The intra-
rater reliability was excellent for quadriceps strength (intra-class
correlation [ICCq4]: 0.939; 95% CI: 0.921, 0.954) and hip abductor
strength (ICCq: 0.936; 95% CI: 0.916, 0.951).

The absolute difference in quadriceps and hip abductor muscle
strengths between the two lower limbs was calculated. For inter-
pretation purposes, the quadriceps asymmetry index (Asyquad) was
also calculated (see Supplemental Appendix S1, Method 2).

OA-related self-reported measure of knee pain and disability

The severity of knee pain and degree of disability were evalu-
ated using the Japanese Knee Osteoarthritis Measure (JKOM) sub-
category “pain and stiffness” (0—32 points) and “activities of daily
living” (0—40 points)?”. The JKOM “activities of daily living” scale
relies on daily activities, such as use of stair, knee bending, standing
up from a sitting position, walking, shopping, removing socks, and
both light and heavy household chores. For each subscale, higher
scores indicate a worse condition (range: 0—4 points; 0 indicates no
pain or difficulty, and 4 represents extreme pain or difficulty). The
concurrent and construct validities of the JKOM were established
by comparing it with the Western Ontario and McMaster Univer-
sities Arthritis Index (WOMAC) and the Medical Outcomes Study
36-item Short-Form Health Survey?’.

Patients’ characteristics and covariates

Demographic characteristics, severity of radiographic OA,
bilateral definite radiographic OA (K&L grade >2 in both knees),
and bilateral knee pain were assessed as covariates (see

Supplemental Appendix S1, Method 3). As part of the patients’
characteristics, participants underwent a visual analog score for
knee pain, anatomical axis angle with sex-specific correction?®,
Timed Up and Go test*?, and five-repetitive chair stand test>° were

also evaluated.

Statistical analyses

At least 84 participants were required for the present study,
accounting for a potential 10% dropout rate due to exclusion criteria
and missing data (see Supplemental Appendix S1, Method 4). To
characterize trunk movement asymmetry associated with knee OA,
the HR and iHR were compared between different degrees of
radiographic disease severity, using an analysis of covariance with
adjustments for age (continuous), female sex, BMI (continuous),
and gait velocity (continuous). As few participants had severe
radiographic disease (K&L grade = 4), participants with K&L
grade = 3 and 4 were combined into one level and included in an
ordinal scale (1: K&L grade = 1; 2: K&L grade = 2; 3: K&L grade = 3
or 4). A Jonckheere—Terpstra trend test>! was performed to test the
hypothesis that trunk movement asymmetry increases over time
with increased K&L grade. The Jonckheere—Terpstra test’! is a rank-
based nonparametric test that can be used to determine if there is a
statistically significant trend between an ordinal independent
variable (i.e., K&L grade) and a continuous dependent variable (i.e.,
trunk movement asymmetry).

To examine the clinical relevance of the HR and iHR in in-
dividuals with knee OA, multiple regression analyses were per-
formed with HR (continuous) and iHR (continuous) as independent
variables and JKOM “pain and stiffness” (continuous) or “activities
of daily living” (continuous) as the dependent variable. In these
analyses, in addition to the covariates mentioned above, K&L grade
(ordinal), bilateral knee pain (0: absence, 1: presence), and bilateral
radiographic OA (0: absence, 1: presence) were also included as
covariates. We checked the regression model features by
comparing the residuals vs fitted values (i.e., the residuals had to be
normally distributed around zero), and independence between
observations. A post-hoc mediation analysis was performed to
determine whether the significant relationship detected between
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lower medio-lateral iHR and greater disability was mediated by
severe knee pain in accordance with previously described
method®?. In this analysis, severe knee pain (JKOM “pain and
stiffness” score) was identified as a potential mediator. The full
mediation analysis for the selected mediator involved fitting two
linear models in order to deconstruct the total effect into both
direct and indirect effects of lower medio-lateral iHR on greater
disability (see Supplemental Appendix S1, Fig. 2).

Additional multiple regression analyses were performed to
examine the association between the HR and iHR as independent
variables with the lower limb muscle strength difference (contin-
uous) as the dependent variable. As muscle strength was calculated
with an adjustment for body mass, BMI was not included as a co-
variate, although the other variables mentioned above were
included as covariates. These covariates were chosen a priori on the
basis of clinical judgment and previous studies demonstrating that
these factors may be associated with upper trunk accelera-
tion?#3334 trunk kinematics® and each outcome variable®. These
factors would not feature on the causal-response pathway between
HR/iHR and each outcome variable. All statistical analyses were
performed using JMP Pro 13.0 (SAS Institute, Cary, NC, USA) or SPSS
Statistics for Windows, Version 23.0 (IBM Corp., NY, USA). A P-value
<0.05 was considered to be statistically significant.

Results

Of the 196 participants initially recruited, 134 (68.4%) randomly
selected participants underwent a lower trunk-mounted IMU-
based gait analysis. Of these, 3 (2.2%) were excluded due to pre-
radiographic OA (K&L grade = 0). Thus, 131 participants were
included in the final analysis (mean age, 74.2 [65—88] years; mean
BMI: 21.7 kg/m?, 71.8% female) (Table ).

Individuals with moderate to severe knee OA had a higher medio-
lateral trunk movement asymmetry

Table II shows the comparison of the HR and iHR between
participants stratified by their knee K&L grade. Overall, the HR and
iHR were similar in individuals with a K&L grade of 1 and 2. HR and
iHR were slightly lower in patients with a K&L grade of 3 or 4,
compared to those with a K&L grade of 1 and 2. No severity-
dependent trend in K&L grade was identified by the trend test.
Notably, individuals with a K&L grade of 3 or 4 had a significantly
higher medio-lateral HR than those with a K&L grade of 1, after
adjustment for covariates. The medio-lateral HR in non-index
knees with a K&L grade of 3 or 4 was also higher than those from
knees with a K&L grade of 1 (difference in mean: 0.160; 95% CI:
0.013 to 0.310).

Medio-lateral trunk movement asymmetry was associated with
greater disability

Multiple linear regression (Table III) revealed that increased
medio-lateral HR and iHR (i.e., lower trunk movement asymmetry)
were associated with a lower score (i.e., lower knee pain and
disability) in the JKOM “pain and stiffness” and “activities of daily
living” subcategory after adjustment for covariates, although the
significance of this relationship was only confirmed using the iHR.
Vertical and antero-posterior HR and iHR were not significantly
associated with the score from the JKOM “activities of daily living.”
A mediation analysis revealed that severe knee pain was a signifi-
cant mediator between lower iHR and greater disability (direct
effect: —0.031, 95% CI: —0.079, 0.018 points; indirect effect: —0.037,
95% Cl: —0.081, —0.001 points). Furthermore, increased vertical HR

Table I
Participants’ characteristics (n = 131)
Age, years 74.2 £ 5.81
Female, no. (%) 94 (71.8)
Height, m 1.56 + 0.09
Mass, kg 53.1 +£8.22
BMI, kg/m? 21.7 +2.52
Index knee corrected AAA, ° 178.3 +3.85
Index knee K&L grade, no. (%)
Grade 1 43 (32.8)
Grade 2 71 (54.2)
Grade 3 15(11.5)
Grade 4 2(1.5)
Lateral type knee OA, no. (%) 7 (5.3)
Bilateral knee OA, no. (%) 62 (47.3)
Bilateral knee pain, no. (%) 71 (54.2)
VAS score for knee pain, mm 14.0 + 20.2
JKOM, points
Pain and stiffness 3.85 +4.64
Activities of daily living 2.56 + 3.60
Participation in social activities 2.10 £ 1.93
General health conditions 1.54 + 1.34
Total score 10.0 + 9.58
Physical Performance
Gait velocity, m/s 1.57 + 0.22
Timed Up and Go test, s 549 + 1.28
Five-repetitive chair stand test, s 7.55 +1.92
HR
Medio-lateral 1.65 + 0.42
Vertical 2.58 +0.82
Antero-posterior 2.60 +0.83
iHR
Medio-lateral 80.2 + 9.65
Vertical 92.5 + 6.48
Antero-posterior 91.6 +7.74
Muscle strength
Quadriceps
Index knee, Nm/kg 1.27 + 044
Non-index knee, Nm/kg 1.30 = 0.41
Difference between limbs, Nm/kg 0.16 £ 0.14
ASYquad, % 123 +9.70
Hip abductor
Index knee, Nm/kg 0.91 + 0.33
Non-index knee, Nm/kg 0.90 + 0.35
Difference between limbs, Nm/kg 0.13 +£0.13

AAA: Anatomical axis angle; BMI: Body mass index; HR: Harmonic ratio; iHR:
Improved harmonic ratio; K&L: Kellgren and Lawrence; OA: Osteoarthritis; VAS:
Visual analog scale; JKOM: Japanese Knee Osteoarthritis Measure; Asyquad: Quad-
riceps asymmetry index.

Except where otherwise indicated, values are mean + SD.

and vertical and antero-posterior iHR were significantly associated
with better Timed Up and Go function (see Supplemental Appendix
S1, Table I).

Medio-lateral trunk movement asymmetry was associated with
quadriceps strength asymmetry

Increased medio-lateral HR and iHR (i.e., lower trunk movement
asymmetry) were associated with decreased quadriceps strength
asymmetry after adjustment for covariates (Table V). The vertical
and antero-posterior HR and iHR were not significantly associated
with quadriceps strength asymmetry. Neither the HR nor the iHR
were associated with hip abductor strength asymmetry as well as
quadriceps and hip abductor strength values themselves (see
Supplemental Appendix S1, Table II).

Figure 2 displays a graphic illustration of the relationship be-
tween difference in quadriceps strength or Asyquad and medio-
lateral trunk asymmetry. The difference in quadriceps strength
and Asyquad had a similar linear relationship with trunk movement
asymmetry, regardless of the measure used (HR and iHR).
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Table II
Comparison of the harmonic ratio [HR] and improved HR (iHR) among participants stratified by index knee K&L grade (n = 131)
Variable Mean + SD Difference in mean (95% CI)" P for pairwise comparison P for trend'
HR
Medio-lateral
K&L =1 (n=43) 1.68 + 0.47 - 0.338
K&L =2 (n=171) 1.67 + 0.40 0.032 (-0.133, 0.198) 0.720 (vs. K&L 1)
K&L =3 or4 (n=17) 1.50 + 033 0.140 (0.012, 0.268) 0.033 (vs. K&L 1); 0.147 (vs. K&L 2)
Vertical
K&L =1 (n=43) 2.63 £ 0.85 - 0.278
K&L =2 (n=171) 2.61 +£0.72 0.020 (—0.287, 0.326) 0.981 (vs. K&L 1)
K&L =3 or4(n=17) 242 +1.14 0.164 (~0.127, 0.455) 0.263 (vs. K&L 1); 0.520 (vs. K&L 2)
Antero-posterior
K&L =1 (n = 43) 2.77 + 091 - 0.171
K&L =2 (n=71) 2.55 + 0.68 0.234 (~0.073, 0.541) 0.206 (vs. K&L 1)
K&L=3o0r4(n=17) 246 +1.10 0.233 (-0.072, 0.539) 0.132 (vs. K&L 1); 0.455 (vs. K&L 2)
iHR
Medio-lateral
K&L =1 (n=43) 79.5 +10.8 - 0.500
K&L =2 (n=171) 81.2 +9.07 —1.280 (—5.017, 2.458) 0.534 (vs. K&L 1)
K&L =3 or4(n=17) 772 + 925 2.347 (~0.768, 5.462) 0.137 (vs. K&L 1); 0.259 (vs. K&L 2)
Vertical
K&L =1 (n=43) 925+ 748 — 0.143
K&L =2 (n=71) 93.1 + 5.87 ~0.873 (—3.437, 1.690) 0.439 (vs. K&L 1)
K&L =3 or4 (n=17) 90.2 + 6.29 0.643 (—1.584, 2.870) 0.565 (vs. K&L 1); 0.168 (vs. K&L 2)
Antero-posterior
K&L =1 (n=43) 92.2 + 8.56 0.107
K&L =2 (n=71) 922 + 6.01 ~0.241 (—3.024, 2.541) 0.718 (vs. K&L 1)
K&L =3 or4(n=17) 885+ 11.0 1.696 (—1.284, 4.676) 0.259 (vs. K&L 1); 0.074 (vs. K&L 2)

CI: Confidence interval; HR: Harmonic ratio; iHR: Improved harmonic ratio; K&L: Kellgren and Lawrence.

Bold type represents a statistically significant result.
" Difference in mean (95% Cl) was calculated after adjustment for age, sex, BMI, and gait velocity (vs. K&L grade 1).
 Jonckheere—Terpstra trend test.

Table III
Predictive ability of the HR and iHR on pain and disability level in individuals with knee OA (n = 131)
Variable JKOM pain and stiffness JKOM activities of daily living
Difference in mean (95% CI)" P-value Difference in mean (95% CI)" P-value
HR
Medio-lateral —1.244 (-2.807, 0.319) 0.118 —1.239 (-2.539, 0.061) 0.062
Vertical —0.660 (—1.541, 0.222) 0.141 0.100 (-0.636, 0.837) 0.788
Antero-posterior —0.684 (—1.497, 0.130) 0.099 —0.035 (-0.719, 0.650) 0.921
iHR
Medio-lateral —0.077 (-0.147, -0.007) 0.031 —0.070 (-0.129, -0.012) 0.018
Vertical —0.103 (-0.210, 0.003) 0.057 —0.047 (—0.136, 0.041) 0.292
Antero-posterior —0.072 (-0.159, 0.015) 0.102 —0.022 (—0.099, 0.054) 0.561

CI: Confidence interval; HR: Harmonic ratio; iHR: Improved harmonic ratio; JKOM: Japanese Knee Osteoarthritis Measure.
Bold type represents a statistically significant result.
* Difference in mean (95% CI) per increasing 1 unit of HR/iHR was calculated after adjustment for age, sex, BMI, K&L grade, gait velocity, bilateral knee pain, and bilateral OA.

Table IV
Predictive ability of the HR and iHR on quadriceps and hip abductor muscle strength inter-limb difference in individuals with knee OA (n = 131)
Variable Quadriceps muscle inter-limb difference Hip abductor muscle inter-limb difference
Difference in mean (95% CI)" P-value Difference in mean (95% CI) P-value
HR
Medio-lateral —0.069 (-0.127, -0.011) 0.020 0.012 (-0.033, 0.027) 0.606
Vertical —0.017 (—0.046, 0.013) 0.265 0.019 (-0.037, 0.041) 0.101
Antero-posterior 0.006 (—0.017, 0.029) 0.593 0.006 (—0.017, 0.029) 0.593
iHR
Medio-lateral —0.003 (-0.006, -0.001) 0.008 0.000 (—0.002, —0.002) 0.885
Vertical —0.003 (-0.006, 0.001) 0.179 0.029 (-0.060, 0.118) 0.046
Antero-posterior —0.001 (—0.004, 0.002) 0.423 0.002 (—0.001, 0.004) 0.180

CI: Confidence interval; HR: Harmonic ratio; iHR: Improved harmonic ratio.
Bold type represents a statistically significant result.
" Difference in mean (95% CI) of per increasing 1 unit of HR/iHR was calculated after adjustment for age, sex, K&L grade, gait velocity, bilateral knee pain, and bilateral OA.
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Fig. 2. A graphic illustration of the relationship between quadriceps strength difference or Asyquaq and medio-lateral trunk asymmetry. A, Relationship between medio-lateral HR
and quadriceps strength difference and Asyquad. B, Relationship between medio-lateral iHR and quadriceps strength difference and Asyquad. Pearson correlation coefficients (95%
confidence intervals (Cls)) are provided in the figure. The vertical dotted line corresponds to the average value (Asyquad = 20%) in older adults*®*” and indicates a potential cut-off

point for quadriceps strength asymmetry over the natural aging process'®“°.

Discussion

This study found that 1) individuals with severe knee OA (K&L
grade >3) had greater trunk movement asymmetry in the medio-
lateral axis than those with a K&L grade of 1, and increased trunk
movement asymmetry was associated with a greater knee pain and
disability. This increased trunk movement asymmetry was also

Trunk movement asymmetry in ML
(step-to-step variability)

significantly associated with increased quadriceps strength asym-
metry (see the graphic abstract in Fig. 3).

Trunk movement asymmetry in individuals with knee OA and its
clinical relevance

Proximal biomechanical deviation was more prevalent in in-
dividuals with severe knee OA and may contribute to disease

Greater pain

ES (95% CI) of iHR
-0.077 (-0.147, -0.007)

Greater disability

ES (95% CI) of iHR
-0.070 (-0.129, -0.012)

Quadriceps strength asymmetry

ES (95% CI) of iHR
-0.003 (-0.006, -0.001)

Fig. 3. Graphical abstract. Trunk movement asymmetry (step-to-step variability) in the medio-lateral (ML) direction was associated with 1) greater knee pain, 2) greater disability,
and 2) inter-limb quadriceps strength asymmetry. Effect sizes (ESs) with their 95% Cls of iHR are provided.
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progression>®—3, Supporting these reports, this study revealed that
patients with severe knee OA had greater trunk movement asym-
metry in the medio-lateral axis than those with a K&L grade of 1.
Although it is unclear why OA-related trunk asymmetry was
observed in the medio-lateral axis, our study supports previous
findings that medio-lateral trunk movement variability may play a
role in locomotor control distinct from trunk movement variability
along the antero-posterior and vertical directions'?*°~*!. We found
that the correlations between HR/iHR in the medio-lateral direction
and those in antero-posterior and vertical directions were lower
than those found between the vertical and antero-posterior di-
rections themselves (see Supplemental Appendix S1, Table III), data
which supports these interpretations.

A practical relevance of this study was that trunk-mounted IMU-
detected trunk movement asymmetry in the medio-lateral direc-
tion was significantly associated with OA-related pain and
disability. This result indicates an important role for medio-lateral
trunk movement asymmetry as a clinical hallmark in individuals
with knee OA who experience knee pain and difficulty in daily
living. Our findings of a significant relationship between decreased
medio-lateral iHR (i.e., increased trunk movement variability) and
greater knee pain and disability would generally support the results
from a previous cross-sectional study, suggesting that a decreased
medio-lateral HR was associated with greater disability in stroke
patients'®. However, the magnitude of the clinical impact of medio-
lateral HR/iHR on pain and disability level is unclear because of the
lack of a minimal clinically important difference (MCID)*.
Although the mechanism why trunk movement asymmetry was
associated with greater disability was unclear, it is worth noting
that severe knee pain was a mediator between lower medio-lateral
iHR and greater disability. Determining whether treatment that
reduces variability in trunk movement can improve disability by
reducing pain should be determined in a future study.

It should be acknowledged that vertical and antero-posterior
iHR, but not medio-lateral iHR, was associated with poor TUG
performance. Given that trunk movement asymmetry in the
medio-lateral direction was associated with self-perceived knee
pain and disability, these findings indicate a discrepancy between
self-reported and performance-based physical function and sup-
port the results from previous studies demonstrating that these
measures capture different aspects of physical function and offer
complementary information*>*4. IMU-based measurement of
trunk movement asymmetry using an orthogonal coordinate sys-
tem may capture both self-reported and performance-based
physical function by monitoring trunk acceleration in a distinct
axis. This hypothesis should be validated in future studies.

Association between trunk movement and lower limb muscle
strength asymmetries

Another practical relevance was that increased medio-lateral
trunk movement asymmetry was significantly associated with
quadriceps strength asymmetry, even after adjustment for cova-
riates, including bilateral knee pain and bilateral radiographic knee
OA, which have been suggested to be significant factors associated
with trunk movement asymmetry*>. Our observations generally
support the previous finding that strength asymmetry in older
women is associated with increased gait asymmetry and vari-
ability'®, although this does not support previous studies demon-
strating that physically fatigued lower limb muscles in older adults
resulted in decreased interstride medio-lateral trunk acceleration
variability®>® and balance control®. Our findings imply that medio-
lateral trunk movement asymmetry increases quadriceps strength
asymmetry, or vice versa, although the study's cross-sectional na-
ture limits our interpretations about causality. As medio-lateral

trunk movement variability is associated with a greater degree of
disability as mentioned above, paying close attention to medio-
lateral trunk movement asymmetry may be key to understanding
OA-related impaired muscle function and disability. A longitudinal
cohort study is required to address the causal relationship between
medio-lateral trunk movement asymmetry and OA-related
impairment.

This study cannot clarify the mechanism of the significant
relationship between trunk movement and quadriceps muscle
strength asymmetries. No significant relationship between a dif-
ference in hip abductor muscle strength and medio-lateral trunk
movement asymmetry was detected. Quadriceps muscle contrac-
tion in the early stance phase contributes to lateral backwards, and
upwards acceleration of the center of mass during normal
walking'®>. However, hip abductor muscle strength contributes
more to regulation of the center of mass in the medio-lateral di-
rection than quadriceps strength does'. A significant relationship
between quadriceps muscle strength asymmetry and trunk
movement asymmetry in only the medio-lateral direction cannot
be completely explained by this biomechanical theory.

In this study, Asyquad Was 12.3%, which is comparable to that
observed in older adults*®*, indicating that included participants
with knee OA exhibited mild clinical profiles that would not cause
extreme inter-limb muscle imbalance. Indeed, 87% participants
were K&L grade 1-2. These points should be considered when
interpreting our findings and translating them into a clinical
setting.

Comparison of two different measures of trunk movement
asymmetry

The use of specific measurement parameters for trunk move-
ment asymmetry is crucial for capturing different levels of knee
pain and disability. This study used both the HR and iHR as mea-
surements of trunk movement asymmetry. The results revealed
that the medio-lateral iHR had a higher predictive ability than HR
for knee pain and disability level although the HR displayed a
greater discriminatory ability than the iHR for different K&L grades.
The non-linear relationship between these two measures likely
causes the difference in their discriminatory and predictive abilities
(see Supplemental Appendix S1, Fig. 3). These two measures may
capture different aspects with regards to pathological condition,
pain, and disability; the clinical utility of these two metrics may be
a function of their evaluation objectives. Given that iHR allows a
more intuitive interpretation than HR and improves comparability
to other relevant studies®, iHR should be applied if the clinician and
physical therapists wish to target patients’ increased pain and
disability.

Limitations

The present study has some limitations. First, the cross-sectional
nature of this study limits our ability to discern causality between
variables. Trunk movement asymmetry may be a consequence of
increased disability, and our findings do not necessarily emphasize
intervention for increased trunk movement asymmetry to improve
knee pain and disability. Second, the HR and iHR are global mea-
sures that do not account for phase during gait; thus, they cannot
explain where the deviations from symmetry occur. Third, the
calculated HR and iHR did not consider postural effects; partici-
pants’ IMU inclination angle would affect the static gravity
component, thereby changing the acceleration amplitude during
walking. Nevertheless, only a small effect from the inclination angle
was observed in the significant relationship between the medio-
lateral HR and disability, and between the quadriceps strength
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difference and the medio-lateral HR (see Supplemental Appendix
S1, Fig. 4). Finally, the HR and iHR were calculated from five
consecutive strides during walking, which can be easily evaluated
in a clinical setting. As stride number may affect results”%, further
studies with a greater number of strides are warranted to verify our
findings.

Conclusion

Individuals with severe knee OA had increased medio-lateral
trunk movement asymmetry, which was associated with a
greater knee pain and disability. Increased trunk movement
asymmetry was significantly associated with increased quadriceps
strength asymmetry. Paying close attention to medio-lateral trunk
movement asymmetry may be key to understanding OA-related
impairment and disability.
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