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Abstract

This study determined whether the acute cartilage response, assessed by cartilage thickness
and echo intensity, differs between patients with early-mild knee osteoarthritis (OA) and
healthy controls. We recruited 56 women aged 2 50 years with Kellgren—Lawrence (KL) grade
<2 (age, 70.6 + 7.4 years; height, 153.7 + 5.2 cm; weight, 51.9 + 8.2 kg). Based on KL grades
and knee symptoms, the participants were classified into control (KL < 1, asymptomatic, n =
27) and early-mild knee OA groups (KL 1 and symptomatic, KL 2, n = 29). Medial femoral
cartilage thickness and echo intensity were assessed using ultrasonographic B-mode images
before and after treadmill walking (15 min, 3.3 km/h). To investigate the acute cartilage
response, repeated-measures analysis of covariance (groups x time) with adjusted age,
external knee moment impulse, steps during treadmill walking, and cartilage thickness at pre-
walking was performed. A significant interaction was found at the tibiofemoral joint; after
walking, the cartilage thickness was significantly decreased in the early-mild knee OA group
compared to the control group (p = 0.002). At the patellofemoral joint, a significant main effect
of time was observed, but no interaction was detected (p = 0.802). No changes in cartilage
echo intensity at either the tibiofemoral or patellofemoral joints, and no interactions were
noted (p = 0.295 and p = 0.063). As acute cartilage response after walking, the thickness of
the medial tibiofemoral joint in the early-mild knee OA was significantly reduced than that in
the control group. Thus, greater acute deformation after walking might be a feature found in

patients with early-mild knee OA.
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Introduction

Articular cartilage undergoes immediate deformation in response to mechanical loading as a
physiological response [16]. This deformation, attributed to fluid outflow from the cartilage
[16], can be detected in vitro using the compression test for the cartilage sample [29]. It can
be detected in vivo using magnetic resonance imaging (MRI) or ultrasound imaging devices as
a decline in cartilage thickness. Previous studies identified cartilage deformation following
weight-bearing exercises such as walking [8,9], running [8], squatting [5], and jumping [10]. In
addition, the extent of cartilage deformation is influenced by its composition. Increased acute
deformation may result from proteoglycan loss and altered collagen orientation by cartilage
degeneration, which reduces the joint’s ability to retain water content within the cartilage
[2,4]. A previous study reported greater cartilage deformation after running in patients with
anterior cruciate ligament injury and cartilage degeneration versus healthy controls [7].
Therefore, acute cartilage deformation after mechanical loading has attracted considerable
attention as an important indicator of cartilage quality reduction, which precedes cartilage
thickness loss.

However, it is unknown whether acute cartilage deformation is associated with early cartilage
degeneration in patients with knee osteoarthritis (OA), as observed in young adults, because
the mechanical properties of the cartilage are probably altered by age-related change [1,13].
Ho et al. (2019) reported no significant differences in cartilage deformation after treadmill
walking between patients with knee OA and healthy older controls [12]. However, they did
not adequately clarify the features of cartilage deformation in patients with knee OA because
of the limited sample size (n=9) and failure to distinguish between medial and lateral OA.
Acute cartilage deformation is influenced not only by the degree of cartilage degeneration,

but also by the amount of mechanical loading. Thus, in a sufficiently large number of patients



with knee OA, it is necessary to investigate acute cartilage deformation caused by
degeneration, taking into consideration the effect of mechanical loading. Moreover, to our
knowledge, no studies to date have used ultrasound devices to investigate cartilage
deformation in patients with knee OA. The previous review suggested the possibility that
ultrasound imaging offers advantages for assessing acute cartilage deformation due to its
immediate measurability and greater spatial resolution compared with MRI [18]. Therefore,
we might be able to discern the features of cartilage deformation in patients with knee OA
using ultrasound devices.

Cartilage echo intensity has recently attracted attention as an ultrasound biomarker of early
cartilage degeneration prior to thinning in knee OA [19,24]. Although the physiological
mechanism of enhanced cartilage echo intensity remains unclear, we believe that the decline
in cartilage quality, such as a change in the collagen fiber orientation, and an increase in water
content are impacted. However, few studies have investigated the acute changes in cartilage
echo intensity after mechanical loading. Harkey et al. (2018) reported no significant changes
in cartilage echo intensity after treadmill walking [10]. However, how cartilage echo intensity
is altered after mechanical loading in patients with knee OA remains unclear. This is because
Harkey et al.’s study only included healthy young adults. As the cartilage of patients with early-
mild knee OA presents with enhanced echo intensity [19], the characteristics of early cartilage
degeneration in patients with knee OA are also possibly indicated by the difference in echo
intensity after mechanical loading compared with healthy controls.

This study aimed to determine whether the acute cartilage response, assessed by cartilage
thickness and echo intensity, differs between patients with early-mild knee OA and healthy
controls. We hypothesized that 1) cartilage thickness after mechanical loading is significantly

thinner in patients with early-mild knee OA than in healthy controls and 2) cartilage echo



intensity after mechanical loading is significantly more enhanced in patients with early-mild

knee OA than in healthy controls.

Materials and Methods

Participants

We recruited 56 women aged 250 years (age, 70.617.4 years; height, 153.7+5.2 cm; weight,
51.948.2 kg). The participants’ inclusion criteria were as follows: (1) ability to live
independently and walk continuously without a cane for more than 15 min and (2) OA
diagnosed as Kellgren—Lawrence (KL) grade <2 for both sides of the knee. The exclusion criteria
were as follows: (1) surgical history of the lower limbs, (2) lateral knee OA, (3) rheumatoid
disease, (4) cardiovascular and neurological diseases, and (5) knee flexion range of <130°. In
patients with knee OA, all variables were measured in the knee with the more severe side of
knee OA. The sample size required for repeated-measures analysis of covariance (RM-
ANCOVA) to compare the acute cartilage response between patients with knee OA and
healthy controls (a=0.05, power=0.80, effect size=0.25) was calculated using G*Power
software (version 3.1; Heinrich Heine University, Disseldorf, Germany). Accordingly, a
minimum of 34 total participants (n=17 for each group) was determined.

Before the experiments, all participants were informed of the aim and procedure of the study
and provided written informed consent. This study was approved by the Ethics Committee of
the Kyoto University Graduate School of Medicine and complied with the Declaration of

Helsinki (R3014).

Study design

The measurement procedure is shown in Fig. 1. To minimize the influence of physical activities



before the tests, all participants were instructed to avoid engaging in high-intensity exercises
before arriving at the laboratory. A radiographic image of the participants, which is an
anteroposterior weight-bearing view, was obtained, and the severity of knee OA was
determined using the KL grade. In addition, the participants completed a questionnaire
regarding knee symptoms, and their gait was assessed using a motion capture system.
Subsequently, to suppress the effect of activities of daily living on the pre-walking cartilage
assessment, the participants rested on the bed in the supine position for at least 30 min to
unload the knee cartilage [8]. To assess the acute cartilage response after loading, the medial
femoral cartilage was captured using ultrasonographic B-mode images before and after 15-

min treadmill walking.

[insert Figure 1]

Assessment of knee OA symptoms and classification of the groups

The symptom section of the Knee Society Score 2011 Japanese edition (KSS symptom score)
was used to assess knee symptoms [27]. The scores range from 25 to 0, with lower scores
indicating more severe pain or stiffness. Based on a previous study, we defined a score of 23
or more as asymptomatic [26].

This study defined early-mild knee OA as follows: 1) KL grade < 2 and 2) presence of knee
symptoms with patient-reported outcomes [17]. Subjects with KL grade O disease who were
symptomatic were excluded since their symptoms may have been caused by factors other
than knee OA. Based on KL grades and KSS symptom scores, participants were classified into
control (KL grade <1 and asymptomatic) and early-mild knee OA groups (KL grade = 1 and

symptomatic or KL grade = 2).



Ultrasound imaging of femoral cartilage

All B-mode images of the femoral cartilage were acquired by one examiner (Sh O) before and
after walking using an ultrasound imaging device with a linear probe SL15-4 (Aixplorer, Knee-
mode, SuperSonic Imagine, Axi-en-Provence, France). All images were acquired using the
following settings: knee mode; depth, 2 cm; focus, 1 cm; gain, 48%; frequency, 44 MHz; and
dynamic range, 62 dB. The examiner acquired longitudinal and transverse B-mode images of
the femoral cartilage with 130° of knee flexion at each time point (Fig. 2). In a previous study,
longitudinal images were used to evaluate the tibiofemoral weight-bearing surface [20] and
transverse images above the patella were used to evaluate the femoral trochlea within the
patellofemoral joint [11]. We defined the measurement location as follows: longitudinal image,
at the midpoint between the medial edge of the patella and the medial epicondyle [25], and
transverse image, in line with the medial and lateral femoral condyles above the superior edge
of the patella when measuring transverse images above the patella [8]. When acquiring
images, the examiner adjusted the tilt angle of the probe to describe the two white bands
(synovia—cartilage and cartilage—bone interfaces) on the images. For all participants, the
anterior area of cartilage was portrayed on the left side of the longitudinal image, while the

medial area of cartilage was portrayed on the left side of the transverse image.

[insert Figure 2]

Ultrasonographic image analysis

Image J software (https://imagej.nih.gov/) was used to analyze the ultrasonographic images.

An examiner measured cartilage thickness and echo intensity. Regarding the transverse


https://imagej.nih.gov/

images acquired above the patella, we manually segmented the cartilage based on a previous
study [''] and analyzed only the medial area.

The cartilage thickness was measured as the distance between the synovia—cartilage and
cartilage—bone interfaces at three points in each image [25]. We calculated the average
thickness from three images at each time point. To assess the cartilage echo intensity, the
region of interest (ROI) was manually set as large as possible in the cartilage band, excluding
the cartilage—bone interface, soft tissue—cartilage interface, and blurry area in the cartilage
band. The signal intensity was then expressed as a 256-point value ranging from 0 (black) to
255 (white) in the ROI, and the mean signal intensity was calculated as the echo intensity [21].
At each time point, the average value of the three images was used as the echo intensity. The
values of each indicator were calculated from the longitudinal and transverse images, and the
amount of acute cartilage response after treadmill walking assessed by cartilage thickness and
echo intensity—delta (A) values—were calculated by subtracting the pre-walking value from the

post-walking value.

[insert Figure 3]

Gait analysis

Gait analysis was conducted using a three-dimensional motion capture system (Vicon Nexus;
Vicon Motion Systems, Ltd., Oxford, England), consisting of eight cameras sampled at 200 Hz
and two force plates (Kistler Japan Co., Ltd., Tokyo, Japan) sampled at 1000 Hz. To capture the
gait motion at the same speed as treadmill walking, participants were instructed to walk along
a straight walkway at 3.3 km/h (0.91 m/s) and practiced a few times to adapt the designated
walking speed before measurements. The marker data were processed using a fourth-order

10



low-pass Butterworth filter at 6 Hz, and the ground reaction force data were processed using
a fourth-order low-pass Butterworth filter at 20 Hz. Markers were placed based on the Plug-
in-Gait full-body model marker placement protocol. The kinetic and kinematic variables were
calculated from the ground reaction force and marker location data. The time integrals of the
positive values of the knee adduction moment (KAM-impulse) and knee flexion moment
(KFM-impulse) during the stance phase of the gait were computed. The average values of the
three trials in which the participants could walk at a designated speed were used for further

analysis.

Treadmill walking protocol

After the pre-walking assessment of the femoral cartilage, the participants were positioned
barefoot on a treadmill (MyRun, Technogym, Cesena, Italy) besides the bed. All participants
wore a pedometer with a three-axis accelerometer (EX-500; YAMASA, Tokyo, Japan) to
measure their steps during treadmill walking. While walking, the participants were instructed
to lightly hold the treadmill handrails for their own safety. Following the 2-minutes practice to
adapt walking on the treadmill, the participants walked at 3.3 km/h (0.91 m/s) for 15 minutes.
The gait speed was set slower than the general gait speed of patients with knee OA (1.1 m/s)
[30]. This is because prior research reported that the gait speed on the treadmill is 17.2%
faster than that on the ground [3]. The physical therapist monitored the participants during
each session. If a participant’s physical condition or knee symptoms worsened, the
measurement was immediately stopped. After the walking session, the participants returned
to bed as soon as possible to undergo their femoral cartilage assessment using an ultrasound
imaging device; all post-walking measurements were completed within 5 min. The time
required to perform post-exercise ultrasonographic imaging was sufficiently minimized,

11



compared with the recovery time required to return to the same thickness as that before

loading [6].

Statistical analysis

To clarify whether changes in cartilage thickness or echo intensity exceeded the measurement
error, we calculated the minimal detectable change (MDC) using the standard error of
measurement (SEM). Based on formulas (1) and (2), we calculated the SEMs of the cartilage
thickness and echo intensity using B-mode images for all participants captured at the pre-
walking phase. To calculate the SEM, SD(d) was calculated using the measured values from
the first and second images of the three consecutive images acquired at the pre-walking phase,
uniformly obtained across all participants. SD(d) is defined as the standard deviation of the
difference in measured values between two images and represents the variability of
measurements. The MDC, which is the value beyond the error of ultrasonographic
measurement in this study, was calculated using SEM (equation [2]).

(1) SEM = SD(d) +V?2

(2) MDC = 196 X SEM X 2

Unpaired t-tests were used to confirm differences in pre-walking participant characteristics
between the groups. In addition, paired t-tests were performed to confirm whether acute
cartilage response was found after 15 min of walking in each group. Finally, a 2x2 (groups x
repeated measures factor) RM-ANCOVA was conducted to investigate whether acute cartilage
responses differed between control and early-mild OA groups, while statistically controlling
for potential confounding variables among each participant as covariates. The analysis was
performed with cartilage values (thickness or echo intensity) as dependent variables; pre- and
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post-walking phases as repeated measures factors; and age, external knee moment impulse,
steps during treadmill walking, and cartilage values at the pre-walking phase as covariates.
The interaction of this analysis indicates whether the acute cartilage response in the early mild
OA group differed from that of the control group. In this study, the interaction indicates the
difference in cartilage values at the post-walking phase between the groups because the
cartilage values at the pre-walking phase were adjusted through RM-ANCOVA. For the
external knee moment, the KAM-impulse was used to adjust the load at the medial
tibiofemoral joint, while the KFM-impulse was used to adjust the load at the patellofemoral
joint. These indicators reportedly reflected the mechanical loading of the knee joint in
previous studies [28,30]. All statistical analyses were performed using IBM SPSS Statistics

version 22 (IBM Corp., Armonk, NY, USA), and the statistical significance level was set at 5%.

Results

Participant characteristics

The characteristics of each group are presented in Table 1. The weight in the early-mild OA
group was significantly higher than that in the control group (p=0.004). The KSS symptom
score in the early-mild OA group was significantly lower than that in the control group
(p<0.001). No significant differences were found in the age, height, external knee moment

impulse, and steps during treadmill walking between the two groups.

[insert Table 1]

Repeatability and MDC of ultrasonographic cartilage measurement

The reliability of the measurement was verified in 10 participants randomly selected from this
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study (age, 68.219.3 years; height, 154.1+4.3 cm; weight, 50.0+5.8 kg; and KL grade 0, n=3;
grade 1, n=4; and grade 2, n=3). Three B-mode images of the femoral cartilage were acquired
using the same methods as those in the experiment before walking. During each
measurement, the probe was removed from the knee and readjusted. Intraclass correlation
coefficients (ICCs [1,3]) were calculated for cartilage thickness and echo intensity on the
longitudinal and transverse B mode images [14]. The ICCs (1,3) of cartilage thickness were
0.99 and 0.97 on the longitudinal and transverse images, respectively, while those of cartilage
echo intensity were 0.99 on the longitudinal and transverse images.

The MDC of the ultrasonographic cartilage measurements was calculated using the values
obtained before loading. The MDCs of cartilage thickness were 0.051 and 0.059 mm on the
longitudinal and transverse images, respectively, and those of cartilage echo intensity were

4.83 and 3.57 a.u. on the longitudinal and transverse images, respectively (Table 2).

Comparison of acute cartilage response after loading

Before loading, no significant difference was found in the cartilage thickness between the
groups (longitudinal images, p=0.619; transverse images, p=0.100). The cartilage echo
intensity in the early-mild OA group was more enhanced than that in the control group on the
longitudinal images (p=0.038); however, no significant difference was found between the
groups on the transverse images (p=0.118).

The paired t-test indicated that cartilage thickness was significantly decreased after walking
in both groups based on the longitudinal images (control: p<0.001, early-mild OA: p<0.001)
and transverse images (control: p=0.002, early-mild OA: p=0.003). However, no significant
changes were identified regarding echo intensity, except in the early-mild OA group based on
the transverse images (longitudinal, control: p=0.711, early-mild OA: p=0.194; transverse,
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control: p=0.441, early-mild OA: p=0.002). The results of the RM-ANCOVA comparing the
acute cartilage response after loading between the two groups are shown in Table 2. With
regard to cartilage thickness, a significant interaction was found on the longitudinal images
(p=0.002), and the cartilage thickness in the early-mild OA group after walking was
significantly decreased compared with that in the control group. On the transverse images, a
significant main effect of time (p<0.001) was observed, but no interaction was noted (p=0.802).
Regarding the cartilage echo intensity, no significant main effects or interactions were found
on the longitudinal images (p=0.273 and p=0.295, respectively). Transverse imaging revealed
a significant main effect of time (p=0.007), and the cartilage echo intensity after walking was
enhanced compared to that before walking in both groups. However, no significant interaction
was observed (p=0.063). In addition, a change after walking greater than the MDC was found

only in cartilage thickness on the longitudinal images.

Discussion

The most important findings of the present study were that at the tibiofemoral weight-bearing
surface assessed using longitudinal images, femoral cartilage deformation after walking was
significantly greater in patients with early-mild knee OA than in healthy controls. However, at
the patellofemoral joint above the patella, as assessed using transverse images, no significant
differences in acute cartilage deformation were observed between the groups. Additionally,
no changes in the cartilage echo intensity above the MDC were detected after walking, either
at the tibiofemoral weight-bearing surface or at the patellofemoral joint above the patella.
The cartilage thickness at the tibiofemoral weight-bearing surface was significantly decreased
after walking in the early-mild knee OA group compared to the control group, as assessed on
the longitudinal images, supporting our hypothesis. Our results align with those of a previous
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study that found greater acute deformation after loading in young participants with cartilage
damage than in healthy controls [7]. Healthy cartilage generally possesses abundant
proteoglycans, which have a high affinity for water, allowing it to withstand mechanical stress
[1]. However, OA cartilage tends to have increased permeability to water because of
proteoglycan loss caused by cartilage degeneration [2]; this qualitative change occurs in the
early-mild stage of knee OA before cartilage volume loss occurs [22]. This difference in
cartilage condition may be associated with cartilage deformation after mechanical loading, as
acute cartilage deformation depends on fluid dynamics. In contrast to our study, Ho et al.
(2019) reported no significant differences in cartilage deformation after treadmill walking
between patients with knee OA and healthy controls [12]. The discrepancy between the
findings of our study and the previous study [12] may be attributed to differences in
participant characteristics or sample size. Ho et al. included only nine patients with medial
and/or lateral knee OA, whereas we included 29 patients with medial knee OA only. In
addition, our results emphasize that greater acute deformation characterizes the cartilage of
patients with knee OA, as indicated by the statistical adjustment for mechanical loading, such
as knee moment and number of steps. Therefore, our results suggest that greater acute
deformation after walking might be a feature found in patients with early-mild knee OA. It is
generally difficult to detect differences in cartilage condition, as cartilage volume is not
decreased significantly in the early-mild stage of knee OA [22]. However, our finding,
indicating the mechanical loading ability has already decreased in patients with early-mild
knee OA and could be detected by ultrasonographic assessment, is novel and may be valuable
in the clinical setting.

At the patellofemoral joint, as assessed by transverse images [11], no significant difference
was noted between the two groups. A previous simulation study suggested that the contact
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force in the patellofemoral joint during gait is smaller than that in the tibiofemoral joint [23].
Considering that the amount of acute cartilage deformation after walking in both groups was
less than the MDC, the mechanical stress on the patellofemoral joint during the 15-min
treadmill walking may not have been sufficient to deform the cartilage. In addition, the
mechanical properties of cartilage based on their modulus vary widely among joints and
anatomical regions [15,29], which may have accounted for the different results on the
longitudinal images.

No changes in the cartilage echo intensity were detected after walking in either group,
contradicting our hypothesis. A previous study reported that cartilage echo intensity remains
unchanged after treadmill walking in healthy young participants [10]. Considering this
previous study and our results, cartilage echo intensity may not be suitable for assessing the
acute cartilage response to mechanical loading, which relies on fluid dynamics. However, the
mechanism underlying the altered cartilage echo intensity remains unknown. To accurately
explain the acute response of echo intensity after loading, further studies are warranted to
confirm echo intensity alterations under various conditions, such as higher loading intensities
or in participants with different characteristics.

This study had several limitations. First, the external knee moment impulse, which was used
for adjustment in the statistical analysis, was not measured during treadmill walking but
during walking on the ground at a speed similar to treadmill walking. Therefore, we could not
strictly adjust mechanical loading on the knee joint during the task. However, considering that
few studies have taken into account the effect of mechanical loading when comparing acute
cartilage responses, we can contend that acute deformation is not solely attributable to
differences in the amount of mechanical loading, at least when estimated using commonly
used indices. Second, we could not clarify whether the difference in acute cartilage response
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was caused by cartilage degeneration because femoral cartilage was not assessed by MRI or
histology. However, it was apparent that the cartilage deformation of the medial tibiofemoral
joint underwent significant changes in patients with early-mild knee OA than in healthy
controls. Finally, the participants were middle-aged and older women with medial knee OA.
Therefore, additional research is needed to determine whether the results of this study can
be generalized to men or patients with lateral knee OA.

In conclusion, during the acute cartilage response after walking, the thickness of the medial
tibiofemoral joint was more significantly reduced in the early-mild knee OA group than in the
control group, but that cartilage echo intensity may not be altered following mechanical
loading. These findings suggest that greater acute deformation after walking might be a

feature found in patients with early-mild knee OA.
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Table 1. Participants characteristic

E:Z;O)I earl(yr;inzi;c; OA p value 95% Cl
Age, years 71.0£8.0 70.247.1 0.722 [-3.32,4.76]
Height, cm 152.9+4.6 154.4+5.7 0.306 [-4.22,1.35]
Weight, kg 48.718.1 54.9+7.3 0.004 [-10.35, -2.07]
KSS symptom score, points 24.4+0.9 17.745.3 <0.001 [4.61, 8.69]
Steps during treadmill walk, steps ~ 1873.3+227.4 1860.0+158.7 0.800 [-91.14, 117.73]
KAM Impulse, Nm-s 9.8+4.7 11.8+4.8 0.119 [-4.53,0.53]
KFM Impulse, Nm*s 7.2¢4.1 5.4%3.7 0.092 [-0.31, 3.89]

The results were shown as mean + standard deviation. Bold text indicates the significant difference between the groups. OA : osteoarthritis, KSS : knee society

score, KAM : knee adduction moment, KFM : knee flexion moment, Cl : confidence interval



Table 2. Comparisons of acute cartilage response after walking between the control and early-mild OA groups

ANCOVA (control vs early-mild OA)

. . Unadjusted Adjusted main Effect
SEM MDC Pre walkin Post walkin i i
8 © meanA(SD) meanA(SE) effectof 'Mreraction 95% Cl size
. effect N
time partial n
Thickness, mm
LS control 1.59+0.26 1.52+0.27 -0.06+0.07 -0.06+0.01
) 0.019 0.051 p<0.001 p=0.002 0.07 [0.03, 0.10] 0.179
early-mild OA 1.54+0.36 1.42+0.33 -0.12+0.08 -0.13+0.01
ST control 1.52+0.23 1.46%0.25 -0.05+0.08 -0.05+0.02
) 0.021 0.059 p<0.001 p=0.802 0.01 [-0.04,0.05] 0.001
early-mild OA 1.64+0.32 1.59+0.31 -0.06+0.09 -0.06+0.02
Echo intensity, a.u.
LS control 50.6+9.9* 51.1+10.6 0.49+6.79 -0.01+1.22
) 1.744 4.834 p=0.273 p=0.295 -1.85[-5.36, 1.66] 0.022
early-mild OA 58.6+17.1* 59.9+16.4 1.38+5.59 1.84+1.18
ST control 49.2+12.3 50.2+10.2 0.98+6.48 0.58+1.08
) 1.290 3.574 p=0.007 p=0.063  -2.92[-5.99, 0.16] 0.068
early-mild OA 53.949.8 57.0+10.5 3.13+4.92 3.50+1.04

Ultrasonography measurement outcomes of medial femoral cartilage pre- and post-walking and unadjusted mean A values are presented as means + standard

deviations, and adjusted mean A values are presented as means + standard errors. A was calculated as the difference between the pre-walking values and post-

walking values. ANCOVAs with adjustments for age, external knee moment impulse (LS: KAM Impulse, ST: KFM Impulse), steps during treadmill walking, and

cartilage parameters at baseline were conducted to compare the control group with the early-mild OA group. * indicates significant differences between the

groups before walking, and bold text indicates significant differences in ANCOVA.

SEM: standard error of measurement, MDC: minimal detectable change,

mean A :mean delta, LS: longitudinal sagittal, ST: suprapatellar transverse, SD: standard deviation, SE: standard error, OA: osteoarthritis, Cl: confidence interval
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Fig 1. Study design
The knee OA severity, knee symptoms, and gait feature were assessed in all participants. The assessment of
femoral cartilage using an ultrasound imaging device was conducted following 30 minutes of rest (Pre) and

following the 15 minutes of treadmill walking (Post). OA: osteoarthritis



Fig 2. Positioning of ultrasound measurements

Participants were positioned supine on the treatment bed at 130° of knee flexion (a). All ultrasonographic
measurement were performed in this position. The ultrasound probe was positioned as follows (b):
longitudinal image, at the midpoint between the medial edge of the patella and the medial epicondyle [25];
transverse image, in line with the medial and lateral femoral condyles above the superior edge of the patella

[8].
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Fig 3. Ultrasound image of femoral cartilage

a. longitudinal image; b. transverse image. @ is the white band of the synovium—cartilage interface; and @
is the white band of the cartilage—bone interface. The region surrounded by the yellow line indicates the area
analyzed in this study. The transverse images were manually segmented. We defined the intercondylar
compartment, which is the middle 25% of the ultrasonographic image centering on the deepest part of the
intercondylar notch and decided the medial femoral compartment as the left side of the intercondylar

compartment. We analyzed only the medial compartment in this study.



