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ARTICLE INFO ABSTRACT

Keywords:
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Background: This study aimed to clarify the individual forces of each quadriceps head during low-load con-
tractions and to determine the associations between individual muscle force and cartilage thickness and symp-
toms in female knee osteoarthritis patients.

Methods: Twenty-two women with painful knee osteoarthritis and 15 asymptomatic age-matched women (control
group) participated in this cross-sectional study. Maximal knee extension strength and the cross-sectional area of
each quadriceps muscle were measured. Shear modulus was calculated for each muscle during 20-Nm torque
production by shear-wave elastography. Muscle force index was defined as the product of the cross-sectional area
and shear modulus. Medial femur cartilage thickness was measured using an ultrasound B-mode image. Knee
pain during gait was evaluated using a Numerical Rating Scale. Muscle force index, cross-sectional area, and
maximal knee extension strength, which were defined as muscle functions, were compared between groups using
the unpaired t-test. Correlation coefficients were calculated using muscle function, cartilage thickness, or pain.
Findings: Maximal strength and vastus lateralis force index were smaller in the knee osteoarthritis group than in
the control group (p < 0.001 and p = 0.005, respectively). In the knee osteoarthritis group, vastus medialis and
vastus lateralis force indexes were positively correlated with cartilage thickness (r = 0.57 and r = 0.45,
respectively), whereas the rectus femoris force index was negatively correlated with cartilage thickness (r =
—0.45). The vastus lateralis force index was negatively correlated with knee pain (p = —0.56).

Interpretation: Vasti force indices were positively associated with cartilage thickness; however, rectus femoris
index was negatively associated in female patients with knee osteoarthritis.

Muscle force
Quadriceps
Cartilage thickness

1. Introduction 2019; Eckstein et al., 2015; Tuna et al., 2016) because cartilage

degeneration (e.g., decreased cartilage thickness) is known as a mean-

Knee osteoarthritis (KOA) is a common progressive disease in older
adults (Yoshimura et al., 2009). Therefore, treatment is focused on not
only improving symptoms but also preventing its onset and/or progress
by determining its modifiable factors (Wirth et al., 2017). Many studies
have focused on whether modifiable factors such as maximal muscle
strength could be related to cartilage degeneration (Culvenor et al.,
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ingful biomarker of the onset and progress of KOA.

One cohort study investigated cartilage degeneration using magnetic
resonance imaging and revealed that decreased maximal knee extension
strength was not related to cartilage degeneration in the tibiofemoral
joint (Culvenor et al., 2019). However, another study found a positive
linear correlation between maximal knee extension strength and
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cartilage thickness in the medial femur of KOA patients (Tuna et al.,
2016). These inconsistent findings suggest that maximal knee extension
strength is not necessarily a clinical indicator of cartilage degeneration.
Because maximal muscle strength is not required during gait, which is
an activity of daily living (ADL) (Hubley-Kozey et al., 2008; Tikkanen
et al., 2016), it is essential to determine whether KOA patients have
unique muscle function during low-load contraction, such as exerted for
gait, and to explore whether muscle function could be related to carti-
lage thickness.

Owing to the redundancy in the musculoskeletal system, different
combinations of individual muscle forces can perform a given task (Hug
and Tucker, 2017). A particular combination of individual muscle forces
is defined as force distribution, and the type of muscle that exerts the
most force depends on the participant (Crouzier et al., 2019; Hug et al.,
2015a). Furthermore, the muscle force is determined by biomechanical
factors, such as muscle activity and cross-sectional area (CSA) (Hug
et al., 2015b). It has been reported that the distribution of muscle ac-
tivities during isometric contraction is similar to that during gait and
pedaling, and their relationship is robust in each participant (Crouzier
et al., 2019). The force distribution could influence the mechanical
stress of the joint (Lewis et al., 2007). Increased muscle force spanning
the knee increases the knee stress; in particular, increased muscle force
in the rectus femoris (RF) might increase the mechanical knee stress (van
Veen et al., 2019). Therefore, the individual force of each quadriceps
head might be related to the cartilage thickness and/or symptoms in
KOA patients. However, to the best of our knowledge, there is little
evidence regarding whether the individual force of each quadriceps
head during low-load knee extension could be associated with cartilage
thickness or symptoms of KOA.

The study aimed to clarify the individual forces of each quadriceps
head during low-load contractions and the associations between muscle
force and cartilage thickness and symptoms in female KOA patients. We
hypothesized that among women, the RF force would be higher in the
KOA group than in the age-matched asymptomatic control group and
would be negatively correlated with cartilage thickness and positively
correlated with pain in the KOA group.

2. Methods
2.1. Participants

We performed a cross-sectional study (level of evidence: 3) of 22
women with painful medial KOA and a control group comprising 15
asymptomatic age-matched women. The sample size in KOA was
determined based on a previous study that reported a correlation be-
tween muscle size and femur cartilage thickness (« = 0.05, power =
0.80, effect size = 0.57 (R? = 0.32)) (Hudelmaier et al., 2003), and the
required sample size was 19. To avoid underpowering due to dropout,
we selected n = 22. All participants were female and were able to live
and walk independently without any assistive devices. They had no
rheumatoid arthritis and neuromuscular diseases, no history of back or
lower extremity surgery, and no cognitive decline to the point of not
understanding the informed consent procedure. The medial KOA was
diagnosed as Kellgren-Lawrence (K/L) grade > 2 by one author (MK). If
they had bilateral KOA, then we evaluated the side with the more severe
K/L grade. If the K/L grade was the same bilaterally, then we evaluated
the side with more severe pain. The control group comprised
community-dwelling individuals with no history of pain lasting more
than 3 months, no current pain during walking, range of motion (RoM)
including more than 130° of knee flexion; we evaluated the knee that
satisfied all inclusion criteria (right side, 11) (Holla et al., 2012; Var-
bakken et al., 2019). Prior to this study, the procedures and goals of the
study were explained to all participants, who then provided written
informed consent. All procedures were approved by the Ethics Com-
mittee of the Kyoto University Graduate School and Faculty of Medicine
(R1647).
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2.2. Experimental procedures

The Knee Society Score (KSS) was used to evaluate knee function and
symptoms. Pain during gait was assessed using the Numerical Rating
Scale (NRS). Passive knee RoM was measured in flexion and extension
with a goniometer. We also assessed cartilage thickness using an ultra-
sound machine while the participants were in the supine position. We
measured muscle CSA and maximal knee extension strength. The CSA
was measured with an ultrasound machine while sitting on a dyna-
mometer (Biodex System 4; Biodex Medical Systems Inc., Shirley, NY,
USA). During the low-load task, participants were asked to maintain
knee extension torque at 20 Nm for 15 s using visual feedback on a
display that showed the exerted torque with the dynamometer; shear
modulus (G) of the quadriceps muscle was recorded during the task. Rest
intervals of at least 1 min were allowed between each trial to avoid
fatigue.

2.3. Measured variables

2.3.1. Cartilage thickness of the medial femur

The cartilage thickness of the medial femur was measured with the
participants in the supine position and using an ultrasound machine
after those participants had rested in a non-weight-bearing supine po-
sition for 15 min on a bed. The KOA patients were assessed using one
ultrasound machine (Noblus, Hitachi Aloka Medical Systems, Tokyo,
Japan) with a 5- to 18-MHz transducer. The cartilage thickness was
measured once at the midpoint between the medial edge of the patella
and the medial epicondyle with the knee fully flexed (Schmitz et al.,
2017). The cartilage region measured with the knee in this position was
the weight-bearing surface (Okano et al., 2016), and the degenerated
cartilage of the area was associated with mechanical stress during gait
(Chang et al., 2015). The distance was measured between the white
band (caused by the synovia-cartilage interface) and the second white
band (caused by the cartilage-bone interface) at three points on an ul-
trasonographic image, and the cartilage thickness was defined as the
mean distance of these points (Schmitz et al., 2017) (Fig. 1). In a pilot
study, the intraclass coefficient [ICC] (1,1) of the values was 0.98 and
0.96 for Aixplorer and Hitachi Aloka machine, respectively. This in-
dicates a high within-session reproducibility for the data measured using
each machine (Appendix 1). The ICC (1,1) between the data from the
two ultrasound machines was 0.99.

2.3.2. Muscle cross-sectional area

Participants sat on a dynamometer (Biodex System 4; Biodex Medical
Systems, Inc.) with their bodies fixed. The dynamometer axis was
aligned to their targeted knee axis. The knee was then fixed at 45°
flexion. The CSA of the vastus medialis (VM), RF, and vastus lateralis
(VL) were measured using an ultrasound machine (Aixplorer version
12.2.0; SuperSonic Imagine, Aix-en-Provence, France) with a 4- to 15-
MHz linear transducer (Fig. 2a—c). Table 1 shows the measurement
sites of each muscle, referring to previous studies (Maden-Wilkinson
et al., 2013; Taniguchi et al., 2015). CSA were calculated using Osirix
MD (version 9.0; OsiriX, Geneva, Switzerland). We detected the deep
fascia surrounding the muscle using B-mode imaging before we
measured the panoramic mode. We analyzed the panoramic images
using B-mode images as a reference. The CSA of each muscle was
measured twice and further analyzed using mean values. The ICC (1,1)
were 0.98, 0.96, and 0.98 for VM, RF, and VL, respectively. In a pilot
study with 10 healthy subjects, we measured the CSA of the three
muscles using panoramic images and T1-weighted magnetic resonance
images to confirm the validity of this measurement. The result indicated
that ICC (1,1) between the CSA from MRI and US was high (VM = 0.90,
RF = 0.95, VL = 0.93).

2.3.3. Maximal knee extension strength
Isometric knee extension torque was measured twice using the
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Fig. 1. Medial femur cartilage image. Fig. 1a and b show an ultrasound image of the medial femur cartilage and a closer view of the cartilage. The distance between
the synovial-cartilage interface (including white band) and the cartilage-bone interface corresponds to cartilage thickness. The distance is indicated by the yellow bar.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Example shear wave velocity and muscle size images. CSA was measured as the area surrounded by the fascia on the Panoramic mode image [a—c]. The circle
on the elastography images indicates the region of interest for the assessment of shear wave velocity[d—f]. VM; vastus medialis, RF; rectus femoris, VL; vastus
lateralis, VI; vastus intermedius.

Table 1

The measured location of each muscle.

Muscle Measured site

Vastus The distal 30% point along the thigh-length from the greater
medialis trochanter to the lateral epicondyle of the femur

Rectus The midpoint point along the thigh-length from the anterior
femoris superior iliac spine to the proximal patellar border

Vastus The midpoint point along the thigh-length from the greater
lateralis trochanter to the lateral epicondyle of the femur

dynamometer in the same position as that used for CSA measurements.
Based on a previous study, we defined 45° flexion as the knee angle
(Krishnan and Theuerkauf, 2015). Peak knee extension torque was
measured during each maximal voluntary contraction (MVC) for 5 s, and
the larger peak torque was defined as MVC torque. Then, MVC torque
was normalized by body weight. The ratio of 20 Nm to MVC torque was
calculated for each participant as the test torque.

2.3.4. Muscle force index

The G of the VM, RF, and VL were measured using an ultrasound
shear wave elastography machine (Aixplorer version 12.2.0; SuperSonic
Imagine) with a 4- to 15 MHz linear probe (SL15-4; SuperSonic Imagine)
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(Fig. 2d-f). Shear wave elastography was set to the following parame-
ters: mode, musculoskeletal; opt, penetration mode; and shear wave
velocity scale, 0-16.3 m/s. The measurement site was the same as that
used for the CSA measurement of each muscle.

After we detected the transverse section of each muscle using an
ultrasound image during each low-load trial, the transducer was held
parallel to the longitudinal axis of the RF and the muscle fibers of the VM
and VL for approximately 3 s for stable color mapping. Then, the
propagation speed was recorded for 10 s in the SWE mode at 1.3 Hz. G
was calculated from the propagation speed (V) using the following
equation:

G (kPa) = pV?

where p is the muscle mass density, which was presumed to be 1000 kg/
3

m>.

The region of interest (ROI) (2.5 cm x 2.0 cm) was set over the
muscle in each ultrasound image. A circle with a radius of 1.0 cm was
centered on the ROL. If an artifact, void area, or non-muscle tissue was
observed at the center of the ROI, then we moved the ROI slightly to-
ward the center of the muscle belly. The G was calculated for approxi-
mately 6 s at the center of the measured section, and the average was
calculated within the circle. Two trials were performed to calculate the
G of each muscle, and the average value of both trials was used for
further analyses.

G shows an inter-individual variability during the same joint torque
(Nm), and the variability in G may be a limiting factor for comparison
between individuals. Muscle size is associated with the variability in G
(Dresner et al., 2001). In addition, a previous study suggested that the
product of muscle size and G might be used as an indicator of muscle
force (Hug et al., 2015b). Our previous study based on the above-
mentioned background showed that the muscle size-scaled G, a product
of muscle size and G, correlated more strongly with the absolute joint
torque (Yagi et al., 2020). Thus, muscle size-scaled G could eliminate
most of the inter-individual variability that is observable for G. More-
over, the muscle size-scaled G could be compared among subjects as
muscle force index during the same absolute torque exertion. Thus, this
study used the muscle size-scaled G as the muscle force index, and the
VM-scaled G, RF-scaled G, and VL-scaled G were evaluated.

2.3.5. The knee society score and pain during gait

To assess knee symptoms and function, all participants were evalu-
ated using the KSS (Scuderi et al., 2012). Symptom scores were assigned
to pain during gait and stair climbing using a scale of 0 to 25 points
(score of 25 indicated no symptom). Function scores were graded using a
scale of 0 to 100 points (score of 100 indicated the highest function). We
used the NRS to assess pain during gait (score of 0 indicated no pain).

2.3.6. Passive range of motion

As described previously (Peters et al., 2011), passive knee flexion
and extension RoM were measured in the supine position using a two-
arm goniometer (Sakai Medical Co., Ltd., Tokyo, Japan). The endpoint
of motion was defined as the point at which each participant felt stiff,
and the examiner could not perform further motion.

2.4. Data analysis

All statistical analyses were conducted using IBM SPSS Statistics 22
(IBM SPSS, Armonk, NY). To reveal the differences between groups, we
compared the body height, body weight, body mass index, KSS symptom
and function subscores, NRS scores for pain during gait, the ratio of 20
Nm (test torque), MVC torque, muscle force index, and CSA of each
muscle. For each indicator, the normal distribution and homogeneity of
variance were assessed in each group using the Kolmogorov-Smirnov
test and Levene's test, respectively. When both normal distribution and
homogeneity of variance were found, Student's t-test was performed.
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When only normal distribution was found, the Welch's t-test was per-
formed. The Mann-Whitney U test was performed when neither a normal
distribution nor homogeneity of variance was found. We also estimated
effect sizes for these analyses.

To clarify whether cartilage thickness was correlated with muscle
function, the Pearson correlation coefficient (r) was calculated for
cartilage thickness and muscle CSA, muscle size-scaled G of each muscle,
or MVC torque in each group. To clarify whether pain during gait was
correlated with muscle function in the KOA group, Spearman's correla-
tion coefficient (p) was calculated for pain and the aforementioned
muscle functions.

P < 0.05 was considered statistically significant. The results are
presented as mean =+ standard deviation (SD).

3. Results

Compared with the control group, the KOA group had higher body
weight and BMI, more severe pain during gait, and lower flexion and
extension RoM (Table 2). The KSS symptom and function subscores of
the KOA group were lower than those of the control group. The cartilage
thickness of the KOA group was lower than that of the control group.
There were no significant differences in other parameters between the
groups.

As shown in Table 2, MVC torque in the KOA group was 33.3% lower
than that in the control group. Compared with VL-scaled G in the control
group, VL-scaled G was 23.7% lower in the KOA group; however, VM-
scaled G and RF-scaled G were not different between groups. No dif-
ferences in CSA were found between groups. The KOA group exerted
higher test torque (20 Nm/MVC torque) than the control group during
the low-load tasks.

The correlation coefficients of cartilage thickness or pain and muscle

Table 2
Comparison of characteristics between KOA patients and control group
participants.

KOA (n=22)  Control group p-value Effect
(n=15) size
Age (years) 69.5 + 5.4 70.1 £ 6.3 0.75% 0.06
Height (m) 155.2 +£ 6.0 153.8 + 4.9 0.47% 0.12
Weight (kg) 57.2 £11.0 47.8 £ 5.0 0.001° 0.53
BMI (kg/mz) 23.7 £ 3.8 20.2+1.8 0.003% 0.48
RoM flexion (°) 140.3 + 14.4 154.3 £ 9.7 0.003°¢ 0.49
RoM extension (°) -3.8+40 -1.1+1.9 0.024¢ 0.37
KSS symptom (/25 151+ 5.1 223443 <0.001¢  0.67
points)
KsS funetion (/100 69.0 158  92.7+9.4 <0.001° 071
points)
Knee pain during gait 25+20 0 <0.001¢ 0.77
Cartilage thickness 10405 15404 0.001° 053
(mm)
Radiographic OA

severity Grade II.9, B B B

Kellgren/Lawrence 1IL:8, IV:5

(grade: n)

VM-scaled G 306.9 + "

(KPascm?) 1975 318.5 + 1329 0.79° 0.05
RF-scaled G (kPaecm?) 122‘1‘ * 149.2 4+ 114.9 0.91? 0.02
VL-scaled G (kPaecm?) 328.0 +92.4 429.7 +111.3 0.005* 0.49
VM CSA (cm?) 11.4 + 2.0 11.0+ 1.8 0.584% 0.09
RF CSA (cm?) 6.7 +1.3 6.8+ 1.8 0.9007 0.02
VL CSA (cm?) 12.2 + 2.3 122+ 2.1 0.996" 0.01
MVC torque (Nm/kg) 1.4 £ 0.4 21+03 <0.001* 0.71
test torque 26.4 £ 0.7 20.4 £ 0.3 <0.001° 057

(% MVC torque)

a: unpaired t-test, b: Welch's t-test, c: Mann-Whitney U test, Bold font: p < 0.05.
BMI: Body Mass Index, RoM: Range of Motion, KSS: the Knee Society Score, NRS:
numeric rating scale, VM: Vastus medialis, RF: Rectus femoris, VL: Vastus Lat-
eralis, Scaled G: muscle-size scaled shear elastic modulus, CSA: cross-sectional
area, MVC: maximal voluntary contraction.
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Table 3
Correlations between muscle function and cartilage thickness or Pain.

KOA group Control group
(n=22) (n=15)
Cartilage Pain during gait Cartilage

thickness (mm) thickness (mm)

r p- ) P r p-
value value value
VM-scaled G 057  0.006 024 028 018  0.518
(kPaecm®)
RF-scaled G
(Paser®) 045 0.038 024  0.29 005  0.849
VL-scaled G 045 0035 -056 0007 003 0926
(kPaecm®)
VM CSA (em?) 005 0843 016  0.49 0.2 0.474
RF CSA (cm?) -033 0135 -0.02 093 001 0967
VL CSA (cm?) 007 0751 008 077 ~0.17 0.538
MVCtorque (Nm/kg) 013 0561  —0.29 0.19 047  0.078

Bold font: p < 0.05. r: Pearson's correlation coefficient, p: Spearman's correlation
coefficient, VM: Vastus medialis, RF: Rectus femoris, VL: Vastus Lateralis, Scaled
G: muscle-size scaled shear elastic modulus, CSA: cross-sectional area, MVC:
maximal voluntary contraction.

function are shown in Table 3. VM-scaled G (r = 0.57; p = 0.006) and VL-
scaled G (r = 0.45 and p = 0.035) were positively correlated with
cartilage thickness, whereas RF-scaled G (r = —0.45 and p = 0.038) was
negatively correlated with cartilage thickness. Additionally, VL-scaled G
was negatively correlated with pain during gait (p = —0.56 and p =
0.007); however, other indicators in the KOA group were not correlated
with cartilage thickness or pain during gait (Table 3).

4. Discussion

In this study, we observed that MVC torque and VL force were lower
in the KOA group than in the control group. In addition, the correlation
analysis of the intra-KOA group showed that female KOA patients who
exerted higher VM and VL force during the 20-Nm knee extension torque
exertion had thicker cartilage, and KOA patients who exerted higher RF
force had thinner cartilage. Additionally, KOA patients who exerted a
higher VL force during the low-load task had lower pain. To the best of
our knowledge, this is the first study to indicate that female KOA pa-
tients have decreased VL force in synergistic muscles, and that the in-
dividual forces of each quadriceps head are related to cartilage
degeneration and pain.

In this study, the test torque during low-load contraction was not
determined as the percentage of MVC torque; instead, it was purposely
set to 20 Nm for all participants for three reasons. First, muscle size-
scaled G could be compared between subjects only when the same ab-
solute torque was exerted, as mentioned in the method section. Second
was that the muscle force required during ADL was determined by task
intensity (Alexander et al., 2021), which is often represented as %
bodyweight or absolute value, not %MVC (Adouni et al., 2012; Crossley
et al., 2012). Third, it is difficult for patients experiencing pain, such as
KOA patients, to exert genuine MVC (Pietrosimone et al., 2011). If KOA
patients did not exert genuine MVC, the comparison of the muscle force
would have been at different relative and absolute levels of intensity
even when the load was set at the same percentage of MVC. In this sit-
uation, it would have been difficult to clarify whether the inter-group
differences in muscle force were due to individual features or the load
amount. The percentage of MVC torque of both groups was not exactly
the same because the KOA group had higher test torque compared to the
control group in this study. Therefore, muscle force must be elucidated
for the same controlled torque, and the constant torque allowed us to
reveal patient-specific force distributions. Before this study, the torque
amount, 20 Nm, was determined to be approximately 20% of the re-
ported maximal knee extension torque (Taniguchi et al., 2015). We
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determined the test torque at approximately 20% MVC because the
torque during low-load contraction set to 20-25% MVC (Crouzier et al.,
2019; Hug et al., 2015a), and RF activated with about 20% MVC activity
during gait (Lee et al., 2017).

The VL force of KOA patients was lower than that of control partic-
ipants, the RF forces of both groups were not different, and the VL force
was negatively correlated with pain, which conflicted with our hy-
pothesis. Additionally, we did not observe any differences in the CSA of
each muscle in both groups. Because pain and swelling of the knee
caused decreased vasti muscle activities during gait, neuromuscular
factors controlling muscle force may be influenced by KOA (Hubley-
Kozey et al., 2006). G, which is correlated with muscle activity, de-
creases muscular pain (Hug et al., 2014; Yoshitake et al., 2014). As such,
arthrogenic muscle inhibition could have influenced muscle force index.
Furthermore, it is possible that we could have determined the reason for
the observed decreased VL force by testing muscle tenderness. Within
the vasti muscles, VM had severe muscle degeneration, such as fatty
infiltration (Taniguchi et al., 2015), and the CSA measured using ul-
trasonography could have been overestimated. Because increased
intramuscular connective and adipose tissues could increase muscle
stiffness (Lee et al., 2015), muscle degeneration might lead to statisti-
cally similar VM force between groups. Based on our results, KOA pa-
tients could have decreased vasti forces, particularly VL force.

Although no differences in CSA were observed between the KOA
group and control group, MVC torque in the KOA group was lower than
that of the control group, supported by previous studies (Taniguchi
et al., 2015). Several studies that measured muscle volume using MRI
reported no difference between KOA patients and asymptomatic older
adults (Beattie et al., 2012; Yamauchi et al., 2019), which supports our
results. However, a study that used ultrasonography to compare the
thickness of each quadriceps muscle showed that the VM was thinner in
KOA patients than in asymptomatic older adults (Taniguchi et al., 2015).
Further studies are needed to determine the site-specific decrease in
muscle size.

The negative correlation observed between cartilage thickness and
RF force supports our hypothesis; however, VM force and VL force were
positively correlated with cartilage thickness. Although this study had a
cross-sectional design and did not assess the causal relationship, we
hypothesize two potential mechanisms to explain these correlations.
First, the high load caused by the muscle force distribution, such as
increased RF force, decreased cartilage thickness. Muscle force is
determined by several biomechanical factors, such as muscle activity
and CSA (Hug et al., 2015b). The distribution of muscle activity during
low-load isometric tasks is similar to that during gait and pedaling
(Crouzier et al., 2019). Increased RF force during gait may cause higher
joint loading (van Veen et al., 2019). If the RF force increases during
knee extension, the hip flexion torque may increase. This additional hip
torque should be compensated by increased activation of the hip
extensor muscles (e.g., hamstrings), and the compensatory activity
would be a factor in increasing the knee stress because the hamstrings
act on the knee joint. Thus, higher joint loading caused by muscle force
distribution might result in more decreased cartilage thickness. Previous
studies have shown that the central nervous system chooses the pattern
of muscle activation to regulate internal joint variables (Alessandro
et al., 2018; Barroso et al., 2019). KOA patients with thinner cartilage
might not choose the force pattern to regulate the internal joint vari-
ables. The second could be that the swelling caused by cartilage
degeneration may inhibit activities of the vasti muscles (Palmieri-Smith
et al., 2007; Wang et al., 2016). Thus, less cartilage thickness might
decrease the vasti force, which may lead to a compensatory increase in
RF force.

Previous studies showed no consensus regarding the relationship
between degeneration and thickness of cartilage and muscle size or
maximal knee extension strength (Amin et al., 2009; Chin et al., 2019;
Culvenor et al., 2019; Tuna et al., 2016). This study shows that these
indicators are not correlated with cartilage thickness, which is in
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agreement with the results of a previous study that reported no rela-
tionship between these indicators and cartilage degeneration (Amin
et al., 2009; Culvenor et al., 2019). Although some previous studies
reported relationships between cartilage thickness and MVC torque
(Chin et al., 2019; Tuna et al., 2016), there were several methodological
differences between these studies and the present study. For example,
there were differences in the measured site and the assessed method for
cartilage degeneration, study design (longitudinal or cross-sectional),
and statistical analysis. Furthermore, subjects' characteristics (such as
gender and with or without KOA) were different from those in the
current study. This could have led to inconsistent results between pre-
vious studies and this study. As previously mentioned, muscle activity
during gait was approximately 20% of the MVC value, and maximal
knee extension strength could not be associated with mechanical stress
of the knee during ADL (Lee et al., 2017; Lim et al., 2009). Considering
the results of the previous study and the present study, maximal knee
extension strength might not be a suitable indicator of cartilage thick-
ness in KOA; however, the individual force of each quadriceps head
during low-load contraction is a meaningful indicator of cartilage
thickness and symptoms of female KOA patients.

We are aware that our research had some limitations. Cartilage
degeneration was defined as cartilage thickness at a specific region of
the medial femur measured using ultrasound with the knee fully flexed.
We focused on the cartilage thickness in ROI because that region
allowed exposure of the weight-bearing femoral cartilage surface
(Okano et al., 2016) and the patients had medial KOA. Although carti-
lage degeneration was often assessed by grading cartilage thickness,
echogenicity, and sharpness (Saarakkala et al., 2012), this study adopted
cartilage thickness as an indicator of cartilage degeneration because we
could assess it objectively and quantitatively. In addition, we used
different ultrasound devices to measure the cartilage thickness in the
control and KOA groups. Next, we could not confirm that the control
group participants did not have KOA. Although the control group par-
ticipants had no pain, at least on the targeted side, some participants had
knee pain on the unmeasured side. Because cartilage thickness is related
to the contralateral knee status, it is possible that early osteoarthritis
with cartilage degeneration could have been included in the control
group (Eckstein et al., 2019). Lastly, as this study included only female
patients with medial KOA, we could not apply the results to other
populations such as men and lateral KOA patients.

5. Conclusions

The female patients in KOA group had lower MVC torque normalized
by body weight and VL force than the female participants in control
group. Additionally, VM and VL forces were positively correlated, and
RF force was negatively correlated with cartilage thickness in the KOA
group. Moreover, a higher VL force during the low-load task was asso-
ciated with lower knee pain. These results suggest that the individual
forces of each quadriceps head in women with KOA could be related to
decreased cartilage thickness and knee pain. Further studies should be
conducted to observe whether individual forces of each quadriceps head
could cause progressive symptoms and cartilage degeneration, and the
results should be evaluated in greater detail.

Funding

This study was funded by the Japan Society for the Promotion of
Science (18H06416).

Declaration of Competing Interest

None.

Clinical Biomechanics 91 (2022) 105546
Acknowledgments

The authors would like to thank Yoshiki Motomura, Takehiro Kato,
and Yumiko Koyama for data collection and Editage (www.editage.jp)
for English language editing.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.clinbiomech.2021.105546.

References

Adouni, M., Shirazi-Adl, A., Shirazi, R., 2012. Computational biodynamics of human
knee joint in gait: from muscle forces to cartilage stresses. J. Biomech. 45,
2149-2156. https://doi.org/10.1016/j.jbiomech.2012.05.040.

Alessandro, C., Rellinger, B.A., Barroso, F.O., Tresch, M.C., 2018. Adaptation after vastus
lateralis denervation in rats demonstrates neural regulation of joint stresses and
strains. Elife 7, 8-10. https://doi.org/10.7554/eLife.38215.

Alexander, N., Schwameder, H., Baker, R., Trinler, U., 2021. Effect of different walking
speeds on joint and muscle force estimation using AnyBody and OpenSim. Gait
Posture 90, 197-203. https://doi.org/10.1016/j.gaitpost.2021.08.026.

Amin, S., Baker, K., Niu, J., Clancy, M., Goggins, J., Guermazi, A., Grigoryan, M.,
Hunter, D.J., Felson, D.T., 2009. Quadriceps strength and the risk of cartilage loss
and symptom progression in knee osteoarthritis. Arthritis Rheum. 60, 189-198.
https://doi.org/10.1002/art.24182.

Barroso, F.O., Alessandro, C., Tresch, M.C., 2019. Adaptation of muscle activation after
patellar loading demonstrates neural control of joint variables. Sci. Rep. 9, 1-12.
https://doi.org/10.1038/541598-019-56888-9.

Beattie, K.A., MacIntyre, N.J., Ramadan, K., Inglis, D., Maly, M.R., 2012. Longitudinal
changes in intermuscular fat volume and quadriceps muscle volume in the thighs of
women with knee osteoarthritis. Arthritis Care Res. 64, 22-29. https://doi.org/
10.1002/acr.20628.

Chang, A.H., Moisio, K.C., Chmiel, J.S., Eckstein, F., Guermazi, A., Prasad, P.V.,
Zhang, Y., Almagor, O., Belisle, L., Hayes, K., Sharma, L., 2015. External knee
adduction and flexion moments during gait and medial tibiofemoral disease
progression in knee osteoarthritis. Osteoarthr. Cartil. 23, 1099-1106. https://doi.
org/10.1016/j.joca.2015.02.005.

Chin, C., Sayre, E.C., Guermazi, A., Nicolaou, S., Esdaile, J.M., Kopec, J., Thorne, A.,
Singer, J., Wong, H., Cibere, J., 2019. Quadriceps weakness and risk of knee
cartilage loss seen on magnetic resonance imaging in a population-based cohort with
knee pain. J. Rheumatol. 46, 198-203. https://doi.org/10.3899/jrheum.170875.

Crossley, K.M., Dorn, T.W., Ozturk, H., van den Noort, J., Schache, A.G., Pandy, M.G.,
2012. Altered hip muscle forces during gait in people with patellofemoral
osteoarthritis. Osteoarthr. Cartil. 20, 1243-1249. https://doi.org/10.1016/j.
joca.2012.07.011.

Crouzier, M., Hug, F., Dorel, S., Deschamps, T., Tucker, K., Lacourpaille, L., 2019. Do
individual differences in the distribution of activation between synergist muscles
reflect individual strategies? Exp. Brain Res. 237, 625-635. https://doi.org/
10.1007/500221-018-5445-6.

Culvenor, A.G., Segal, N.A., Guermazi, A., Roemer, F., Felson, D.T., Nevitt, M.C.,
Lewis, C.E., Stefanik, J.J., 2019. Sex-specific influence of quadriceps weakness on
worsening patellofemoral and tibiofemoral cartilage damage: a prospective cohort
study. Arthritis Care Res. (Hoboken) 71, 1360-1365. https://doi.org/10.1002/
acr.23773.

Dresner, M.A., Rose, G.H., Rossman, P.J., Muthupillai, R., Manduca, A., Ehman, R.L.,
2001. Magnetic resonance elastography of skeletal muscle. J. Magn. Reson. Imaging
13, 269-276. https://doi.org/10.1002/1522-2586(200102)13:2<269::AID-
JMRI1039>3.0.CO;2-1.

Eckstein, F., Collins, J.E., Nevitt, M.C., Lynch, J.A., Kraus, V.B., Katz, J.N., Losina, E.,
Wirth, W., Guermazi, A., Roemer, F.W., Hunter, D.J., 2015. Cartilage thickness
change as an imaging biomarker of knee osteoarthritis progression: data from the
foundation for the national institutes of health osteoarthritis biomarkers consortium.
Arthritis Rheumatol. 67, 3184-3189. https://doi.org/10.1002/art.39324.

Eckstein, F., Maschek, S., Roemer, F.W., Duda, G.N., Sharma, L., Wirth, W., 2019.
Cartilage loss in radiographically normal knees depends on radiographic status of the
contralateral knee - data from the osteoarthritis initiative. Osteoarthr. Cartil. 27,
273-277. https://doi.org/10.1016/j.joca.2018.10.006.

Holla, J.F.M., van der Leeden, M., Roorda, L.D., Bierma-Zeinstra, S.M.A., Damen, J.,
Dekker, J., Steultjens, M.P.M., 2012. Diagnostic accuracy of range of motion
measurements in early symptomatic hip and/or knee osteoarthritis. Arthritis Care
Res. (Hoboken) 64, 59-65. https://doi.org/10.1002/acr.20645.

Hubley-Kozey, C.L., Deluzio, K.J., Landry, S.C., McNutt, J.S., Stanish, W.D., 2006.
Neuromuscular alterations during walking in persons with moderate knee
osteoarthritis. J. Electromyogr. Kinesiol. 16, 365-378. https://doi.org/10.1016/j.
jelekin.2005.07.014.

Hubley-Kozey, C., Deluzio, K., Dunbar, M., 2008. Muscle co-activation patterns during
walking in those with severe knee osteoarthritis. Clin. Biomech. 23, 71-80. https://
doi.org/10.1016/j.clinbiomech.2007.08.019.

Hudelmaier, M., Glaser, C., Englmeier, K.-H., Reiser, M., Putz, R., Eckstein, F., 2003.
Correlation of knee-joint cartilage morphology with muscle cross-sectional areas vs.


http://www.editage.jp
https://doi.org/10.1016/j.clinbiomech.2021.105546
https://doi.org/10.1016/j.clinbiomech.2021.105546
https://doi.org/10.1016/j.jbiomech.2012.05.040
https://doi.org/10.7554/eLife.38215
https://doi.org/10.1016/j.gaitpost.2021.08.026
https://doi.org/10.1002/art.24182
https://doi.org/10.1038/s41598-019-56888-9
https://doi.org/10.1002/acr.20628
https://doi.org/10.1002/acr.20628
https://doi.org/10.1016/j.joca.2015.02.005
https://doi.org/10.1016/j.joca.2015.02.005
https://doi.org/10.3899/jrheum.170875
https://doi.org/10.1016/j.joca.2012.07.011
https://doi.org/10.1016/j.joca.2012.07.011
https://doi.org/10.1007/s00221-018-5445-6
https://doi.org/10.1007/s00221-018-5445-6
https://doi.org/10.1002/acr.23773
https://doi.org/10.1002/acr.23773
https://doi.org/10.1002/1522-2586(200102)13:2<269::AID-JMRI1039>3.0.CO;2-1
https://doi.org/10.1002/1522-2586(200102)13:2<269::AID-JMRI1039>3.0.CO;2-1
https://doi.org/10.1002/art.39324
https://doi.org/10.1016/j.joca.2018.10.006
https://doi.org/10.1002/acr.20645
https://doi.org/10.1016/j.jelekin.2005.07.014
https://doi.org/10.1016/j.jelekin.2005.07.014
https://doi.org/10.1016/j.clinbiomech.2007.08.019
https://doi.org/10.1016/j.clinbiomech.2007.08.019

M. Yagi et al.

anthropometric variables. Anat Rec A Discov Mol Cell Evol Biol 270, 175-184.
https://doi.org/10.1002/ar.a.10001.

Hug, F., Tucker, K., 2017. Muscle coordination and the development of musculoskeletal
disorders. Exerc. Sport Sci. Rev. 45, 201-208. https://doi.org/10.1249/
JES.0000000000000122.

Hug, F., Hodges, P.W., Hoorn, W.v.d, Tucker, K., 2014. Between-muscle differences in
the adaptation to experimental pain. J. Appl. Physiol. 117, 1132-1140. https://doi.
org/10.1152/japplphysiol.00561.2014.

Hug, F., Goupille, C., Baum, D., Raiteri, B.J., Hodges, P.W., Tucker, K., 2015a. Nature of
the coupling between neural drive and force-generating capacity in the human
quadriceps muscle. Proc. Biol. Sci. 282, 20151908. https://doi.org/10.1098/
rspb.2015.1908.

Hug, F., Tucker, K., Gennisson, J.-L., Tanter, M., Nordez, A., 2015b. Elastography for
muscle biomechanics: toward the estimation of individual muscle force. Exerc. Sport
Sci. Rev. 43, 125-133. https://doi.org/10.1249/JES.0000000000000049.

Krishnan, C., Theuerkauf, P., 2015. Effect of knee angle on quadriceps strength and
activation after anterior cruciate ligament reconstruction. J. Appl. Physiol. 119,
223-231. https://doi.org/10.1152/japplphysiol.01044.2014.

Lee, S.S.M., Spear, S., Rymer, W.Z., 2015. Quantifying changes in material properties of
stroke-impaired muscle. Clin. Biomech. 30, 269-275. https://doi.org/10.1016/j.
clinbiomech.2015.01.004.

Lee, S.-H., Lee, H.-J., Chang, W.H., Choi, B.-O., Lee, J., Kim, J., Ryu, G.-H., Kim, Y.-H.,
2017. Gait performance and foot pressure distribution during wearable robot-
assisted gait in elderly adults. J. Neuroeng. Rehabil. 14, 123. https://doi.org/
10.1186/512984-017-0333-z.

Lewis, C.L., Sahrmann, S.A., Moran, D.W., 2007. Anterior hip joint force increases with
hip extension, decreased gluteal force, or decreased iliopsoas force. J. Biomech. 40,
3725-3731. https://doi.org/10.1016/j.jbiomech.2007.06.024.

Lim, B.-W., Kemp, G., Metcalf, B., Wrigley, T.V., Bennell, K.L., Crossley, K.M., Hinman, R.
S., 2009. The association of quadriceps strength with the knee adduction moment in
medial knee osteoarthritis. Arthritis Rheum. 61, 451-458. https://doi.org/10.1002/
art.24278.

Maden-Wilkinson, T.M., Degens, H., Jones, D.A., McPhee, J.S., 2013. Comparison of MRI
and DXA to measure muscle size and age-related atrophy in thigh muscles.

J. Musculoskelet. Neuronal Interact. 13, 320-328. https://doi.org/10.1176/appi.
Ps.640704.

Okano, T., Filippucci, E., Di Carlo, M., Draghessi, A., Carotti, M., Salaffi, F., Wright, G.,
Grassi, W., 2016. Ultrasonographic evaluation of joint damage in knee osteoarthritis:
feature-specific comparisons with conventional radiography. Rheumatology
(Oxford) 55, 2040-2049. https://doi.org/10.1093/rheumatology/kew304.

Palmieri-Smith, R.M., Kreinbrink, J., Ashton-Miller, J.A., Wojtys, E.M., 2007. Quadriceps
inhibition induced by an experimental knee joint effusion affects knee joint
mechanics during a single-legged drop landing. Am. J. Sports Med. 35, 1269-1275.
https://doi.org/10.1177/0363546506296417.

Peters, P.G., Herbenick, M.A., Anloague, P.A., Markert, R.J., Rubino, L.J., 2011. Knee
range of motion: reliability and agreement of 3 measurement methods. Am. J.
Orthop. (Belle Mead. NJ) 40, E249-E252.

Pietrosimone, B.G., Hertel, J., Ingersoll, C.D., Hart, J.M., Saliba, S.A., 2011. Voluntary
quadriceps activation deficits in patients with tibiofemoral osteoarthritis: a meta-
analysis. PM R 3, 153-162 quiz 162. https://doi.org/10.1016/j.pmrj.2010.07.485.

Saarakkala, S., Waris, P., Waris, V., Tarkiainen, I., Karvanen, E., Aarnio, J., Koski, J.M.,
2012. Diagnostic performance of knee ultrasonography for detecting degenerative

Clinical Biomechanics 91 (2022) 105546

changes of articular cartilage. Osteoarthr. Cartil. 20, 376-381. https://doi.org/
10.1016/j.joca.2012.01.016.

Schmitz, R.J., Wang, H.M., Polprasert, D.R., Kraft, R.A., Pietrosimone, B.G., 2017.
Evaluation of knee cartilage thickness: a comparison between ultrasound and
magnetic resonance imaging methods. Knee 24, 217-223. https://doi.org/10.1016/
j-knee.2016.10.004.

Scuderi, G.R., Bourne, R.B., Noble, P.C., Benjamin, J.B., Lonner, J.H., Scott, W.N., 2012.
The new knee society knee scoring system. Clin. Orthop. Relat. Res. 470, 3-19.
https://doi.org/10.1007/511999-011-2135-0.

Taniguchi, M., Fukumoto, Y., Kobayashi, M., Kawasaki, T., Maegawa, S., Ibuki, S.,
Ichihashi, N., 2015. Quantity and quality of the lower extremity muscles in women
with knee osteoarthritis. Ultrasound Med. Biol. 41, 2567-2574. https://doi.org/
10.1016/j.ultrasmedbio.2015.05.014.

Tikkanen, O., Sipild, S., Kuula, A.S., Pesola, A., Haakana, P., Finni, T., 2016. Muscle
activity during daily life in the older people. Aging Clin. Exp. Res. 28, 713-720.
https://doi.org/10.1007/540520-015-0482-5.

Tuna, S., Balci, N., Ozcakar, L., Balci, N., Ozcakar, L., 2016. The relationship between
femoral cartilage thickness and muscle strength in knee osteoarthritis. Clin.
Rheumatol. 35, 2073-2077. https://doi.org/10.1007/s10067-016-3271-4.

van Veen, B., Montefiori, E., Modenese, L., Mazza, C., Viceconti, M., 2019. Muscle
recruitment strategies can reduce joint loading during level walking. J. Biomech.
109368 https://doi.org/10.1016/j.jbiomech.2019.109368.

Vérbakken, K., Loras, H., Nilsson, K.G., Engdal, M., Stensdotter, A.K., 2019. Relative
difference in muscle strength between patients with knee osteoarthritis and healthy
controls when tested bilaterally and joint-inclusive: an exploratory cross-sectional
study. BMC Musculoskelet. Disord. 20, 593. https://doi.org/10.1186/512891-019-
2957-6.

Wang, X., Blizzard, L., Halliday, A., Han, W., Jin, X., Cicuttini, F., Jones, G., Ding, C.,
2016. Association between MRI-detected knee joint regional effusion-synovitis and
structural changes in older adults: a cohort study. Ann. Rheum. Dis. 75, 519-525.
https://doi.org/10.1136/annrheumdis-2014-206676.

Wirth, W., Hunter, D.J., Nevitt, M.C., Sharma, L., Kwoh, C.K., Ladel, C., Eckstein, F.,
2017. Predictive and concurrent validity of cartilage thickness change as a marker of
knee osteoarthritis progression: data from the osteoarthritis initiative. Osteoarthr.
Cartil. 25, 2063-2071. https://doi.org/10.1016/j.joca.2017.08.005.

Yagi, M., Tateuchi, H., Umehara, J., Motomura, Y., Hirono, T., Nojiri, S., Pataky, T.C.,
Ichihashi, N., 2020. Muscle size-scaled shear elastic modulus: a muscle force index
independent of maximal voluntary contraction, assessed during elbow extension.
J. Biomech. 112, 110049. https://doi.org/10.1016/j.jbiomech.2020.110049.

Yamauchi, K., Suzuki, S., Kato, C., Kato, T., 2019. Atrophy of individual thigh muscles
measured by MRI in older adults with knee osteoarthritis: a cross-sectional study.
Ann. Phys. Rehabil. Med. 1-8. https://doi.org/10.1016/j.rehab.2019.06.018.

Yoshimura, N., Muraki, S., Oka, H., Mabuchi, A., En-Yo, Y., Yoshida, M., Saika, A.,
Yoshida, H., Suzuki, T., Yamamoto, S., Ishibashi, H., Kawaguchi, H., Nakamura, K.,
Akune, T., 2009. Prevalence of knee osteoarthritis, lumbar spondylosis, and
osteoporosis in Japanese men and women: the research on osteoarthritis/
osteoporosis against disability study. J. Bone Miner. Metab. 27, 620-628. https://
doi.org/10.1007/5s00774-009-0080-8.

Yoshitake, Y., Takai, Y., Kanehisa, H., Shinohara, M., 2014. Muscle shear modulus
measured with ultrasound shear-wave elastography across a wide range of
contraction intensity. Muscle Nerve 50, 103-113. https://doi.org/10.1002/
mus.24104.


https://doi.org/10.1002/ar.a.10001
https://doi.org/10.1249/JES.0000000000000122
https://doi.org/10.1249/JES.0000000000000122
https://doi.org/10.1152/japplphysiol.00561.2014
https://doi.org/10.1152/japplphysiol.00561.2014
https://doi.org/10.1098/rspb.2015.1908
https://doi.org/10.1098/rspb.2015.1908
https://doi.org/10.1249/JES.0000000000000049
https://doi.org/10.1152/japplphysiol.01044.2014
https://doi.org/10.1016/j.clinbiomech.2015.01.004
https://doi.org/10.1016/j.clinbiomech.2015.01.004
https://doi.org/10.1186/s12984-017-0333-z
https://doi.org/10.1186/s12984-017-0333-z
https://doi.org/10.1016/j.jbiomech.2007.06.024
https://doi.org/10.1002/art.24278
https://doi.org/10.1002/art.24278
https://doi.org/10.1176/appi.ps.640704
https://doi.org/10.1176/appi.ps.640704
https://doi.org/10.1093/rheumatology/kew304
https://doi.org/10.1177/0363546506296417
http://refhub.elsevier.com/S0268-0033(21)00276-X/rf0155
http://refhub.elsevier.com/S0268-0033(21)00276-X/rf0155
http://refhub.elsevier.com/S0268-0033(21)00276-X/rf0155
https://doi.org/10.1016/j.pmrj.2010.07.485
https://doi.org/10.1016/j.joca.2012.01.016
https://doi.org/10.1016/j.joca.2012.01.016
https://doi.org/10.1016/j.knee.2016.10.004
https://doi.org/10.1016/j.knee.2016.10.004
https://doi.org/10.1007/s11999-011-2135-0
https://doi.org/10.1016/j.ultrasmedbio.2015.05.014
https://doi.org/10.1016/j.ultrasmedbio.2015.05.014
https://doi.org/10.1007/s40520-015-0482-5
https://doi.org/10.1007/s10067-016-3271-4
https://doi.org/10.1016/j.jbiomech.2019.109368
https://doi.org/10.1186/s12891-019-2957-6
https://doi.org/10.1186/s12891-019-2957-6
https://doi.org/10.1136/annrheumdis-2014-206676
https://doi.org/10.1016/j.joca.2017.08.005
https://doi.org/10.1016/j.jbiomech.2020.110049
https://doi.org/10.1016/j.rehab.2019.06.018
https://doi.org/10.1007/s00774-009-0080-8
https://doi.org/10.1007/s00774-009-0080-8
https://doi.org/10.1002/mus.24104
https://doi.org/10.1002/mus.24104

	Relationship between individual forces of each quadriceps head during low-load knee extension and cartilage thickness and k ...
	1 Introduction
	2 Methods
	2.1 Participants
	2.2 Experimental procedures
	2.3 Measured variables
	2.3.1 Cartilage thickness of the medial femur
	2.3.2 Muscle cross-sectional area
	2.3.3 Maximal knee extension strength
	2.3.4 Muscle force index
	2.3.5 The knee society score and pain during gait
	2.3.6 Passive range of motion

	2.4 Data analysis

	3 Results
	4 Discussion
	5 Conclusions
	Funding
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supplementary data
	References


