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Abstract

This study aimed to compare the effect of the load of the upper limb on the stiffness
of supraspinatus muscle regions during isometric shoulder abduction in the scapular
plane in healthy individuals and patients with a rotator cuff tear. Thirteen male
patients were scheduled for arthroscopic rotator cuff repair, and 13 healthy male
individuals were recruited. The movement task involved 30° isometric shoulder
abduction in the scapular plane. The tasks included passive abduction, abduction with
half-weight of the upper limb (1/2-weight), and full weight of the upper limb (full-
weight). The stiffness of the supraspinatus muscle (anterior superficial, anterior deep,
posterior superficial, and posterior deep regions) was recorded using ultrasound
shear-wave elastography. The stiffness of the anterior superficial region on the
affected side was significantly lower than that on the control side for the 1/2-weight
and full-weight tasks. The stiffness of the anterior deep, posterior superficial, and
posterior deep regions was not affected. This is the first study that investigated the
mechanical effects of different loads on different supraspinatus muscle regions in
rotator cuff tear patients. Our results indicate that the anterior superficial region in
rotator cuff tear patients was mainly responsible for reduced active stiffness. This
might be because this region contributes to force exertion and exhibits atrophy in
rotator cuff tears. Hence, the anterior superficial region could be a focal point of
quantitative dysfunction evaluation of the supraspinatus muscle in the case of a rota-

tor cuff tear.
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et al., 2010). The supraspinatus (SSP) is one of the four components

of the rotator cuff, and this muscle is most affected by age-associated

A rotator cuff tear (RCT) is one of the most common disorders of the
shoulder, especially in the middle-aged and elderly population. Yama-
moto et al. (2010) reported that the prevalence of RCT was 20.7%

and increased with age (Minagawa et al, 2013; Yamamoto

degenerative changes (Nobuhara, 2003) due to the mechanical stress
under the acromion and the low blood flow around the SSP tendon.
The treatment for RCT patients is applied physical therapy. As the

rehabilitation therapy for RCT patients requires accurate evaluation
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and treatment of the SSP muscle dysfunction, it is important to under-
stand the details of the SSP muscle function.

The SSP muscle in healthy individuals produces shoulder abduc-
tion torque in the scapular and coronal planes and acts to pull the
humerus head into the glenoid fossa (Ackland et al., 2008; Alpert
et al., 2000; Graichen et al., 2000; Hughes & An, 1996; Liu
etal.,, 1997; Otis et al., 1994). RCT patients, on the other hand, experi-
ence SSP muscle atrophy (Hata et al., 2005; Kim et al., 2013; Meyer
et al., 2005; Thomazeau et al., 1996). Kim et al. (2013) showed that
the pennation angle of the SSP muscle was significantly smaller in
RCT patients than in healthy individuals under relaxed and contracted
conditions. The decrease in the pennation angle might be associated
with muscle atrophy. Therefore, the SSP muscle in RCT patients might
produce a lower shoulder abduction torque in the scapular plane due
to SSP muscle atrophy as well as torn SSP muscle and tendon unit
junction. However, the effect of RCT on the shoulder abduction tor-
que in the scapular plane produced by the SSP muscle remains
unclear. The SSP muscle is divided into anterior and posterior regions,
and these regions have different architectures (Kim et al, 2007,
2010). Kim et al. (2007, 2010) demonstrated that the SSP muscle vol-
ume and fiber bundle length in the anterior region were larger than
those in the posterior region. Therefore, the SSP muscle of the ante-
rior region contributes more toward generating an active stiffness and
pulling the humerus head into the glenoid fossa than the SSP muscle
of the posterior region (Kim et al., 2010). Thus, different regions of
the SSP muscle might contribute variably to the shoulder abduction in
the scapular plane.

The functional characteristics of the SSP muscle have been exam-
ined in previous studies mainly using electromyography (EMG) (Alpert
et al., 2000; Hawkes et al, 2012; Inman et al., 1996; Kronberg
et al., 1990; Sakaki et al., 2013). As the measurements are performed
using intramuscular fine-wire electrodes, the number of motor units
that can be assessed in the same muscle is limited. As a result, the
integrated value of EMG may not accurately reflect the true activity
of the muscle region. Furthermore, the penetration of the wire elec-
trode, though very localized, is invasive to the skin and muscles
(Basmajian & Luca, 1985). In addition, pain is induced when the
cathelin needle penetrates the skin. Therefore, the electromyographic
method has limited value in estimating the active stiffness of each
SSP muscle region in vivo.

On the other hand, previous studies suggest that the active stiff-
ness of a muscle can be estimated using ultrasound shear-wave
elastography (SWE). Bouillard et al. (2011) showed that the muscle
stiffness more accurately estimates muscle force than muscle activity.
More importantly, the evaluation method is painless and non-invasive.
Hence, the evaluation of muscle stiffness during joint movement may
be more useful in estimating the muscle force rather than the EMG.
SWE has been reported as an effective evaluation method of skeletal
muscle stiffness (Bouillard et al., 2011). As the muscle stiffness mea-
sured by SWE has a very high correlation with the muscle force in the
dorsal interosseous muscle, abductor digiti minimi, biceps brachii, and
tibialis anterior, SWE is effective in the evaluation of force exertion
2012; Yoshitake

(Bouillard et al., 2011; Lacourpaille et al,
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et al., 2014). Additionally, recent studies have shown that the assess-
ment of the SSP muscle using SWE has high intra-examiner reliability
(Baumer & Davis, 2017; Hatta et al., 2015).

Therefore, it is possible to determine whether each region con-
tributes to active stiffness during shoulder abduction in the scapular
plane by examining the change in stiffness for each region of the SSP
muscle using SWE.

This study aimed to compare the effect of upper loads on the
stiffness of the SSP muscle regions during isometric shoulder abduc-
tion in the scapular plane in RCT patients and in healthy individuals.

The hypothesis is that the SSP muscle regions on the tear side
may have reduced force transmission during the shoulder abduction
in the scapular plane. Therefore, the change in SSP stiffness from the
resting phase to muscle contraction is expected to be less on the
affected side as compared with that on the unaffected side and in
healthy individuals. Additionally, the SSP muscle of the anterior region
is anticipated to have a greater change in stiffness from the resting
phase to muscle contraction because it contributes more toward gen-
erating active stiffness than the SSP muscle of the posterior region.

2 | MATERIALS AND METHODS

21 | Participants

The study protocol was approved by the appropriate ethics commit-
tee boards. Informed consent was obtained from all participants. The
sample size was analyzed using power analysis software (G* Power
ver 3.1, Institute of Experimental Psychology, Heinrich Heine Univer-
sity). Thirteen male patients scheduled for arthroscopic rotator cuff
repair and 13 healthy male individuals were recruited. Results of the
calculation were effect size 0.4, significance level 0.05, and power 0.8.
The required sample size was 9. The exclusion criteria for RCT cases
included the following: (i) a history of surgery on the ipsilateral and
contralateral shoulder joints; (ii) RCT in the contralateral shoulder
joint; (iii) osteoarthritis changes in the shoulder joint; (iv) torn sub-
scapularis muscle; (v) neuromuscular disease or rheumatism;
(vi) contracture in the shoulder joint; and (vii) inability to perform 30°
shoulder isometric abduction in the scapular plane. Exclusion criteria
for the healthy adult men were (i) orthopedic and neurologic disease,
and (i) a history of upper limb complaints or other musculoskeletal
problems.

An experienced physician made the diagnosis of RCT based on
magnetic resonance imaging and arthroscopic findings and assessed
the contralateral side using ultrasound to confirm the absence of RCT,
pain, or restricted movement. The degree of atrophy and the amount
of fatty degeneration in the SSP muscle bellies was assessed on sagit-
tal T1 images and was graded from O to 4 using the Goutallier classifi-
cation (Goutallier et al., 1994). RCT size was assessed based on the
largest dimension and was graded as small (<1 cm), medium (1-3 cm),
large (3-5 cm), or massive (=5 cm) (Cofield et al., 2001). Four patients
had small RCTs; nine patients had medium RCTs. Furthermore, three

patients had superficial partial-thickness injury and ten patients had a
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full-thickness injury. Eight patients were classified as Goutallier grade
0 and five patients as Goutallier grade 1. All patients with RCTs had
chronic SSP tears only. The time from initial symptoms to imaging was
398.1 + 546.9 days. RCT was on the dominant shoulder in 46.1%
(6 of 13) of the patients. We measured the dominant shoulder in
53.8% (7 of 13) of healthy individuals. There was no difference in age,
height, weight, or percentage of dominant shoulder measurement

between the two groups.

2.2 | Experimental protocol

Each participant was seated with the elbow joint of the affected arm
extended and the thumb pointing upward and in the direction of
shoulder elevation. Movement tasks included 30° shoulder isometric
abduction in the scapular plane and maximal voluntary isometric con-
traction (MVIC) of shoulder abduction in the scapular plane. We mea-
sured the MVIC to assess the maximum muscle strength during the
movement task. For RCT patients, shoulders on both the affected and
unaffected sides were measured. On the other hand, for healthy indi-
viduals, shoulders chosen to match the percentage of RCT patients'
dominant hand measurements were measured.

The movement tasks included passive abduction, abduction with
the half-weight of the upper limb (1/2-weight), and abduction with
the full weight of the upper limb (full-weight). Each movement task
was performed twice using a custom-made device (Uchida Systems
Co., Ltd., Tokyo, Japan) (Figure 1) that could set the shoulder joint
angle. The angle of the cuff was set to 30° in the scapular plane using
a goniometer (Tokyo university type; Matsuyoshi & Co., Ltd.). A force
sensor (Mobie MT-100; Sakai Medical Co., Ltd., Tokyo, Japan)
attached to the cuff of the device measured the weight of the upper
limb. The weight of the upper limb determined the weight obtained
by the force sensor when the measurement-side upper limb was
relaxed by aligning the center of the elbow joint with the force sensor
at the center of the cuff (Figure 2) (Suzuki et al., 2000). As a result, the
weight of the measurement-side upper limb was 9.1 £ 1.4 N and the
1/2-weight of the measurement-side upper limb was 4.6 + 1.7 N. The
weight of the measurement-side upper limb was measured during 30°
shoulder isometric abduction in the scapular plane. The data obtained
by the force sensor were displayed on the monitor in real-time, and
the participants were instructed to adjust to the target weight by
looking at the readouts from the monitor during the movement task.
Each movement task was performed twice randomly, with at least

30 s of rest between the tasks to eliminate the effects of fatigue.

23 | INSTRUMENTATION

2.3.1 | Muscle stiffness
The stiffness of the SSP muscle was recorded using SWE (AixPlorer
ver. 6; MSK mode, SuperSonic Imagine Co., Ltd., Aix-en-Provence,

France) with a linear array probe (50 mm, 4-15 MHz).

force sensor

FIGURE 1 Measurement position. Participants were seated with
their elbow joint extended and thumb pointed in the direction of
vertical shoulder elevation. Each exercise task was performed using a
custom-made device. The data obtained by the force sensor were
displayed on a monitor in real-time, where the participant could
visually confirm the load

The SSP muscle was divided into four regions according to
muscle fiber orientation [anterior superficial (AS), anterior deep
(AD), posterior superficial (PS), and posterior deep (PD) regions]
(Hatta et al., 2015; Itoigawa et al., 2015) (Figure 3). The location of
the probe was marked with permanent ink after securing the
clearest image (Taniguchi et al., 2015). The muscle stiffness was
also measured. An acoustic gel was used as an interface between
the probe and skin for all imaging, with the probe being held gently
over the skin without pressure on the tissues underneath
(Taniguchi et al., 2015).

The stiffness data of the SSP muscles were calculated using
an analysis program (Q-Box) installed in the SWE system. Local
shear-wave propagation velocity (c) distribution in the longitudi-
nal direction of the muscle was visualized at 1 Hz as a color-coded
map (1 x 1 mm? spatial resolution) superimposed on the longitu-
dinal B-mode image. For each region of interest (RO,
15 x 15 mm? in each muscle fascicular area), Young's modulus (E)
was calculated as E = 3qc?, where the density (g) was assumed to
be constant (1000 kg/m®) in human soft tissues. A larger shear-
wave velocity (SWV) indicated greater Young's modulus and stiff-
ness (Ates et al., 2015; Yavuz et al., 2015). Within the ROI, three
circular areas (diameter 3-7 mm), which encompassed each



SAKAKI ET AL.

CLNICAL _ WILEY- L~

force sensor

FIGURE 2 A force sensor attached to the cuff. A force sensor
attached to the cuff of the device measured the weight of the upper
limb. The weight of the upper limb determined the weight obtained
by the force sensor when the measurement-side upper limb was
relaxed by aligning the center of the elbow joint with the force sensor
at the center of the cuff

muscle region, were selected (Figure 4). The SWV in the selected
circular areas (in m/s) was calculated using Q-Box. The mean value
of the two measurements for each muscle region was used for the
statistical analyses.

2.3.2 | Electromyography

We expected muscle activation to be absent during the passive move-
ment task. In order to corroborate this expected finding, electrodes
were placed in the middle deltoid (MD) muscle to obtain EMG signals
for muscle activity. The MD muscle was reported to contribute to
shoulder abduction in the scapular plane (Ackland et al., 2008; Alpert
et al., 2000; Liu et al., 1997); therefore, we selected it as a test muscle.
EMG signals from the MD muscle were recorded using active surface
electrodes. The electrodes were placed on the intersection of the cen-
ter of the anterior deltoid muscle and the posterior deltoid muscle and
the intersection of the center of the acromion and the deltoid tuber-
osity in the shoulder neutral position (Sakaki et al., 2013). Electrode
specifications used in this study were as follows: frequency response,
5-500 Hz; amplification, differential; inter-electrode distance, 12 mm;

contact sensors, two 10 x 6 mm silver bars; preamplifier gain,

scapular spine

a: Anterior region b: Posterior region

FIGURE 3 Probe position. The ultrasound probe was first placed
perpendicularly to the skin surface in the middle of the spine of the
scapula, in the mediolateral direction, and between the clavicle and
scapular spine in the anteroposterior direction to identify the proper
orientation of the intramuscular tendon (start position). The probe
was then rotated either clockwise (a) or counter-clockwise (b) from
the start position until the muscle region displayed in the B-mode
ultrasound screen reached its maximal length. When the shear-wave
elastography images were collected in each quadrant, the orientation
of the probe was fine-tuned by inclining it sagittally within £20° until
the muscle fiber length in the B-mode image of that quadrant was
maximal

500-fold; input impedance, >200 MQ; and common-mode rejection
ratio, >110 dB. The signals from the EMG system were sampled at
2000 Hz using an analog-to-digital converter (Power Lab; AD Instru-
ments Co., Ltd., Melbourne, Victoria, Australia) and stored on a per-
sonal computer using Chart 5.3 software (LabChartTM ver. 7; AD
Instruments Co., Ltd, Australia) (Kato
etal., 2019).

First, the electrode attachment site on the MD muscle was identi-

Melbourne, Victoria,

fied. Next, prior to attachment, the skin was shaved, abraded, and
cleaned with alcohol. The skin surface was also polished with a skin
pretreatment agent for stable electrode contact (Skin Pure; Nihon
Kohden Co., Ltd., Tokyo, Japan). Next, participants performed shoul-
der abduction movement in the sitting position to record MVIC of the
MD muscle. The participant was instructed to produce muscular con-
traction gradually in 2 s, sustained MVIC for 5 s, and then relax gradu-
ally for 2 s. The MVIC was recorded after a total of two MVICs were
performed.

The EMG signals were high-pass filtered at a cutoff frequency
of 20 Hz (Kato et al., 2019) and full wave-rectified. To calculate
the root mean square (RMS) during each trial, the data of each trial
were standardized as the average value for 1 s with the MVIC as
100% (%RMS). The trials in which the EMG data exceeded >2% or
more of the MVIC were excluded from the analysis (Le Sant
etal., 2015).



SAKAKI ET AL.

ANATOMY \

(@)

Intramuscular
tendon

Circular
region

Anterior deep | -

Anterior region

| Medial o o
~r-‘ ‘_.‘s-aﬂc..——-—r'r*s-ss —

Posterior superficial

-_ROI

Circular
region

Intramuscular
tendon

Posterior region

FIGURE 4 Analysis of images of the supraspinatus (SSP) muscle. The left and right figures show a B-mode image for the anterior (a) and

posterior (b) regions of the SSP muscle, respectively. The anterior and posterior regions were further divided into superficial (pink) and deep (blue)
regions bounded by the intramuscular tendon, with the superficial region being the one superior to the intramuscular tendon and the deep region
inferior to it. Within the above region of interest (ROI), three circular areas of 3-7 mm in diameter, which encompassed each muscle region, were

selected

2.3.3 | Muscle strength

The maximum shoulder abduction strength in the scapular plane was
measured to determine the maximum muscle strength during the
movement task. We measured muscle strength in order to quantify
the loss of muscle function due to RCT, and also for its strong correla-
tion to active stiffness (Bouillard et al., 2011). Muscle strength was
measured during the 30° shoulder isometric abduction in the scapular
plane and recorded using a force sensor (Mobie MT-100; Sakai Medi-
cal Co., Ltd., Tokyo, Japan). We measured muscle strength simulta-
neously with muscle activity. The mean of the two muscle strength

measurements was used for statistical analysis.

24 | Statistical analysis

All statistical analyses were performed using IBM SPSS Statistics
for Windows, version 21.0 (SPSS Inc., Chicago, IL, USA). The
repeatability of shear modulus measurements within a session was
examined using the intraclass correlation coefficient (ICC). Repeat-
ability was assumed to be good if ICC >0.75, moderate if ICC was
0.50-0.75, and poor if ICC <0.50, using previously established
criteria (Portney & Watkins, 2019). Non-parametric tests were
used in this study because the stiffness data of each muscle region
and muscle strength were partially non-normally distributed, and
the sample size was not large. The Mann-Whitney test was used
to compare the age, height, and weight in each group. Further, the

chi-square test was used to assess the percentage of the dominant

shoulder side. Friedman with Dunn's post hoc test was used to
compare the SWV of each muscle region and MVIC between
groups (Hatta et al., 2016; Kato et al., 2021). The level of signifi-
cance was set at 5% for all tests, and data are presented as mean
and standard deviation in the text and mean and standard error in
the figures.

3 | RESULTS

Participants were recruited from November 14 to December 1, 2017.
In expectation of losses to follow-up, we recruited 26 participants in
total. Three of the RCT patients were excluded from the analysis
because one patient had a torn subscapularis muscle and two patients
could not perform 30° shoulder isometric abduction in the scapular
plane. As a result, we analyzed 10 RCT patients (age: 62.6 £ 9.0 years,
height: 165.9 + 6.6 cm, body mass: 68.3 + 7.6 kg) and 13 healthy indi-
viduals (age: 55.9 + 8.8 years, height: 169.2 + 6.8 cm, body mass:
68.1 + 6.4 kg).

3.1 | Intraclass correlation coefficient, muscle
activity, muscle strength

Good intrasession reliability (ICC > 0.75) was found for the shear
modulus measured in the anterior region of the SSP muscle
[ICC = 0.98, 95% confidence interval (Cl): 0.93-0.99] and the poste-
rior region of the SSP muscle (ICC = 0.98, 95% Cl: 0.94-0.99).
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The %RMS of the affected MD muscle was 1.3% * 0.1% and that
of the unaffected and control MD muscle was 1.0% + 0.1%.

Muscle strength on the affected side was significantly lower than
that on the control side (control: 332.94 + 186.08 Nm; affected:
126.46 + 68.89 Nm; p = 0.04) (Figure 5).

3.2 | Shear-wave velocity

The SWV of the AS on the affected side was significantly lower than
that on the control side during the 1/2-weight (control: 4.05
+ 1.10 m/s; affected: 2.64 + 1.17 m/s; p = 0.04) and full-weight tasks
4.60 +1.13 m/s; affected: 2.70+1.18 m/s; p = 0.04)

(Figure 6a). Additionally, there was no significant difference in the

(control:

SWV of AS during the passive movement task. There was no signifi-
cant difference in the SWV of all regions between the unaffected
sides and controls in all tasks.

There was no significant difference in the SWV of the AD, PS,
and PD between groups (Figures 6b and 7).

4 | DISCUSSION

In this study, we showed that in comparison to the AS on the control
side, the SWV of the AS on the affected side was 1.41 m/s (34.72%)
and 1.90 m/s (41.27%) lower for the 1/2-weight task and full-weight
task, respectively. While several previous studies reported a change in
stiffness during passive shoulder joint movement in cadavers, RCT
patients, and healthy participants (Baumer & Dischler, 2017; Hatta
et al.,, 2015; Itoigawa et al., 2015), few studies have examined the
stiffness of the SSP muscle during active shoulder joint movement in
RCT patients (Baumer & Dischler, 2017). Furthermore, to the best of
our knowledge, this is the first study that investigated the mechanical
effects of different loads on different regions of the SSP muscle in
RCT patients.

(Nm) %
400 1 '
300 - [ Affected
. Unaffected
2001 Control
I
100 1
* p<0.05
0
FIGURE 5 The maximum shoulder abduction strength in the

scapular plane. The muscle strength on the affected side was
significantly lower than that on the control side
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The reproducibility of the shear modulus measurements in the
SSP muscle was good; the ICC was well above 0.75 (0.93-0.99). The
reliability of the SSP muscle measurements using SWE had been
investigated in several studies (Baumer & Davis, 2017; Hatta
et al., 2015). Hatta et al. (2015) demonstrated that all the regions of
the SSP muscle in vitro had high measurement reliability, with the
intra-observer ICC values of >0.83. Moreover, Baumer & Davis (2017)
showed that SWE imaging of the SSP muscle in vivo had high reliabil-
ity, with intra-observer ICC values of >0.99. Collectively, the repro-
ducibility of the present shear modulus measurements performed in
our study was consistent with most of the current literature.

The %RMS of MD muscle during the passive movement task was
approximately 1.0% on the affected, unaffected, and control sides.
Our %RMS values were below the 2% reported in a previous study
(Le Sant et al., 2015). While the previous study (Le Sant et al., 2015)
recruited healthy subjects, our study recruited RCT patients. The %
RMS could exceed 2% as the RCT patients did not demonstrate MVIC.
It was, therefore, recognized that the MD muscle activity was barely
significant during the passive movement task.

The maximum shoulder abduction strength in the scapular plane
on the affected side was 206.49 Nm (62.02%), lower than that on the
control side. In addition, our results indicate that mainly the active
stiffness of the affected AS decreased compared with that of other
SSP muscle regions. Mendias et al. (2015) identified that the SSP mus-
cle in patients with RCT had a striking deficit specifically in the force
production of the residual muscle fibers, structural abnormalities in
the architecture of muscle contractile proteins and abnormalities in
the shape of mitochondria surrounding lipid droplets. Moreover, Ward
et al. (2010) reported that the muscle mass and length were lower,
sarcomere length was shorter, and sarcomere number was reduced in
the rat model of the SSP tear. Regarding the muscle fiber-specific
characteristics of the SSP muscle, Kim et al. (2007, 2010) suggested
that the SSP muscle of the anterior region contributed more toward
generating active stiffness and pulling the humerus head into the
glenoid fossa than the SSP muscle of the posterior region. Further-
more, Meyer et al. (2005) showed that the superficial region of the
SSP muscle contributed far more to muscle atrophy than the deep
region. Therefore, the AS in RCT is primarily responsible for the
reduced active stiffness because the AS contributes to the production
of the shoulder abduction torque in the scapular plane, and the AS in
RCT undergoes greater atrophy in comparison to other SSP muscle
regions.

The present SWE results indicate that the active stiffness of the
AS decreased more than that of the other SSP muscle regions in the
RCT patients. Therefore, it is important to avoid overloading the AS;
instead, the focus should be shifted to strengthening the other rotator
cuff and shoulder muscles. To construct a physical therapy program
for each SSP muscle region, however, it is necessary to investigate the
active stiffness of each SSP muscle region during various movement
tasks.

This study has three main limitations. First, the location and size
of the RCT differed between patients; thus, the real-life results may
deviate from the findings derived from this study depending on the
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FIGURE 6 Shear wave velocity (SWV) for the anterior superficial (a) and deep (b) regions of the supraspinatus (SSP) muscle. The left and right

graphs show the SWV for the anterior superficial (AS) (A) and anterior deep (AD) (B) regions of the SSP muscle, respectively. The SWV of the AS
on the affected side was significantly lower than that of AS on the control side during the 1/2-weight and full-weight tasks. Additionally, there
was no significant difference in the SWV of AS during the passive movement task. There was no significant difference in the SWV of the AD. n.s.,

not significant
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Shear wave velocity (SWV) for the posterior superficial (a) and deep (b) regions of supraspinatus (SSP) muscle. The left and right

graphs show the SWV of the posterior superficial (PS) (a) and posterior deep (PD) (b) regions of the SSP muscle, respectively. There was no

significant difference in the SWV of the PS and PD. n.s., not significant

tear position, tear size, tear morphology, and continuity of the muscle-
tendon tissue. It is, therefore, necessary to investigate the effects of
the structure of the SSP tendon on muscle stiffness in the future. Sec-
ond, the measurements were performed in only one limb position. In
this study, the stiffness was measured by 30° shoulder isometric
abduction in the scapular plane, which is frequently used for the eval-
uation and treatment of the SSP muscle. We could perform measure-
ments with almost no pain because the measurement position in the

scapular plane is the more comfortable limb position. However, the

shoulder joint is a free joint, and it is assumed that the SSP muscle
contributes to other movement directions. For future studies, it will
be necessary to measure the changes in the stiffness of the SSP mus-
cle as applied to other directions of shoulder movement. Third, the
direct relationship between the change in stiffness of the SSP muscle
and the active stiffness of the SSP muscle has not been explored. The
relationship between the active stiffness and elasticity has been
proven for the biceps brachii muscle, which is near the shoulder joint,

as well as the dorsal interosseous and tibialis anterior muscles, which
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are the pennate muscles similar to the SSP muscle (Bouillard
et al.,, 2011; Lacourpaille et al., 2012; Yoshitake et al., 2014). There-
fore, it is reasonable to evaluate the force exertion of the SSP muscle,
which has similar muscle morphology and high intra-observer reliabil-
ity. The stiffness of the SSP muscle has been examined in recent years
(Baumer & Dischler, 2017; Ishikawa et al., 2015). In the future, it will
be necessary to verify the direct relationship between the change in
stiffness of the SSP muscle and the active force of the SSP muscle.

In conclusion, the SWYV of the AS on the affected side was signifi-
cantly lower than that on the control side during the 1/2-weight and
full-weight tasks. Based on our findings, the active stiffness of the AS
in RCT may be primarily reduced during the isometric shoulder abduc-
tion in the scapular plane. Hence, the AS should be the focal point
when quantitatively evaluating the dysfunction of the SSP muscle in
the case of RCT. In the future, it will be necessary to study the active
stiffness of each SSP muscle region during various movement tasks to

construct appropriate physical therapy treatment programs.
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