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New technique for MR elastography of the supraspinatus muscle

Abstract

Magnetic resonance elastography (MRE) can measure tissue stiffness quantitatively and
noninvasively. Supraspinatus muscle injury is a significant problem among throwing athletes. The
purpose of this study was to develop an MRE technique for application to the supraspinatus-muscle
by using a conventional magnetic resonance imaging (MRI). MRE acquisitions were performed with
a gradient-echo type multi-echo MR sequence at 100 Hz pneumatic vibration. A custom-designed
vibration pad was used as a pneumatic transducer in order to adapt to individual shoulder shapes. In a
gradient-echo type multi-echo MR sequence, without motion encoding gradient (MEG) that
synchronizes with vibrations, bipolar readout gradient lobes achieved a similar function to MEG
(MEG-like effect). In other words, a dedicated MRE sequence (built-in MEG) is not always necessary
for MRE. In this study, 7 healthy volunteers underwent MRE. We investigated the effects of direction
of the MEG-like effect and selected imaging planes on the patterns of wave propagation (wave image).
The results indicated that wave images showed clear wave propagation on a condition that the direction
of the MEG-like effect was nearly perpendicular to the long axis of the supraspinatus-muscle, and that
the imaging plane was superior to the proximal supraspinatus-muscle. This limited condition might be
ascribed to specific features of fibers in the supraspinatus—-muscle and wave reflection from the
boundaries of the supraspinous fossa. The mean stiffness of the supraspinatus muscle was 10.6 + 3.18
kPa. Our results demonstrated that using MRE, our method can be applied to the supraspinatus muscle

by using conventional MRI.

Keywords: MR elastography; Shoulder; Supraspinatus; Muscle; Muscle fiber; Stiffnes

1. Introduction

Palpation and biopsies remain the fundamental clinical tools to diagnose abnormal stiffness changes

in soft tissue. Palpation is a non-invasive technique; however, it is subjective, and detecting stiffhess

changes is impossible in all tissues, for example, deep or small tissues. Biopsies are an invasive

technique, and may impose a high burden on patients. With that in mind, elastography was developed
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using ultrasound [1,2] and magnetic resonance imaging (MRI) [3]. These techniques are noninvasive,
and provide quantitative information on tissue stiffness.

Elastography using MR, i.e., MR elastography (MRE), uses harmonic mechanical excitation to
measure mechanical properties such as shear modulus (or stiffness) of tissues [3,4]. MRE allows
measurement of mechanical properties of both superficial and deep tissues only if vibrations reach
these tissues. In MRE, imaging pulse sequence synchronizes with the harmonic mechanical excitation.
Tissue displacements due to vibrations are encoded into an MR phase image (wave image) by using
bipolar gradient lobes (motion-encoding gradient: MEG). Recoded wave images are converted into
the shear stiffness value by a variety of processing techniques [5]. In recent years, MRE has been
increasingly used to measure the mechanical properties of tissues in vivo, such as the brain [4-6],
breast [4,5,7], liver [4,8,9], prostate [10,11], and skeletal muscles [4,5,12-15].

Mechanical properties of skeletal muscles are strongly affected by various pathologic and
physiologic states. Skeletal muscle MRE can provide quantitative information on the mechanical
properties of pathologic and physiologic states, for example, contractile [4,5,12,13], diseased and
damaged states [16,17]. Previous studies have reported that shear wave displacements were induced
primarily perpendicular to the muscle fibers [5,18] because of the anisotropy of the muscle. Moreover,
other previous studies have demonstrated that shear wave velocity depends on the direction of wave
propagation to the muscle fibers [19,20]. MRE allows visualization of tissue displacements due to
vibrations in the MEG direction. Therefore, selection of the MEG direction is a very important
parameter in skeletal muscle MRE.

Shoulder injuries are significant problems among throwing athletes (those who play baseball,
volleyball, tennis, etc.). In particular, rotator cuff injuries often occur. Rotator cuff tears usually initiate
at the anterosuperior portion of the supraspinatus muscle and extend posteriorly [21]. After a tear of
the supraspinatus tendon, the musculotendinous unit refracts permanently, undergoes the muscle
atrophies and fatty infiltration, and loses elasticity [22]. Hence, the evaluating the stiffness of the
supraspinatus muscle could assist the diagnosis and for examination of the effect of treatments relating
to rotator cuff tears. However -t is difficult to palpate the supraspinatus muscle because it is difficult
to determine their anatomic location superficially. In the rotator cuff, palpating the subscapular muscle

is also difficult. Many previous studies have assessed an increase in T2 relaxation time (T2) as an
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indicator of muscle damages after exercise [23-25]. Yanagisawa et al. [26] also reported that an
increase in T2 in the supraspinatus muscle was greater than that in the subscapular muscle after
baseball pitching. Hence, the supraspinatus muscle is likely to be more susceptible to damages
compared to the subscapular muscle in throwing athletes. For these reasons, stiffness measurement of
the supraspinatus muscle using MRE would be required for clinical diagnosis.

The purpose of this study was to develop an MRE technique to be applied to the supraspinatus muscle.
We used a conventional gradient-echo type multi-echo MR sequence developed by Numano et al. [15]
in order to conduct an MRE of the supraspinatus muscle using a conventional MRI. Andrea et al. [27]
measured the stiffness of the supraspinatus muscle using ultrasound elastography. However, it is
difficult to measure the absolute values of stiffness in this method. As far as we know, only one
previous study evaluated stiffness of the shoulder muscle using MRE [14], in which only the
infraspinatus muscle was evaluated. This is the first study to apply MRE to the supraspinatus muscle.
However, there are 3 problems with the application of MRE to the supraspinatus muscle. First, the
supraspinatus muscle has a morphologically complex structure and is one of the uni-circumpennate
muscles with an intramuscular tendon. Second, the supraspinatus muscle is located in the supraspinous
fossa. Therefore, the propagating wave in the supraspinatus muscle is distorted by reflection from the
boundary between the SPP muscle and the supraspinous fossa. Third, shoulder shape differs greatly
across individuals. It is difficult for the driver of excitation to be placed in the same position regardless
of shoulder shapes. To resolve these problems, we developed a new MRE technique that could be

applied to the supraspinatus muscle.

2. Materials and methods

2.1. Participants

Seven healthy volunteers (7 men, age range: 20-42 years) were enrolled in this MRE study. All

volunteer studies were performed after obtaining informed consent from the participants and after

receiving approval from our institutional ethnic review board.
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2.2. Experimental setup

All MRI and MRE experiments were performed on a clinical MR imager (Achieva 3.0T; Philips
Healthcare, Best, The Netherlands) while using a shoulder coil with the subject in the supine position.
We instructed the volunteers to relax during imaging, but did not instruct them to take specific body
positions, for example, flexing and stretching the elbow joint. A self-made waveform generation
system (LabVIEW, USB-6221; National Instruments, TX, USA) was used to generate the vibration
waveform. In order to synchronize the vibration with TR, the transistor-transistor logic (TTL) signal
from the MRI system (RF pulse power amplifier) was used as a trigger to start the vibration. This
system was capable of generating sinusoidal waveforms with arbitrary frequencies and phases. In this
MRE system, the vibration phase offset was controlled by the waveform generator, giving continuous
(steady state) vibrations throughout the whole acquisition (each imaging period). A power amplifier
(XTi 1000; Crown, IN USA) and a pneumatic pressure generator (Subwoofer TIT320C-4 12”; Dayton
Audio, OH, USA) were used to supply vibrations to a vibration pad (Fig. 1a) through a hose. The
vibration pad was designed by using a three-dimensional (3D) printer (3Dtouch; 3D System, SC, USA)
in order to adapt to individual shoulder shapes.

Fig. 1b-d shows an MRE setup. The vibration pad was placed over the trapezius muscle on the
proximal side of the supraspinatus muscle-and was secured using Velcro straps and an auxiliary tool
which was designed by using a 3D printer. In addition, a silicon sheet was placed between the vibration
pad and the skin on the trapezius muscle. The silicon sheet plays an important role as a substitute for
the vibration membrane and prevents air from leaking through the interstices between the vibration

pad and the skin on the trapezius muscle.

2.3. MR elastography and anatomical MRI

MRE acquisitions were performed with a gradient-echo type multi-echo MR sequence and axial
images of the supraspinatus muscle were obtained. In a gradient-echo type multi-echo MR sequence,
multiple symmetrical gradient-echoes were acquired by the symmetrical bipolar readout gradient lobes.

If those gradient lobes are synchronized with vibrations, they have a similar function to MEG (MEG-
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like effect). This synchronization can be easily achieved by adjusting the period of bipolar readout
gradient lobes and the gap between the first and next echo (8TE) of a multi-echo sequence. If the 6TE
is synchronized with the vibration frequency, the readout gradient lobes have maximum MEG-like
effect. Moreover, the later generated echo has greater MEG-like effect (1st echo < 2nd echo < 3rd
echo, etc.). A gradient-echo type multi-echo MR sequence has 2 benefits. First, multiple gradient-
echoes are useful to reduce the acquisition time of MRI or MRE. Second, a multi-echo MR sequence
acquires images with different weightings and/or TEs and is used to obtain various images without
increasing the acquisition time. However, it is impossible to detect the vibration perpendicular to the
imaging plane because the motion-encoding direction depends on the readout gradient direction.
Further details have been described in the study by Numano et al”.

We conducted MRE of the supraspinatus muscle at 100 Hz vibration, and it was synchronized with
5 ms of 6TE. The 100 Hz vibration frequency was chosen as a tradeoff between penetration depth and
resolution of the stiffness of the supraspinatus muscle. The MR phase images (wave images) were
recoeded with the following parameters: 256x256 acquisition matrix, 8 number of averages, 2 SENSE
reduction factor, 20° flip angle, 170-180 mm field of view, 5 mm slice thickness, 2.3 ms 1st TE, 7.3
ms 2nd TE, 12.3 ms 3rd TE, 20 ms repetition time, and 80 s total acquisition time (4 vibration phase
offsets). In the case of the first echo data, wave images represented unclear wave propagation in the
supraspinatus muscle because MEG-like effect is not enough to visualize wave propagation. In the
case of the second and third echo data, wave images represented clear wave propagation in the
supraspinatus muscle because MEG-like effect is enough to visualize wave propagation. The third
echo data were affected by transverse relaxation compared with that of the second echo data. Hence,
this study used the second echo data. Moreover, in this method, the MEG-like effect, and its direction
were determined by the readout gradient intensity and the readout direction, respectively. For
investigating changes in wave images by the direction of the MEG-like effect, the wave images were
obtained for each angle of rotation of the readout direction with regard to the long axis of the
supraspinatus muscle (readout-angle) from 0-150°, with a 30° step (Fig. 2a). The readout-angle
rotation was achieved by rotating the imaging plane (Fig. 2b). The readout gradient intensity (MEG-
like effect) was kept constant by maintaining the field of view and acquisition matrix constant in each

readout-angle. Moreover, the MEG-like effect can resolve vector components of the MEG-like effect



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28
29

New technique for MR elastography of the supraspinatus muscle

perpendicular (perpendicular-MEG-like effect) and parallel (parallel-MEG-like effect) to the long axis
of the supraspinatus muscle (Fig. 2c).

A series of oblique coronal and sagittal proton-density-weighted images of the supraspinatus muscle
were acquired with a Turbo Spin Echo MRI sequence. The acquired data were used as a reference for
muscle shape to accurately obtain the wave images. Mashhour et al. [13] reported that the pattern of
the wave image changed by the angle of the selected imaging plane in the thigh muscles. In this study,
the wave images were obtained for 4 imaging planes (Fig. 3). Each imaging plane was determined by
the following procedure: First, the baseline was determined based on 2 thickest lines of the
intramuscular tendon on an oblique coronal image. Second, imaging planes were set parallel to the
baseline on the oblique coronal image. Finally, imaging planes were set at the superior (imaging plane:
IP#1 and IP #3) or inferior portion (IP #2 and IP #4) on the proximal side of the supraspinatus muscle

on an oblique sagittal image.

2.4. Image processing and data analysis

All wave images were processed by a phase unwrapping and a Gaussian spatial filter (MRE/Wave,
MAYO CLINIC) after extracting the supraspinatus muscle from raw data. The region of interest
(ROI) was set along the inner surface of the proximal side of the supraspinatus muscle and a profile
was drawn along the shear wave propagation in the proximal side of the supraspinatus muscle. The
ROI were used to measure the mean amplitude value (MAV) of the propagating shear wave in the
supraspinatus muscle (supraspinatus-MAV) by using the amplitude images (MRE/Wave, MAYO
CLINIC). On the other hand, the profile was used to measure the wavelengths, and the average value
(obtained 4 offsets) was recorded. The wavelengths were calculated from half-wavelength that
propagated clear wave on the wave image. Assuming that the supraspinatus muscle was linearly elastic,
isotropic, homogeneous, and incompressible, the shear modulus (), which represented the local
elasticity, was calculated using following equation:

w=pfi ()
where p is the supraspinatus muscle density (=1 g/cmd), f is the frequency and / is the wavelength.

There are 2 reasons for setting the ROI and profile to the proximal side of the supraspinatus muscle.
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The first reason is to evaluate the amplitude and the stiffness in the region of the small attenuation of
vibrations. In this method, the vibration pad was placed over the trapezius muscle on the proximal side
of the supraspinatus muscle. The vibrations may not propagate sufficiently to the distal side of the
supraspinatus muscle because the vibrations attenuate at deeper tissues. The second reason is to
evaluate the amplitude and the stiffness in the region that does not include the intramuscular tendon.
In the proximal side of the supraspinatus muscle, an influence by the intramuscular tendon may be
less because the intramuscular tendon is anatomically located on the distal side of the supraspinatus

muscle.

3. Results

Fig. 4 shows the wave images, which were obtained for each readout-angle from 0-150°, from one
volunteer. Chroma of the wave images indicates the amplitude of the propagating shear wave in the
supraspinatus muscle. In the case of 30-150° readout-angles (Fig. 4b-f), the wave images represented
a similar pattern and clear wave propagation especially for near 90° readout-angle in the proximal side
of the supraspinatus muscle. In the case of 0° readout-angle (Fig. 4a), the wave images were unclear
in the proximal side of the supraspinatus muscle. Moreover, in all readout-angles, the wave was
divided into 2 separate waves in the anterior and posterior portions of the supraspinatus muscle, as the
wave propagated from the proximal to distal sides of the supraspinatus muscle (Fig. 4g).

Fig. 5 shows the change in mean relative supraspinatus-MAV (n = 7) and the relative perpendicular-
MEG-like effect, normalized with those of the 90° readout-angle, as a function of the readout-angle.
Both increased when the readout-angle increased between 0° and 90°, and decreased when the readout-
angle increased between 90° and 150°. This result showed a correlation between the supraspinatus-
MAV and the perpendicular-MEG-like effect. However, the mean relative supraspinatus-MAYV in a
large readout-angle (120° and 150°) showed a tendency for larger standard deviations compared with
those in the small readout-angle (30° and 60°).

Fig. 6 shows wave images obtained for each volunteer in 90° readout-angle. It was found that the
direction of the wave propagation with regard to the long axis of the supraspinatus muscle was

different for each volunteer.
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Fig. 7 shows wave images, which were obtained for each imaging plane, from one volunteer in 90°
readout-angle. When the imaging planes were set at the superior portion of the proximal side of the
supraspinatus muscle (imaging plane: IP #1 and IP #3), most of the wave images represented clear
wave propagation. When the imaging planes were set at the inferior portion of the proximal side of
the supraspinatus muscle (IP#2 and IP #4), some wave images represented unclear wave propagation.
Thus, supraspinatus muscle stiffness was evaluated in IP #1, because wave images represented clear
wave propagation and the supraspinatus muscle was depicted widely. The mean stiffness value of the

supraspinatus muscle (n = 7) was 10.6 + 3.17 (mean £ SD) kPa.

4. Discussion

The purpose of this study was to develop an MRE technique to be applied to the supraspinatus muscle
using a conventional MRI. This MRE technique successfully enabled clear wave propagation on the
proximal side of the supraspinatus muscle on a condition that the readout-angle was near 90° and the
imaging planes were #1 and #3 (superior portion). This paper discusses this condition (the readout-

angle and the imaging plane) and this study limitation.

4.1. Readout-angle

In our data, we found that the pattern of the wave images was different in 30-150° and 0° readout-
angle on the proximal side of the supraspinatus muscle (Fig. 4). When the readout-angle was 30-150°,
there was an arbitrary perpendicular-MEG-like effect. The perpendicular-MEG-like effect sensitizes
wave displacements perpendicular to the long axis of the supraspinatus muscle. On the other hand,
when the readout-angle was 0°, there was only a parallel-MEG-like effect. The parallel-MEG-like
effect sensitizes wave displacements parallel to the long axis of the supraspinatus muscle. In the
proximal side of the supraspinatus muscle, it is thus assumed that the wave images in the 30-150° and
0° readout-angle represented wave displacements perpendicular and parallel to the long axis of the
supraspinatus muscle, respectively. However, in the case of 30° and 150° readout-angles, the parallel-

MEG-like effect was stronger than the perpendicular-MEG-like effect. A possible explanation for this
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result is that wave displacements were induced mainly perpendicular to the long axis of the
supraspinatus muscle on the proximal side of the supraspinatus muscle. Morphologically, the
supraspinatus muscle is one of the uni-circumpennate muscles, in which the muscle fibers are
diagonal to the long axis of the muscle. Previous studies have indicated that shear wave displacements
were induced primarily perpendicular to the muscle fibers. On the proximal side of the supraspinatus
muscle, the fiber orientation is closely parallel to the long axis of the supraspinatus muscle. Therefore,
on the proximal side of the supraspinatus muscle, wave displacements might be induced mainly
perpendicular to the long axis of the supraspinatus muscle.

It is known that fiber orientation differs between the anterior and posterior portions of the
supraspinatus muscle due to the presence of the intramuscular tendon on the distal side of the
supraspinatus muscle. In this study, wave images showed a single wave propagation on the proximal
side of the supraspinatus muscle. This finding suggests that the anterior and posterior portions of the
supraspinatus muscle work as a unit on the proximal side. On the other hand, on the distal side of the
supraspinatus muscle, the wave images represented 2 separate wave propagation in the anterior and
posterior portions of the supraspinatus muscle, suggesting that the intramuscular tendon between the
anterior and posterior portions of the supraspinatus muscle divided the wave propagation. The fiber
orientation and the wavelength are simpler on the proximal side compared with that on the distal side
of the supraspinatus muscle. Therefore, measuring stiffness might be easier on the proximal side than
on the distal side of the supraspinatus muscle.

The study indicated that the supraspinatus-MAV was correlated with the perpendicular-MEG-like
effect (Fig. 5). If this correlation is complete, the supraspinatus-MAV should be same in 30° and 150°
readout-angle, 60° and 120° readout-angle, respectively. However, in the case of 120° and 150°
readout-angles, the mean relative supraspinatus-MAV showed a large standard deviation. Debernard
et al. [18] demonstrated that the direction of the wave propagation changed depending on the muscle
fibers in MRE. In our data, the direction of the wave propagation to the long axis of the supraspinatus
muscle was different for each volunteer (Fig. 6). Therefore, the readout-angle showing the largest
supraspinatus-MAV might be different for each individual. If the largest supraspinatus-MAV is not
obtained at the 90° readout-angle, the supraspinatus-MAV would be different between the 30° and

150° readout-angle, and between 60° and 120° readout-angle, respectively. The large standard

10
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deviation of the supraspinatus-MAV might be because the muscle fibers direction varies across

individuals.

4.2. Imaging planes and stiffness

The supraspinatus muscle is located in the supraspinous fossa. Therefore, the inferior portion of the
supraspinatus muscle could be affected by the reflection from the boundaries of the supraspinous fossa
compared with that of the superior portion. Accordingly, some wave images might represent unclear
wave propagation in the imaging planes #2 and #4 (inferior portion). Alternatively, it may be radically
difficult for the wave to propagate in the inferior portion of the supraspinatus muscle because of the
muscle architecture. The stiffness value of the supraspinatus muscle also indicated a large standard
deviation. Previous studies have demonstrated that the stiffness of skeletal muscles varied based on
the pathologic and physiologic states, vibration frequency [14], and fiber orientation [12]. In addition,
we did not instruct the volunteers to take body positions, for example, flexing and stretching the elbow

joint during imaging. Therefore, the muscle stiffness value may vary even among healthy volunteers.

4.3. Study limitations

First, this study used a small sample size. For evaluating the large variability of the amplitude and
the stiffness of the supraspinatus muscle, further studies with larger sample size are required. Second,
we could not observe the wave images derived from MEG-like effect perpendicular to the imaging
planes. Third, used vibration frequency was only 100 Hz. A higher frequency would provide higher
resolution of the stiffness due to a short wavelength. In the 100 Hz vibration, the resolution was
sufficient to estimate the stiffness from the overall supraspinatus muscle; however, the resolution was
barely sufficient to estimate the stiffness from the proximal supraspinatus muscle. If the stiffness of
the supraspinatus muscle is evaluated on the proximal side, a higher frequency may be required to

obtain higher resolution of the stiffness.

5. Conclusions

11
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We demonstrated that it is possible to apply MRE to the supraspinatus muscle. Our study findings
revealed that wave images showed clear wave propagation on the following conditions: readout-angle
was near 90° while the imaging plane was located at the superior portion of the proximal side of the
supraspinatus muscle (IP #1 and IP #3). We also recommend that the stiffness of the supraspinatus
muscle should be measured at the proximal side.

In addition, MRE with this technique could be one of the routine MRI examinations at the shoulder
(T2-weighted image, proton-density-weighted image, etc.) using a clinical shoulder coil. Moreover, a
gradient-echo type multi-echo MR sequence can be used in most of the clinical MR imagers. A
dedicated MRE sequence (built-in MEG) is not always necessary for MRE. If a wireless
synchronization vibration system is used [28,29], MRE of the supraspinatus muscle can be performed
by a conventional MRI.

MRE can provide quantitative information on the mechanical properties. This MRE technique could
be useful for the diagnosis and for examination of the effect of treatments, such as a tear of the

supraspinatus muscle.
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Figure Legends

Fig. 1. a: Avibration pad designed using a 3D printer (size, W5cmx D5 cm x H 2.5 cm). b: Position

of the vibration pad. ¢, d: Anterior and posterior views after the vibration pad was fixed on the

volunteers.

Fig. 2. Length and direction of green thick arrows indicate the readout gradient intensity (MEG-like

effect) and the readout direction (direction of MEG-like effect), respectively. MRE was conducted for

15



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

New technique for MR elastography of the supraspinatus muscle

each readout-angle from 0-150° (a). The readout-angle rotation was achieved by rotating the imaging
plane (b, ¢). The green arrows had the same length in each readout-angle because the MEG-like effect
was the same. The red solid and blue dashed arrows indicate the perpendicular-MEG-like effect and

parallel-MEG-like effect, respectively.

Fig. 3. Two thickest lines of the intramuscular tendon were selected as the baseline on a coronal
magnitude image. Imaging planes were set parallel to the baseline, and superior/inferior portion of the

proximal side of the supraspinatus muscle.

Fig. 4. a-f: Each image shows magnitude image overlaid with the wave image. Length and direction
of green thick arrows indicate MEG-like effect and the direction of MEG-like effect, respectively. The
red solid and blue dashed arrows also indicate perpendicular-MEG-like effect and parallel-MEG-like
effect, respectively. g: Magnified image of Fig. 5d. In the distal side of the supraspinatus muscle, the

wave was divided into two in the anterior and posterior portions (the yellow arrows).

Fig. 5. Mean relative supraspinatus-MAV (normalized with the supraspinatus-MAV of 90° readout-
angle) and perpendicular-MEG-like effect (normalized with the perpendicular MEG-like effect of 90°
readout-angle). Both increased when the readout-angle increased between 0° and 90°, and decreased

when the readout-angle increased between 90° and 150°. Error bars show standard deviations.

Fig. 6. Each image shows magnitude image overlaid with the wave image. The white solid and dashed
lines indicate the direction of the wave propagation and the long axis direction of the supraspinatus

muscle, respectively. Both lines were inscribed in manually.

Fig. 7. a: Magnitude image obtained for each imaging plane (IP #1-4). b: Each image shows magnitude

image overlaid with the wave image. c: Representation of wave propagation along the profile on the

imaging plane #1 (IP #1).
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Silicon sheet

Fig. 1. a: A vibration pad designed using a 3D printer (size,
W5cm X D5cm X H 2.5 cm). b: Position of the vibration
pad. c, d: Anterior and posterior views after the vibration pad

was fixed on the volunteers.
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Fig. 2. Length and direction of green thick arrows indicate the readout gradient intensity (MEG-like
effect) and the readout direction (direction of MEG-like effect), respectively. MRE was conducted
for each readout-angle from 0-150° (a). The readout-angle rotation was achieved by rotating the
imaging plane (b, c). The green arrows had the same length in each readout-angle because the MEG-
like effect was the same. The red solid and blue dashed arrows indicate the perpendicular-MEG-like
effect and parallel-MEG-like effect, respectively.
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Fig. 4. a-f: Each image shows magnitude image overlaid with the wave image. Length and
direction of green thick arrows indicate MEG-like effect and the direction of MEG-like effect,
respectively. The red solid and blue dashed arrows also indicate perpendicular-MEG-like effect

and parallel-MEG-like effect, respectively. g: Magnified image of Fig. 5d. In the distal side of
the supraspinatus muscle, the wave was divided into two in the anterior and posterior portions

(the yellow arrows).
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Fig. 5. Mean relative supraspinatus-MAV (normalized with the supraspinatus-MAV
of 90° readout-angle) and perpendicular-MEG-like effect (normalized with the
perpendicular MEG-like effect of 90° readout-angle). Both increased when the
readout-angle increased between 0°and 90°, and decreased when the readout-angle
increased between 90°and 150°. Error bars show standard deviations.
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Fig. 6. Each image shows magnitude image overlaid with the wave image. The
white solid and dashed lines indicate the direction of the wave propagation and
the long axis direction of the supraspinatus muscle, respectively. Both lines were
inscribed in manually.
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Fig. 7. a: Magnitude image obtained for each imaging plane (IP #1-4). b: Each
image shows magnitude image overlaid with the wave image. c: Representation
of wave propagation along the profile on the imaging plane #1 (IP #1).
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