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Background: A torn rotator cuff muscle deteriorates over time leading with an increase in muscle at-
rophy and fatty infiltration. There are several clinical assessments for evaluating the atrophy of the torn
supraspinatus muscle. However, it is unclear which approach can more accurately estimate the activity of
the torn supraspinatus muscle. The purpose of this study was to determine which magnetic resonance
imagingebased muscle atrophy imaging assessment currently implemented in the clinical setting
accurately estimates the activity of the torn supraspinatus muscle.
Methods: Forty patients who were diagnosed with a rotator cuff tear and were candidates for repairs
were selected for this study. Cross-sectional area, occupation ratio, and tangent sign were analyzed on
T1-weighted oblique sagittal plane magnetic resonance images in which the scapular spine leads to the
Y-section. Muscle belly ratio of the supraspinatus muscle was analyzed by calculating the ratio of the
width of the muscle belly to the distance from the greater tubercle to the proximal end of the muscle on
T1-weighted coronal plane magnetic resonance imaging images. Fatty infiltration was evaluated using
the Goutallier classification system. Tear size was obtained intraoperatively by measuring the width and
length of the tear and classified based on the Cofield’s classification. To assess activity of the torn
supraspinatus muscle, participants were first instructed to sit on a chair with the affected arm resting on
a table and the shoulder abducted to 60� in the scapular plane with neutral rotation. Elasticity of the
supraspinatus muscle belly was then obtained at rest and during isometric contraction using with real-
time tissue elastography. Muscle activity, a surrogate for contractility, was defined as the difference
between the elasticities measured at rest and during isometric contraction. A stepwise multiple
regression analysis was used to investigate independent factors, such as sex, tear width, cross-sectional
area, occupation ratio, tangent sign, and muscle belly ratio, related to muscle activity.
Results: Stepwise multiple regression analysis (R2 ¼ 0.522, P < .001) revealed that supraspinatus muscle
activity was significantly correlated with muscle belly ratio (b ¼ 0.306, P ¼ .044) and Goutallier stage
(b ¼ �0.490, P ¼ .002).
Conclusion: Estimations of muscle belly ratio are most suitable for assessing the activity of a torn
supraspinatus muscle compared to other clinical measurements.

© 2023 The Authors. Published by Elsevier Inc. on behalf of American Shoulder and Elbow Surgeons.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
1,13,20,23,29
A torn rotator cuff muscle deteriorates over time leading to an
increase in muscle atrophy and fatty infiltration.4,8,13,18,27,35

Rotator cuff muscle atrophy negatively influences clinical
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arability of torn rotator cuff tendons and outcomes of conservative
management and surgical treatment. There are several assessments
for evaluating the atrophy of the torn supraspinatus muscle using
magnetic resonance imaging (MRI).15,18,21,22,27,35 Cross-sectional
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T1-weighted oblique sagittal-plane MRI images in the Y-view. On
the other hand, muscle belly ratio, first defined by Nakagaki
et al,21,22 describes the ratio of thewidth of themuscle belly and the
distance from the greater tuberosity to the proximal end of the
muscle on T1-weighted coronal plane MRI images. However, it is
unclear which atrophy assessment approach is the most suitable
for estimating the activity of a torn supraspinatus muscle.

Real-time tissue elastography (RTE) has been widely used to
assess muscle contractile activity.11,12,17,19,31-34 This technique al-
lows for noninvasive estimations of tissue elasticity during muscle
contraction, as a surrogate for activity, by measuring strain wave
propagation within the tissue. Previous studies have implemented
RTE presurgical and postsurgical repair of torn supraspinatus ten-
dons to evaluate muscle contractility showing excellent reliability
and determining the feasibility of contractility as a predictor for
muscle quality and function.11,32,33 Therefore, the purpose of this
study was to determine which muscle atrophy imaging assessment
using MRI accurately estimates the activity of the supraspinatus
muscle with a torn tendon measured by RTE.

Materials and methods

Participants

Between September 2021 and March 2022, 40 patients (mean
age 64.3 ± 8.8 years; 33 males and 7 females) who underwent
arthroscopic rotator cuff repair were included in this study after
approval from our Ethics Committee (Yoshioka Hospital, study no.
YHTIB-2020-011). A written informed consent to participate in this
study was obtained from all patients. The inclusion criteria con-
sisted of patients with known full-thickness rotator cuff tears who
underwent arthroscopic rotator cuff repair. Patients with a history
of previous shoulder surgery and supraspinatus muscle with fatty
infiltration classified as Goutallier stage 4 were excluded due to
substantial muscle fatty infiltration and not being able to acquire
reliable data from RTE measurements in these types of tissues.
Width and length of the tears were intraoperatively measured, and
tear size was classified based on the Cofield’s classification system.2

Muscle atrophy and fatty infiltration assessments

MRI was performed the day before surgery to assess muscle
atrophy and fatty infiltration using a 1.5-T scanner (Vantage M-
Power [Ver.3.0], Canon Medical Systems, Tochigi, Japan). Evalua-
tions were performed using T1-weighted images (repetition time:
450 ms, echo time: 12 ms, field of view: 16� 16 cm, slice thickness:
5 mm in the oblique coronal plane and 6 mm in oblique sagittal
plane). Cross-sectional area, occupation ratio, and tangent sign
were analyzed on T1-weighted oblique sagittal plane images in
which the scapular spine leads to the Y-section (the most lateral
image onwhich the scapular spine is still in contact with the rest of
the scapula).18,27,35 Cross-sectional area was measured by outlining
the supraspinatus muscle belly by hand using ImageJ (ImageJ;
National Institutes of Health, Bethesda, MD, USA) (Fig. 1A).26

Occupation ratio was measured by calculating the ratio of the
cross-sectional area of the supraspinatus muscle belly to the
scapula fossa (Fig. 1B). Tangent sign was analyzed by drawing a
cross line through the superior borders of the scapular spine and
the superior margin of the coracoid. A positive tangent sign indi-
cating muscle atrophy was considered if the supraspinatus muscle
belly did not intersect the line connecting the tip of the coracoid to
the superior aspect of the scapular spine. Muscle belly ratio of the
supraspinatus muscle was analyzed by calculating the ratio of the
width of the muscle belly to the distance from the greater tubercle
to the proximal end of the muscle on the T1-weighted oblique
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coronal plane (Fig. 1C).21,22 Fatty infiltration of the supraspinatus
muscle was evaluated on the sagittal Y-section of the magnetic
resonance images and classified using the Goutallier stage.4,7,8

Muscle contractility measurements

RTE measurements were performed on the day before surgery
to assess muscle contractility of the torn supraspinatus muscle by
one examiner (K.H.) who is trained in musculoskeletal ultraso-
nography. A diagnostic ultrasound system (Noblus; Hitachi-Aloka
Medical Japan, Tokyo, Japan) with a linear array probe (L-64;
Hitachi-Aloka Medical Japan) combined with an acoustic coupler
(EZU- TECPL1; Hitachi-Aloka Medical Japan: 22.6 ± 2.2 kPa) was
used to obtain the measurements. Briefly, the patient was first
instructed to sit on a chair with the affected arm resting on a table
and then the shoulder was abducted to 60� in the scapula plane
(scaption) in a neutral rotation (Fig. 2). The anterior-middle sub-
region of the supraspinatus, as determined by Kim,14 was scanned
to obtain the longitudinal axial B-mode images, and elastography
images were obtained by performing cyclic manual compression
with the probe (Fig. 3). RTE evaluations were performed with the
muscle at rest and during contraction consisting on the patient
holding the affected arm against gravity for 5 seconds. After
continuous scanning, 3 random images at rest and contractionwere
selected to calculate mean ± standard deviation (SD). Elasticity
from the anterior-middle subregion of the supraspinatus muscle
was calculated as the strain ratio (SR), which describes the relative
value in reference to the stiffness of the acoustic coupler. Two SR
values were defined: SR value at rest and SR value at contraction.
Because the former is an indicator of the muscle elasticity at rest,
while the latter represents the sum of muscle elasticity at rest and
the elasticity produced by contraction, we defined the difference
between SR value at rest and SR value at contraction as the muscle
activity reflecting muscle contractility.17,31-34

Statistical analysis

IBM SPSS Statistics, version 24.0 (IBM Corp., Armonk, NY, USA)
was used for all statistical analyses. Intraclass correlation coeffi-
cient (ICC1,3; one-way random-effects, absolute agreement, multi-
ple measurements) was implemented to evaluate intrarater
reliability of the 3 RTE images obtained from the torn supraspinatus
muscle at 60� scaption during muscle rest and contraction on all
participants.16 Reliability was classified as poor (<0.50), moderate
(0.50-0.75), good (0.75-0.90), and excellent (>0.90). A stepwise
multiple regression analysis was used to investigate independent
factors such as age, sex, tear width, cross-sectional area, occupation
ratio, tangent sign, muscle belly ratio, and Goutallier stage related
to muscle activity. Additionally, Pearson correlation analysis was
performed to demonstrate the relationship between muscle ac-
tivity and muscle belly ratio, cross-sectional area, occupation ratio,
tangent sign, and Goutallier stage of the torn supraspinatus muscle.
Significance was set at P < .05. G*Power 3.1 software (Heinrich
Heine Universit€at, Düsseldorf, Germany) was used to conduct
posthoc power analysis from the results of stepwise multiple
regression analysis of independent predictors (muscle belly ratio
and Goutallier stage) of muscle activity with an a of 0.05. The power
for a stepwise multiple regression analysis was >0.90.3

Results

The characteristics of the patients are presented in Table I.
Mean ± SD tear width and length were 17.7 ± 8.4 (median: 15.0,
range: 8.0-45.0) and 21.2 ± 9.6 (20.0, 8.0-45.0) mm, respectively.
The distribution of tear size in our patient cohort was as follows: 1



Figure 2 Contractility measurement procedures. (A) Patient position during “at rest” measurements. The patient was instructed to sit on a chair with the affected arm resting on a
table with 60� abduction in the scapula plane in a neutral rotation. (B) Patient position during “contraction” measurements. The patient was instructed to hold the affected arm
against gravity for 5 seconds at 60� in the scapula plane in a neutral rotation.

Figure 1 Muscle atrophy measurements. (A) Cross-sectional area was measured by calculating the area of the muscle belly tracked manually. (B) Occupation ratio was measured by
calculating the ratio of the area of the muscle belly to the muscle fossa tracked manually. (C) Muscle belly ratio was measured by calculating the ratio of the width (W) of the muscle
belly to the length (L) from the greater tubercle to the proximal end of the muscle on the T1-weighted coronal-plane MRI images. MRI, magnetic resonance imaging.
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small, 31 medium, and 8 large. Mean ± SD cross-sectional area and
occupation ratiowere 421± 193 (428, 79-865)mm2 and 0.71± 0.25
(0.71, 0.12-1.17), respectively. A positive tangent sign was deter-
mined in 6 patients. Mean ± SD muscle belly ratio measurements
were 0.15 ± 0.02 (0.15, 0.10-0.20). Goutallier stage classifications for
fatty infiltration resulted in 11 stage 0, 17 stage 1, 10 stage 2, and 2
stage 3. Intraclass correlation coefficient (1,3) analyses for RTE
outcomes of the supraspinatus muscle were 0.97 and 0.96 for SR at
rest and during contraction, respectively. Mean ± SD SR at rest and
during isometric contraction and mean ± SD muscle activity out-
comes were 0.91 ± 0.29 (0.96, 0.29-1.62), 0.27 ± 0.19 (0.20, 0.02-
0.96), and 0.65 ± 0.28 (0.64, 0.10-1.47), respectively.

The correlation between supraspinatus muscle activity and each
muscle atrophy and fatty infiltration assessment is shown in Fig. 4.
Stepwise multiple regression analysis (R2 ¼ 0.522, P < .001)
revealed that the supraspinatus muscle activity was significantly
2375
correlated with muscle belly ratio (b ¼ 0.306, P ¼ .044) and Gou-
tallier stage (b ¼ �0.490, P ¼ .02) (Table II).

Discussion

Previous studies have established various methodologies for
assessing supraspinatus muscle atrophy using MRI.15,18,21,22,27,35

However, it is unclear which atrophy assessment can more accu-
rately estimate the activity of the torn supraspinatus muscle. In this
study, we aimed to determine which MRI-based muscle atrophy
imaging assessment currently implemented in the clinical setting
accurately estimates the activity of the torn supraspinatus muscle.
Our study found that muscle belly ratio assessments, compared to
other routine approaches such as cross-sectional area, occupation
ratio, or tangent sign, are themost suitable in predicting the activity
of the torn supraspinatus muscle.



Figure 3 (A) Probe orientations for the anterior-middle subregion of the supraspinatus muscle. (B) RTE measurement of the anterior-middle subregion of the supraspinatus muscle
at rest and during contraction. Two regions of interest were set on the acoustic coupler and the muscular region of the anterior-middle subregion of each image to calculate the
strain ratio which describes the relative value in reference to the stiffness of the acoustic coupler. RTE, real-time tissue elastography.

Table I
Demographic characteristics.

n or mean ± SD % or median, range

Age (y) 64.3 ± 8.8 64, 39-80
Sex
Male 33 82.5%
Female 7 17.5%

Affected side
Dominant 27 67.5%
Nondominant 13 32.5%

Tear width (mm) 17.7 ± 8.5 15.0, 8.0-45.0
Tear length (mm) 21.1 ± 9.6 20.0, 8.0-45.0
Cofield classification
Small 1 2.5%
Medium 31 77.5%
Large 8 20.0%

SD, standard deviation.
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Several methods currently implemented to evaluate muscle
atrophy of the torn supraspinatus muscle include cross-sectional
area, occupations ratio, and tangent sign assessments using the
oblique-sagittal plane on MRI images.15,18,27,35 However, the suit-
ability of these methods in assessing the atrophy of the supra-
spinatus muscle can be questioned as these approaches can be
influenced by the medial retraction of the muscular-tendon unit
from a rotator cuff tear and/or by the lateral traction from sur-
gery.5,25 Sasaki et al showed that the changes observed in occu-
pation ratio measurements using 2-dimensional and 3-
dimensional imaging techniques can be related to the lateral
retraction of the supraspinatus muscle.25 Recently, other ap-
proaches obtaining 3-dimensional assessments of the torn supra-
spinatus muscle have been attempted; however, these methods are
time intensive.1,29 On the other hand, muscle belly ratio evaluations
2376
assessed in the longitudinal plane are convenient, easy, and may
account for the effect of medial and lateral retraction of the
muscular-tendon unit before and after surgery.21,22 Importantly,
Nakagaki et al reported that the contractility of the torn supra-
spinatus muscle measured by electromyography was positively
correlated with muscle belly ratio.22 The outcomes of our study
align well with these previous findings, suggesting that the activity
of the torn supraspinatus muscle measured by RTE can be corre-
lated with the muscle belly ratio. Thus, it is logical to consider the
muscle belly ratio as a suitable preoperative and postoperative
assessment method for muscle atrophy in patients with a torn
supraspinatus muscle.

It is widely accepted that a fatty infiltrated supraspinatusmuscle
presents with decreasedmuscle contractility.8,34 Our data indicated
that muscle activity was significantly related with muscle atrophy
and fatty infiltration. Yuri et al reported that the activity of repaired
supraspinatus muscles classified with Goutallier stages lower than
2 can improve 1 year postsurgery, while those muscles classified
with Goutallier stages 2 or greater do not show improvement.34

Wieser et al showed that atrophy of a repaired supraspinatus
muscle can be minimally reversed after surgery, while the amount
of fat within the muscle remains unchanged.30 Trevino et al
demonstrated that the superficial part of the supraspinatus muscle
primarily shows atrophy, while the deep part mainly shows fatty
infiltration in a torn supraspinatus muscle.28 From these studies,
we can infer that the progression of muscle atrophy and fatty
infiltration have different etiologies and characteristics, and further
studies are needed to better examine the relationship between
muscle activity, fatty infiltration, and muscle atrophy.

There are several limitations in this study that should be noted.
First, we had an unbalanced cohort of male and female patients
within the study population due to finding a smaller number of
eligible female patients during the recruitment period. This could



Figure 4 Correlation between the activity of the torn supraspinatus muscle and each imaging assessment for the evaluation of supraspinatus muscle atrophy (A: muscle belly ratio,
B: cross sectional area, C: occupation ratio, D: tangent sign, E: Goutallier stage). Tear classification is △: small, B: medium, �: large.

Table II
Stepwise multiple regression analysis for the activity of the supraspinatus muscle.

B b P

Age �0.062 .647
Sex 0.136 .250
Tear width 0.056 .687
Cross-sectional area �0.061 .783
Occupation ratio �0.159 .431
Tangent sign 0.089 .548
Muscle belly ratio 3.586 0.306 .044
Goutallier stage �0.163 �0.490 .002

R2 ¼ 0.522, P < .001.
B, beta coefficients; b, standardized beta coefficients.
Bold P values indicates P < .05.
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have biased the outcomes. Second, we included a limited number of
patients with small and large cuff tears and no patients with
massive tendon tears. Additionally, a small number of patients were
classified as Goutallier stage 3 and we excluded patients classified
as stage 4. Further studies with a larger population are needed to
more comprehensively evaluate the effect of tear size and fatty
infiltration on the outcomes from this study. Third, we only
measured a single subregion of the supraspinatus muscle, namely
the anterior-middle.14 Although there are several studies further
compartmentalizing the supraspinatus muscle into additional
subregions,6,9 the selection of the region was based on the anterior
subregion being responsible for the majority of force production,
while the posterior subregion mainly plays a role in the adjustment
of tension on the tendon.14,24 Furthermore, we have previously
shown that the anterior-middle subregion has a significant and
2377
substantial role as an initiator of shoulder scaption motion.10

Therefore, the evaluation of the anterior-middle subregion of the
supraspinatus muscle is well justified.

Conclusion

Muscle belly ratio is the most suitable assessment in predicting
the activity of a torn supraspinatus muscle compared to other
clinical measurements currently being used to estimate muscle
atrophy. Muscle belly ratio evaluations can be easily implemented
to obtain estimates of muscle activity and contribute to selecting
appropriate rehabilitation and surgical approaches.
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