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Quantitative ultrasound assessment of
fatty infiltration of the rotator cuff muscles
using backscatter coefficient

Marco Toto-Brocchi'?, Yuanshan Wu**, Saeed Jerban', Aiguo Han®, Michael Andre'?, Sameer B. Shah**® and
Eric Y. Chang"”*

Abstract

Background To prospectively evaluate ultrasound backscatter coefficients (BSCs) of the supraspinatus and
infraspinatus muscles and compare with Goutallier classification on magnetic resonance imaging (MRI).

Methods Fifty-six participants had shoulder MRI exams and ultrasound exams of the supraspinatus and infraspinatus
muscles. Goutallier MRI grades were determined and BSCs were measured. Group means were compared and the

strength of relationships between the measures were determined. Using binarized Goutallier groups (0-2 versus 3-4),
areas under the receiver operating characteristic curves (AUROCs) were calculated. The nearest integer cutoff value
was determined using Youden’s index.

Results BSC values were significantly different among most Goutallier grades for the supraspinatus and infraspinatus
muscles (both p < 0.001). Strong correlations were found between the BSC values and Goutallier grades for the
supraspinatus (tp, = 0.72, p < 0.001) and infraspinatus (1, = 0.79, p < 0.001) muscles. BSC showed excellent performance
for classification of the binarized groups (0-2 versus 3-4) for both supraspinatus (AUROC = 0.98, p < 0.0001) and
infraspinatus (AUROC = 0.98, p < 0.0001) muscles. Using a cutoff BSC value of —17 dB, sensitivity, specificity, and
accuracy for severe fatty infiltration were 87.0%, 90.0%, and 87.5% for the supraspinatus muscle, and 93.6%, 87.5%, and
92.7% for the infraspinatus muscle.

Conclusion BSC can be applied to the rotator cuff muscles for assessment of fatty infiltration. For both the
supraspinatus and infraspinatus muscles, BSC values significantly increased with higher Goutallier grades and showed
strong performance in distinguishing low versus high Goutallier grades.

Relevance statement Fatty infiltration of the rotator cuff muscles can be quantified using BSC values, which are
higher with increasing Goutallier grades.
Key Points

* Ultrasound BSC measurements are reliable for the quantification of muscle fatty infiltration.
* BCS values increased with higher Goutallier MRI grades.
* BCS values demonstrated high performance for distinguishing muscle fatty infiltration groups.

Keywords Magnetic resonance imaging, Muscular atrophy, Rotator cuff, Shoulder, Ultrasonography
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Graphical Abstract

Fatty infiltration of the rotator cuff muscles can
be measured with quantitative ultrasound.

For both the supraspinatus and infraspinatus
muscles, backscatter coefficient values
significantly increased with higher Goutallier
grades and showed strong performance to
distinguish low versus high Goutallier grades.

Representative images showing the range of MR/
Goutallier grades in the supraspinatus muscles (arrows)
with the corresponding ultrasound images and calculated
backscatter coefficients.
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Backscatter coefficient values are higher with increasing fatty infiltration

Background

Rotator cuff tendon tears are common and associated
with functional and structural deterioration of the gle-
nohumeral joint [1]. Rotator cuff tendon repair leads to
improved outcomes, particularly if the tendon heals [2].
However, numerous studies have shown poorer func-
tional outcomes and higher retear rates in patients with
rotator cuff muscle abnormalities, including atrophy and
fatty infiltration [3]. The severity of myosteatosis has
recently emerged as one of the most important prognostic
factors in the successful operative management of rotator
cuff tears [4].

Magnetic resonance imaging (MRI) is considered a
reference standard modality for the clinical evaluation of
rotator cuff muscle status, and the five-grade Goutallier
classification is the most widely used method for the
assessment of fatty infiltration [5]. Interest in using
ultrasound imaging for this purpose has increased over
the years since ultrasound is lower in cost, faster, and
more comfortable for patients [5-7]. Modified three-
grade versions of the Goutallier classification have been
proposed and used with ultrasound imaging [8, 9].
However, the limitations of MRI- and ultrasound-based
Goutallier classifications are the same in that they are not

fully quantitative and reliability is suboptimal, generally
ranging from fair to substantial [9-11].

Quantitative ultrasound methods, including those based
on analysis of raw radiofrequency data, are more objec-
tive, system-independent, and provide information about
tissue structure and disease status [12, 13]. The back-
scatter coefficient (BSC) is one such quantitative ultra-
sound parameter that describes internal scattering
structures in a medium [14], analogous to echogenicity
assessed qualitatively. While B-mode image evaluation is
highly dependent on overlying tissue attenuation (i.e.,
composition and varying depth), total attenuation from
the skin surface to the region of interest is compensated in
the BSC measurement [13]. BSC was recently used on
rotator cuff muscles and shown to be repeatable and
reproducible across different operators and ultrasound
imaging platforms [15]. Although the quantitative ultra-
sound measurement of BSC was shown to be more reli-
able than other measures made on routine B-mode
images [15], the utility of BSC for quantifying rotator cuff
muscle abnormalities across the spectrum of disease
remains unknown.

The purpose of this study was to prospectively evaluate
the BSCs of the supraspinatus and infraspinatus muscles
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and compare them with the Goutallier classification
on MRL

Methods

Study population

This study was approved by our Institutional Review
Board and all participants provided and signed a state-
ment of informed consent. Between February and March
of 2024, all patients presenting to our radiology depart-
ment for shoulder MRI exams were screened for this
study. Patients who declined to participate and those with
clinical MRI indications for tumors or infection were
excluded. All others were included regardless of precise
history (e.g., pain or trauma). In addition, trainee volun-
teers from the department were invited to participate so
long as they could undergo the imaging techniques,
regardless of history or symptoms.

Image acquisition

MRI was performed using a dedicated shoulder coil on
one of three scanners, including 1.5-T (Signa Artist, GE
Healthcare, Milwaukee, WI, USA) and 3-T (Skyra Fit,
Siemens Healthineers, Erlangen, Germany or MR750, GE
Healthcare, Milwaukee, WI, USA) systems. The imaging
protocols included fat-suppressed axial intermediate-
weighted, fat-suppressed oblique coronal T2-weighted,
oblique coronal T1-weighted, fat-suppressed oblique
sagittal T2-weighted, and oblique sagittal T1-weighted
sequences.

Ultrasound imaging was performed using a linear probe
with a clinical ultrasound machine (14L5, S2000, Siemens
Healthineers, Erlangen, Germany) and beam-formed
radiofrequency signals were acquired. One of two opera-
tors performed the exam (E.Y.C., a musculoskeletal radi-
ologist with 13 years of musculoskeletal ultrasound
experience, or M.T.-B.,, a radiology resident with 4 years of
general ultrasound training and 3 weeks of additional
shoulder ultrasound training by E.Y.C.). The supraspina-
tus muscle was imaged on a short axis approximately
linch medial to the acromion and the infraspinatus
muscle was inferior to the scapular spine, also on short
axis. Three repeated measurements were made for each
muscle. To facilitate the speed of imaging, the same
imaging preset was used for all participants, including
depth, focus, time gain compensation, and receiver gain.
Data was also obtained from a calibrated, commercially
available, homogeneous, tissue-mimicking phantom con-
taining 117GU Zerdine formulation (Sun Nuclear, Nor-
folk, VA, USA).

Image analysis
Images from MRI examinations were independently gra-
ded by EY.C. and M.T.-B. following the protocol

Page 3 of 9

described by Fuchs et al [16, 17]. Specifically, the most
lateral oblique sagittal T1-weighted image on which the
scapular spine was in contact with the scapular body was
used and the presence of fatty infiltration was graded
according to the semiquantitative scale described by
Goutallier et al [17]. Grade 0 is completely normal with-
out any fatty streaks, grade 1 contains some fatty streaks,
grade 2 contains more muscle than fat, grade 3 contains
equal amounts of fat and muscle, and grade 4 contains
more fat than muscle. Discrepancies between gradings
were resolved in consensus and a final Goutallier grade
was assigned for the remainder of the analyses. Supras-
pinatus muscle atrophy was also measured on the same
T1-weighted image by M. T.-B. using the occupation ratio
as described by Thomazeau et al [18]. The occupation
ratio is the ratio between the cross-sectional areas of the
supraspinatus muscle divided by that of its fossa. RadiAnt
DICOM Viewer (v. 2020.2.3, Medixant, Poznan, Poland)
was used for clinical MRI analysis.

Fatty infiltration was evaluated on the B-mode ultra-
sound images using the method described by Wall et al
[9], which was modified from the scale previously
described by Strobel et al [11]. Specifically, echogenicity
(assessed relative to overlying muscle with 0 as isoechoic,
one as slightly increased, and two as markedly increased)
and architecture (visibility of intramuscular tendon and
pennation pattern with 0 as clearly visible, one as partially
visible, and two as not discernable) of each muscle were
examined, with use of three-point scales. The grades for
echogenicity and architecture were averaged to determine
a single grade (0-2) for each muscle.

Quantitative ultrasound images were analyzed using a
standardized graphical user interface [19], which calcu-
lated the integral BSC between 5 MHz and 10 MHz using
the reference phantom method [20]. The entire rotator
cuff muscle on the ultrasound image was manually out-
lined, including the epimysium (by M.T.-B.). A separate
region of interest was placed over all of the overlying
tissues and frequency-dependent attenuation was cor-
rected using the spectral log difference method [21, 22].
A diagram illustrating the processing steps required to
compute the BSC is shown in Supplemental Fig. S1. For
increased stability of calculated values, the graphical user
interface automatically subdivides the region of interest
into 75% overlapping subregions of interest, each with
dimensions of 15 wavelengths in the lateral and axial
directions, in accordance with recommendations from
the literature [21, 22]. Typical post-processing times
with the graphical user interface are less than 10s per
image. The three repeated measurements for each muscle
were averaged and considered as a single measurement
for the remainder of the analyses. For an assessment of
reliability, ten participants were randomly selected and
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BSC measurements were independently measured by a
second reader (E.Y.C.) in the same manner.

Statistical analysis

The Shapiro—Wilk test was used to assess data normality
distribution and the appropriate statistical test was chosen
based on the data. Descriptive statistics were performed.
Inter-observer reliability of supraspinatus and infraspinatus
MRI Goutallier grading and ultrasound determination of
fatty infiltration was assessed using Cohen k), which was
interpreted as follows: 0.0-0.2, slight; 0.21-0.4, fair; 0.41-0.6,
moderate; 0.61-0.80, substantial; 0.81-1.0, and almost per-
fect [23]. Two-way mixed intraclass correlation (ICC) coef-
ficients were used to assess inter-observer reliability for BSC
measurements. A one-way analysis of variance (ANOVA)
was performed to compare the BSC differences between
various Goutallier grade groups. Post hoc comparisons
between each Goutallier group were performed using the
Tukey honest significant difference test.

The strength of the relationships between BSC, Gou-
tallier grade, and occupation ratio was assessed using
Kendall’s tau-b (ty,) or Pearson correlation, as appropriate.
All correlations were interpreted as: 0.0-0.1, negligible;
0.1-0.39, weak; 0.4—0.69, moderate; 0.7-0.89, strong;
0.9-1.0, very strong [24].

Goutallier groups were binarized as 0-2 versus 3—4 as
suggested in a systematic review [4], and the area under
the receiver operating characteristic curves (AUROCs)
was calculated. AUROCs were interpreted as: 0.0-0.59,
failed model discrimination; 0.6—0.69, poor; 0.7—0.79, fair;
0.8-0.89, good; 0.9-1.0, excellent [25]. Bootstrapping of
the BSC data was performed in Python v3.10.12, where
the same number of subjects as that in the given muscle
groups were randomly selected with replacement. The
AUROCs were then computed using the bootstrapped
sample and the processes were repeated 1,000 times. The
nonparametric 95% ClIs for AUROCs were computed
based on the 2.5th and 97.5th percentiles of the ordered
distribution of AUROCs from the 1,000 samples. In
addition, the point where Youden’s index was maximum
(optimal sensitivity and specificity -1) was taken into
account as the cut-off values [26]. The performance of the
nearest integer cut-off value was also evaluated, as this
would facilitate clinical translation.

An a priori power analysis was not conducted; however, a
post hoc power analysis was performed (G*Power 3.1.9.7)
using our study results, and this study had a power of 1.0 to
detect a significant difference and an o error (the probability
of yielding a type-I error) equal to 0.05. A p-value less than
0.05 was considered to indicate a significant difference. All
statistical analyses were performed with IBM SPSS Statistics
for Windows version 28.0 (IBM, Armonk, NY, USA) except
as indicated above.
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Table 1 Population characteristics (n = 56)

Characteristics Number or mean + standard

deviation
Age 498 +£17.5 years
Male sex 54
Female sex 2
Days between MRI and 4.5+ 78 days

ultrasound exams
Goutallier grade 0 26 (supraspinatus), 16 (infraspinatus)
Goutallier grade 1 14 (supraspinatus), 21 (infraspinatus)
Goutallier grade 2 6 (supraspinatus), 10 (infraspinatus)
Goutallier grade 3 3 (supraspinatus), 3 (infraspinatus)

7 (

Goutallier grade 4 supraspinatus), 6 (infraspinatus)

MRI Magnetic resonance imaging

Results

Population characteristics are shown in Table 1. Forty-six
patients met the initial inclusion criteria and 14 trainee
volunteers agreed to participate. The number of days
between the MR and ultrasound imaging exams was
4.5+ 7.8 days (mean * standard deviation). Four partici-
pants who were scanned were ultimately excluded since
the ultrasound image quality was deemed too low to
outline the rotator cuff muscle boundaries due to
attenuation (the mean body mass index of these excluded
participants was 35.3 kg/m?). In total, 56 participants were
included (54 males and 2 females, aged 49.8 + 17.5 years).

Interobserver reliability for MRI Goutallier grading was
substantial for the supraspinatus muscles (k=0.67,
p<0.001) and moderate for the infraspinatus muscles
(k=0.51, p<0.001). Inter-observer reliability for ultra-
sound grading of fatty infiltration was moderate for the
supraspinatus muscles (k= 0.56, p <0.001) and fair for
the infraspinatus muscles (kx=0.43, p<0.001). Inter-
observer reliability for BSC measurements was near per-
fect (ICC=0.99, p<0.001 for both supraspinatus and
infraspinatus muscles). Representative MR and ultra-
sound images are shown in Fig. 1.

BSC values were significantly different among most
Goutallier grades for the supraspinatus and infraspinatus
muscles (both p<0.001) (Fig. 2 and Table 2). For the
supraspinatus muscle, BSC values for each Goutallier
grade were: -24.57 +4.24 for grade 0, -19.34 + 1.53 for
grade 1, -17.39 + 3.17 for grade 2, -13.35 + 3.26 for grade
3, and -10.38 £4.19 for grade 4. For the infraspinatus
muscle, BSC values for each Goutallier were: -30.07 + 4.05
for grade 0, -21.89 +2.34 for grade 1, -17.32 +2.85 for
grade 2, -13.72 +4.27 for grade 3, and -11.59 + 3.25 for
grade 4.

Strong correlations were found between the BSC
values and Goutallier grades for the supraspinatus
(Kendall's 71,=0.72, p<0.001) and infraspinatus
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-21.36dB
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-17.09 dB -11.72dB

Fig. 1 Representative images showing the range of MRI Goutallier grades (a-e) in the supraspinatus muscles (arrows) with the corresponding
ultrasound images (f-j) and calculated backscatter coefficients from the regions of interest. Notice that the backscatter coefficient values increase with
higher grades, however, the echogenicity on the B-mode images does not follow the same trend. B-mode echogenicity is determined by a variety of
variables, including depth, whereas overlying tissue attenuation is corrected with quantitative ultrasound. MRI, Magnetic resonance imaging

(Kendall’s 1, =0.79, p < 0.001) muscles (Fig. 3). For the
supraspinatus muscle, a strong negative correlation was
found between the BSC values and the occupation ratio
(Pearson correlation coefficient = -0.75, p < 0.001) and a
moderate negative correlation was found between
the occupation ratio and Goutallier grade (Kendall’s
1, =-0.66, p < 0.001) (Fig. 4).

BSC showed excellent performance for classification of
the binarized groups (0-2 versus 3—4) for both supraspi-
natus (AUROC=0.98, p<0.0001) and infraspinatus
(AUROC = 0.98, p <0.0001) muscles (Fig. 5). The histo-
gram distributions of these groups are shown in Supple-
mental Fig. S2 and bootstrapped receiver operating
characteristics analysis results are shown in Supplemental
Fig. S3. For the supraspinatus muscle, a cut-off BSC value
of -17.09 dB showed sensitivity, specificity, and accuracy
of 100.0%, 87.0%, and 87.5%, respectively. For the infra-
spinatus muscle, a cut-off BSC value of -17.02 dB showed
sensitivity, specificity, and accuracy of 100%, 93.6%, and
92.7%, respectively.

If a cutoff BSC value of -17.0 dB was used, sensitivity,
specificity, and accuracy for the supraspinatus muscle

would be 90.0%, 87.0%, and 87.5%, respectively, and
sensitivity, specificity, and accuracy for the infraspinatus
muscle would be 87.5%, 93.6%, and 92.7%, respectively.

Discussion

In this study, we utilized BSC measurements to evaluate
rotator cuff muscles across a spectrum of diseases as
determined by MRI, a widely accepted reference standard.
We found that BSC values were significantly different for
several of the Goutallier grades and increased mono-
tonically with higher grades. In addition, a recent sys-
tematic review including nine studies suggested that pre-
operative MRI Goutallier grades may be best evaluated as
two groups (Goutallier grades 0-2 and 3—4) [4]. Although
no significant differences were shown between retear rates
of preoperative Goutallier grades 0 through 2, when
evaluating the binarized groups, grades 3—4 showed more
than double the tear rates of grades 0-2 for both
supraspinatus and infraspinatus muscles [4]. The results
of our current study show that BSC values can distinguish
between these two groups with accuracies in the range of
88-93%.
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Fig. 2 Bar plots showing the backscatter coefficient versus Goutallier grade for the supraspinatus (a) and infraspinatus (b) muscles. *p < 0.05, **p < 0.01,

**¥*p < 0.001, ns, Not significant; BSC, Backscatter coefficient

Table 2 Rotator cuff backscatter coefficient values (mean + standard deviation) for each MRI Goutallier grade

MRI Goutallier grade

0 1 2 3 4
Supraspinatus -24.57 +4.24 -19.34+1.53 -17.39+3.17 -1335+3.26 -1038+4.19
Infraspinatus -30.07 +£4.05 -21.89+2.34 -1732+285 -13.72+427 -11.59+3.25

MRI Magnetic resonance imaging

Evaluation of the muscle with ultrasound has a number
of benefits compared with routine MRI assessments,
including costs that are nearly half [27] and acquisition
speeds of seconds compared with many minutes. Prior
research has suggested that qualitative B-mode image
evaluation of the rotator cuff muscles yields accuracies
ranging from 72%-85% for substantial muscle atrophy
[11]. However, reliability is suboptimal, as shown in our
study (k = 0.43-0.56), as well as others (e.g., Kk = 0.50-0.71
[9, 11, 28]). Our results suggest that even higher accura-
cies can be achieved using quantitative BSC, which is a

continuous measure that has consistently shown high
accuracy, precision, repeatability, or reproducibility as
applied to a variety of organs, including the liver [14],
nerves [29], and rotator cuff muscles [15]. In comparison,
we found only moderate to substantial reliability of
Goutallier grading on MRI (k= 0.51-0.67), in keeping
with values that have been reported in the literature (e.g.,
0.41 [30], 0.59 [31], and 0.66—0.82 [32]).

While Goutallier grade measures muscle fatty infiltra-
tion, the occupation ratio is a measure of total muscle
volume loss or atrophy. Fatty infiltration and atrophy are
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Fig. 3 Scatter plots between backscatter coefficient and Goutallier grade for both the supraspinatus (a, T, = 0.72) and infraspinatus (b, T, = 0.79) muscles
with regression lines and 95% confidence intervals. BSC, Backscatter coefficient
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Fig. 4 Scatter plots between backscatter coefficient and occupation ratio (a, r =-0.75) and occupation ratio and Goutallier grade (b, T, = -0.66) for the
supraspinatus muscle with regression lines and 95% confidence intervals. BSC, Backscatter coefficient

interdependent, likely representing different manifesta-
tions of the same disease process, but not perfectly cor-
related [8]. The occupation ratio measurement can be
performed on MRI or routine ultrasound, with a good
correlation between the two modalities [8]. One study
used an MRI-based deep-learning framework to assist in
the quantification of fatty infiltration and compared it
with the occupation ratio, showing a moderate negative
correlation (p = -0.75) [33]. Notably, this is the same

correlation result we achieved with BSC and occupation
ratio (p =-0.75).

Although B-mode evaluation is the mainstay of ultra-
sound imaging in clinical practice, B-mode images are
sensitive to varying scanner settings such as beam focus,
frequency, transmit and receiver gains, time gain com-
pensation, as well as proprietary postprocessing techni-
ques that vary by vendors. These variables hinder
comparisons of intensities and textures between images,
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Fig. 5 Receiver operating characteristic (ROC) curves for the
supraspinatus and infraspinatus muscles. AUROC, Area under the curve

patients, and scanners. In contrast, quantitative ultra-
sound BSC-based measurements allow for repeatable and
reproducible comparisons to be made between patients,
operators, and different ultrasound systems regardless of
scanner settings [15]. There are drawbacks, however, most
notably the requirement for raw data to be acquired from
the scanner and data to be collected from a calibrated
reference phantom. Offline processing must also be per-
formed, at least until online processing becomes com-
mercially available.

Our study has limitations. First, the majority of partici-
pants in our study were male, but this reflects the cohort of
patients at our institution (approximately 90% of United
States Veterans are male). Second, four of our participants
were excluded post hoc due to excessive attenuation
related to obesity. Scanning with a lower frequency
transducer could have been possible but was not per-
formed because the difficulties in outlining the muscles on
the degraded images were not recognized prospectively.
Fourth, standard MRI techniques were used as the refer-
ence standard in this study. Stronger reference standards
exist, including quantitative MRI and histology, which may
be beneficial to compare with in future studies. Fifth, a
variety of additional quantitative ultrasound parameters
exist which were not included in our study [12]. Finally,
our study included a relatively small sample size, which
limits finer diagnostic power. Although post hoc power
testing showed that we were adequately powered to detect
a significant difference with the one-way ANOVA test, we
were likely underpowered for pairwise post hoc testing
using the Tukey honest significant difference test.

In conclusion, ultrasound BSC measurements can be
applied to the rotator cuff muscles for assessment of
fatty infiltration and atrophy. For both the supraspinatus
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and infraspinatus muscles, BSC values significantly
increased with higher Goutallier grades and showed
strong performance in distinguishing between low versus
high Goutallier grades. BSC also showed a strong
negative correlation with the supraspinatus occupation
ratio.

Abbreviations
AUROC Area under the receiver operating characteristic curve
BSC Backscatter coefficient

Supplementary information
The online version contains supplementary material available at https://doi.
0rg/10.1186/541747-024-00522-5.

Additional file 1: Supplemental Fig. S1. Diagram illustrating the
processing steps required to compute the backscatter coefficient (BSC).
Using an ultrasound probe (a), images of the rotator cuff muscle (b) and
reference phantom with a known BSC (c) are captured. The raw
radiofrequency (RF) data is collected and used to compute the power
spectra (d-e) for the region of interest (ROI) that is manually outlined on
the muscle and automatically propagated to the reference phantom
image (outlined in white in b and ¢). Calibration of the data is achieved by
computing a ratio from these spectra, and depth-dependent attenuation
is compensated using the spectral log difference method on the ROI
placed on the overlying tissues (outlined in orange in (b). BSC as a
function of frequency is plotted (f), which is system-independent.
Supplemental Fig. S2. Histogram distributions of backscatter coefficient
values for Goutallier 0-2 and 3-4 grades for both supraspinatus (a) and
infraspinatus (b) muscles. Supplemental Fig. S3. Receiver operating
characteristic curves for the supraspinatus (a) and infraspinatus (b) muscles
with 1,000-fold bootstrapping. Area under the curves (AUCs) with 95%
confidence intervals (95% Cls, outlined in shaded areas in a and b) were
0.98 (0.93-1.0) for the supraspinatus and 0.98 (0.94-1.0) for the
infraspinatus muscles.
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