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Background: Approximately 20-60% of rotator cuff repairs fail with higher failure rates in patients with
larger or more chronic tears. Although MRI provides an objective estimate of tear size, it can only provide
qualitative descriptions of tear chronicity. By contrast, ultrasound shear wave elastography (SWE) may
assess tear chronicity by estimating tissue mechanical properties (ie, shear modulus). Furthermore, SWE
imaging does not share many of the challenges associated with MRI (eg, high cost, risk of claustro-
phobia). Therefore, the objective of this study was to determine the extent to which estimated supra-
spinatus shear modulus is associated with conventional MRI-based measures of rotator cuff tear size and
chronicity.
Methods: Shear modulus was estimated using ultrasound SWE in two regions of the supraspinatus
(intramuscular tendon, muscle belly) under two contractile conditions (passive, active) in 22 participants
with full-thickness rotator cuff tears. The extent to which estimated supraspinatus shear modulus is
associated with conventional MRI measures of tear size and chronicity was assessed using correlation
coefficients and Kruskal-Wallis tests, as appropriate.
Results: Estimated shear modulus was not significantly associated with anterior/posterior tear size
(P > .09), tear retraction (P > .20), occupation ratio (P > .11), or fatty infiltration (P > .30) under any testing
condition.
Discussion: Although ultrasound SWE measurements have been shown to be altered in the presence of
various tendinopathies, the findings of this study suggest the utility of ultrasound SWE in this population
(ie, patients with a small to medium supraspinatus rotator cuff tear) before surgical rotator cuff repair
remains unclear.

© 2021 The Author(s). 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/).
8,10,23,42
Rotator cuff tears are common, affecting about 40% of the pop-
ulation over the age of 60 years30,39,55 and are often associated with
significant pain and dysfunction.44 If conservative treatment does
not improve the patient's symptoms or quality of life, rotator cuff
repair is often considered and accounts for approximately 250,000
surgical procedures in the United States each year.4 Unfortunately,
an estimated 20-60% of rotator cuff repairs fail.45 Previous studies
have suggested that the risk for repair failure is higher in patients
with larger tears2,8,34,54 or with more muscle atrophy21 or fatty
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degeneration. Consequently, assessing these characteristics
has emerged as an important step during the crucial presurgical
phase to inform patient counseling and surgical planning.

Magnetic resonance imaging (MRI) is currently the predominant
method for assessing rotator cuff tear characteristics (ie, size) and
chronicity (ie, atrophy, fatty degeneration) for preoperative plan-
ning. Although MRI provides an objective estimate of tear size, it is
limited to providing only qualitative descriptions of tear chronicity.
For example, the degree of fatty degeneration present within the
muscle is typically described using the Goutallier classification.15,22

This classification, which uses an ordinal scale (grades 0-IV), has
been shown to have low to moderate reliability28,36,50,51 and only
assesses a singleMRI image slice, whichmay not be predictive of 3D
measurements.53 Therefore, the ability to objectively and reliably
assess tear chronicity remains a challenge.
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Shear wave elastography (SWE) is an emerging ultrasound-
based technology that may provide a quantitative assessment of
tear chronicity by estimating tissuemechanical properties (ie, shear
modulus). Specifically, SWE provides an indirect measure of a tis-
sue's mechanical properties by quantifying the speed at which
sound waves propagate through soft tissue (ie, shear wave
speed).13,17 As such, SWE may provide important and currently
lacking information on rotator cuff tear chronicity that is needed to
optimize presurgical planning. Furthermore, SWE has potential
added clinical benefit compared with MRI because of its lower cost
and ability to image patients for whom MRI is not an option due to
issues such as claustrophobia or the presence of metal implants.
However, the relationship between estimated supraspinatus shear
modulus and conventional MRI-based measures of tear chronicity
remain unclear. Therefore, the objective of this study is to deter-
mine the extent towhich estimated supraspinatus shearmodulus is
associated with conventional MRI-based measures of rotator cuff
tear size (anterior/posterior tear size, degree of tendon retraction)
and chronicity (fatty degeneration, atrophy). We hypothesized that
estimated supraspinatus shear modulus would be significantly
associated with measures of rotator cuff tear size and chronicity.

Materials and methods

Participants

After institutional review board approval and obtaining written
informed consent, 22 participants were enrolled in this study.
Eligible participants were aged 50-80 years, scheduled to undergo
surgical repair of a small- or medium-sized full-thickness supra-
spinatus tear (<3 cm), and had a preoperative MRI within their
medical record. Participants were excluded if they had symptoms
that started after trauma, received more than one steroid injection,
had a BMI >30 kg/m2, an outstanding worker's compensation
claim, previous shoulder surgery, or currently smoked. Participant
demographic data are presented in Table I. Preoperative
patient-reported shoulder pain and function was assessed using
the visual analog scale and Western Ontario Rotator Cuff (WORC)
Index,33 respectively.

Experimental assessment of tear size and chronicity: ultrasound
shear wave elastography

Ultrasound SWE images were acquired using a Siemens ACU-
SON S3000 and a 9L4 (4-9 MHz) linear transducer (Siemens;
Erlangen, German). Supraspinatus shear wave speed was assessed
on each participant's involved shoulder in two regions (intramus-
cular tendon, muscle belly) under two contractile conditions
Table I
Demographic and patient-reported outcome measures for all participants (n ¼ 31).

Variable Mean ± SD or %

Demographics
Age 61 ± 7 years
Sex (% female) 18.2
BMI* 26.3 ± 3.1 kg/m2

Involved side (% dominant) 63.6
Patient-reported measures
Symptom duration 9 ± 8 months
VASy (best in last week) 2 ± 2
VAS (worst in last week) 8 ± 2
WORCz (% function) 37 ± 16

* Body mass index.
y Visual analog scale.
z Western Ontario Rotator Cuff Index.
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(passive, active). The same researcher acquired all ultrasound im-
ages, which were collected in the same order for all participants
(passive intramuscular tendon, active intramuscular tendon, pas-
sive muscle, active muscle). Preliminary work established the
reliability of the protocol (ICCs: intra-rater >0.87, inter-rater
>0.72).5

Ultrasound SWE image acquisition was performed with the
participant seated with his/her shoulder in 30� of scapular plane
abduction and forearm supported on a pillow. Shoulder position
was verified before image acquisition using a standard clinical
goniometer. For imaging the intramuscular tendon, the transducer
was placed 1-2 cm anterior to the scapular spine and medial to the
acromioclavicular joint and aligned with the intramuscular tendon.
For imaging the muscle, the transducer was placed 1-2 cm medial
to the intramuscular tendon and aligned with the muscle fibers.
During the active conditions, the participants were asked to gently
lift (ie, abduct) and hold his/her forearm so that it was no longer
supported by the pillow. Minor adjustments were made to the ul-
trasound transducer's orientation, as necessary, to accommodate
any changes in the tissue's location within the ultrasound image
caused by muscle contraction. Typically, the process of reorienting
the transducer took less than 3 seconds and the participant
remained in the isometric hold position until the trial image was
acquired. Participants rested for approximately 10 seconds between
trials. Five trials were collected for each combination of region
(intramuscular tendon, muscle belly) and condition (passive,
active). Each trial resulted in the acquisition of a brightness mode
(B-mode) image and a corresponding SWE image.

Estimated shear modulus was limited to the region of interest
(ie, muscle, intramuscular tendon) by first isolating the region from
surrounding tissue on the B-mode images using ImageJ46 inte-
grated into a custom MATLAB program (The MathWorks, Inc.;
Natick, MA, USA). The program subsequently verified the shear
waveforms for each pixel within the region of interest on the cor-
responding SWE image using Siemens' proprietary quality metric.
A quality threshold of 0.87 was used according to manufacturer
recommendations. Each pixel's shear wave speedwas subsequently
converted to an estimated shear modulus using the following
equation:

m¼ c2s r

where m is the estimated shear modulus, cs is the pixel's shear wave
speed, and r is the tissue density, which was assumed to be 1000
kg/m3 for soft tissues.13 Next, for each trial image, the estimated
shear modulus within the region of interest was calculated as the
median value across all quality-verified pixels because the distri-
bution of estimated moduli was typically skewed. Finally, the mean
shear modulus was calculated across trials for each combination of
region and condition resulting in four shear moduli estimates for
each participant.

Clinical assessment of tear size and chronicity: conventional MRI
imaging

A board-certified musculoskeletal radiologist with 15 years of
experience read the preoperative MRI for all study participants.
Clinical scans were typically performed on a 1.5T scanner and
included axial and oblique sagittal proton density images with fat
suppression, oblique coronal and oblique sagittal T1-weighted
images without fat suppression, and oblique coronal T2-weighted
images with fat suppression. The radiologist was blinded to the
ultrasound SWE results. Outcome measures included anterior/
posterior tear size, degree of tendon retraction, supraspinatus at-
rophy using the tangent sign,56 and supraspinatus fatty



Table II
Descriptive statistics for conventional MRI-based measures of tear chronicity.

MRI measure Mean ± SD or %

Supraspinatus tear size
Anterior/posterior (cm) 1.6 ± 0.6
Retraction (cm) 1.7 ± 0.6

Involved tendons (%)
Isolated supraspinatus 54.5
Supraspinatus and infraspinatus 27.3
Supraspinatus and subscapularis 18.2

Fatty degeneration (Goutallier)
Grade 0 (%) 72.7
Grade 1 (%) 27.3
Grade 2 (%) 0
Grade 3 (%) 0
Grade 4 (%) 0

Muscle atrophy
Occupation ratio (%) 65 ± 13
Tangent sign (% positive) 9.1

Calculation for involved tendons includes partial- or full-thickness tears of the
infraspinatus and subscapularis.
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degeneration using the Goutallier classification15,22 (Table II). In
addition, supraspinatus occupation ratio was calculated using a
method described previously.52 To ensure a reliable assessment of
fatty degeneration, a second board-certified musculoskeletal radi-
ologist with 11 years of experience also scored each MRI in accor-
dance with the Goutallier classification (agreement: 77.3%). The
Goutallier scores from the more experienced radiologist were used
for the statistical analysis.

Statistical analysis

The extent to which SWE-estimated supraspinatus shear
modulus is associated with conventional MRI measures of supra-
spinatus tear size and atrophy was assessed using correlation co-
efficients and 95% confidence intervals. Comparison of estimated
shear modulus between Goutallier grades was assessed using
Kruskal-Wallis tests due to non-normal data. Separate analyses
were performed for each combination of region (intramuscular
tendon, muscle) and condition (passive, active). All statistical ana-
lyses were performed using R (R Core Team, 2018). Statistical sig-
nificance was defined as P < .05.

Results

On average (±standard deviation), participants were 61 ± 7
years of age with a medium-sized supraspinatus tear (1.6 ± 0.6 cm)
with retraction (1.7 ± 0.6 cm), mild atrophy (9.1% positive tangent
sign), and mild to no fatty degeneration (100% Goutallier grades
0 or 1). Participants reported moderate shoulder disability (WORC:
37 ± 16%). Full participant demographic and patient-reported
outcome measures are presented in Table I, and conventional
MRI-based measures of tear size and chronicity are presented in
Table II.

Estimated shear modulus was not correlated to anterior/poste-
rior tear size (P > .09) (Fig. 1, A), tear retraction (P > .20) (Fig. 1, B), or
occupation ratio (P > .11) (Fig. 2) under any testing condition.
Furthermore, estimated shear modulus was not significantly
different between Goutallier grades under any testing condition
(P > .30) (Fig. 3).

Discussion

The objective of this study was to determine the extent to which
ultrasound SWE-estimated supraspinatus shear modulus is
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associated with conventional MRI-based measures of rotator cuff
tear size (anterior/posterior tear size, degree of tendon retraction)
and chronicity (fatty degeneration, atrophy). Contrary to our hy-
pothesis, estimated supraspinatus shear modulus was not signifi-
cantly associated with any measure of preoperative tear size or
chronicity. Although ultrasound SWE measurements (ie, estimated
shear modulus and/or shear wave speed) have been shown to be
altered in the presence of various tendinopathies,9,11,35 the findings
of this study suggest the utility of ultrasound SWE in patients
before surgical rotator cuff repair remains unclear. However, the
lack of significant findings in the present study may highlight
fundamental differences between how conventional MRI-imaging
and ultrasound SWE assess rotator cuff tears, and the challenges
associated with using ultrasound SWE to assess full-thickness
tendon tears. Understanding these factors will help inform
further technology development and research protocol refinement
and interpret ultrasound SWE findings when used in clinical
practice.

An important fundamental difference between conventional
MRI and ultrasound SWE imaging is the nature of the tissue char-
acteristics being assessed. Specifically, conventional MRI imaging
assesses structural and compositional changes within the muscle-
tendon unit (eg, tear size, presence of fat), whereas ultrasound
SWE is capable of assessing aspects of tissue quality (ie,
modulus).13,17 Therefore, it may not be surprising that SWE mea-
surements were not found to be associated with conventional MRI-
based measures of rotator cuff integrity because the technologies
assess two different constructs (ie, tissue structure and composi-
tion vs. quality). Clinically, it may be beneficial to utilize both
technologies to provide information on both aspects of rotator cuff
health for preoperative planning. This premise is supported by a
recent cadaveric study that showed that the ability to predict
supraspinatus extensibility was significantly improved by
combining ultrasound SWE with MRI imaging to estimate tissue
stiffness and fatty degeneration, respectively.17 However, more
research is needed to determine the extent to which the combi-
nation of these modalities improves the prediction of tissue
extensibility in living humans and, subsequently, the efficacy and
cost-effectiveness of using multiple imaging modalities during
presurgical planning.

The potential for ultrasound SWE to assess tissue quality is
based on its ability to estimate material properties (ie, modulus).
However, it is important to recognize that SWE measurements are
influenced not only by the tissue's material properties but also
tissue tension,37 and this factor likely influenced the results of the
study. Under highly controlled in vitro experiments where tissue
tension can be prescribed, variability in SWE estimates of shear
modulus have been shown to account for 33%-98% of the variability
in mechanical properties depending on the experimental
approach.13,17 However, under in vivo testing conditions, ultrasound
SWE measures are likely to be influenced by additional sources of
tension including the tissue's contractile state6,31,37 and length.25,40

Consequently, when two SWE-estimated shear modulus mea-
surements collected under in vivo conditions are compared, a
higher shear wave speed may indicate the tissue has a higher
modulus, is under more tension, or both. Unfortunately, differen-
tiating between these factors so that the underlying tissue material
properties can be assessed remains challenging, which necessitates
highly controlled testing conditions. Even so, SWE measurement
reliability under in vivo conditions is typically low to moder-
ate,5,24,43 underscoring the sensitivity of SWE measurements to
these factors and others (eg, anisotropy).

Given the challenges associated with acquiring and interpreting
SWE data under in vivo conditions, it may not be surprising that
SWE-estimated shear modulus was not associated with any



Figure 1 Correlations between tear dimensions and estimated supraspinatus shear modulus for each combination of region (intramuscular tendon, muscle) and condition (passive,
active): (A) anterior/posterior tear size, (B) tear retraction.

Figure 2 Correlations between occupation ratio and estimated supraspinatus shear modulus for each combination of region (intramuscular tendon, muscle) and condition (passive,
active): (A) anterior/posterior tear size, (B) tear retraction.
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individual variable of supraspinatus tear size (anterior/posterior
tear size, degree of tendon retraction) or chronicity (Goutallier
grade, occupation ratio). Although variables were assessed indi-
vidually, clinically they occur in combination. Consequently, the
relationship between the estimated shear modulus and any indi-
vidual tear characteristic or chronicity variable is likely confounded
if coexisting variables have opposing influences on SWE measure-
ments. For example, a supraspinatus muscle with a high degree of
fatty degeneration (which often occurs in larger and more chronic
rotator cuff tears18,30) would be expected to have a lower estimated
shear modulus than a healthy rotator cuff because fat presumably
has a lower SWE measurement than muscle. However, a chronic
rotator cuff tear may be stiffer due to tendon retraction and
fibrosis,16,20,26,47,48 thus resulting in a higher SWE measurement.
Consequently, these two mechanismsdie, fatty degeneration and
retraction/fibrosisdmay be confounding factors in the interpreta-
tion of SWE-estimated shear modulus.
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Another example of how the relationship between the SWE-
estimated shear modulus and individual variables of tear size or
chronicity may have been confounded in the present study relates
to the potential impact anterior/posterior tear size has on the
passive tension within the musculotendinous unit. Specifically, it
has been hypothesized that the passive tension within the supra-
spinatus may decrease as the anterior/posterior tear size increases
because the tendon is no longer fully anchored to the bone.14

Conversely, previous research has found that the supraspinatus
muscle elastic modulus increases as tear sizes increases.49 There-
fore, it is possible that opposing influences confounded the SWE-
estimated shear modulus, and subsequently its relationship with
supraspinatus anterior/posterior tear size. Ultimately, these two
examples illustrate that in this study, the relationship between
SWEmeasurements and any individual variable describing tear size
or chronicity may have been confounded by complex interactions
between multiple factors with opposing influences on estimated



Figure 3 Comparison of estimated supraspinatus shear modulus across Goutallier grades for each combination of region (intramuscular tendon, muscle) and condition (passive,
active). On each box, the solid line indicates the median, the dashed line represents the mean, the bottom and top edges indicate the 25th and 75th percentiles, respectively. The
whiskers extend to the most extreme data points not considered outliers, and the outliers are plotted individually using the ‘þ’ symbol.

R.L. Lawrence, M.C. Ruder, V. Moutzouros et al. JSES International 5 (2021) 500e506
shear modulus. A larger and more diverse sample (ie, more vari-
ability in tear characteristics and chronicity) is necessary to un-
derstand the extent to which a combination of tear characteristics
and chronicity impacts SWE measurements in an effort to maxi-
mize the clinical utility of this technology.

It is possible that other factors not assessed in this study may
have influenced SWE measurements. For example, the location of
the tear within the supraspinatus tendondand specifically
whether the tear involved the rotator cuff cabledmay have influ-
enced the tensionwithin the musculotendinous unit and thus SWE
measurements. For example, previous research has shown that
supraspinatus tears involving the rotator cuff cable reduce the
stiffness of the musculotendinous unit more than tears involving
the rotator cuff crescent.38 This data suggests that the rotator cuff
cable's theorized stress-shielding role may help preserve the pas-
sive tension within the supraspinatus as long as the cable remains
intact. Therefore, it is possible that involvement of the rotator cuff
cable influences SWE measurements. However, this remains spec-
ulative as the present study was unable to assess whether partici-
pants' rotator cuff tears involved the cable. Furthermore, the results
of the study suggest that the variability between subjects in SWE
measurements cannot be fully explained by tear characteristics.
Subject-specific factors (eg, genetics) whose influence is not yet
fully understood may have contributed to this intersubject vari-
ability. Normalizing SWEmeasures to a contralateral side may help
reduce intersubject variability. However, the utility of this approach
is unclear given it may only reduce intersubject variability when
the contralateral rotator cuff is free of pathology. Consequently,
future research is needed to better understand the influence of
various tear characteristics and subject-specific factors on SWE
measurements.

Although this study found that SWE-estimated shear modulus
was not significantly associated with any individual tear charac-
teristic or chronicity variable, its potential clinical utility may fulfill
an entirely different clinical need. Specifically, chronic tendon
rupture is associated with a stiffening of the musculotendinous
unit16,19,26,47,48 which will presumably cause the repaired tendon to
be under higher tension once anchored to the bone during surgical
repair. Importantly, intraoperative repair tension is associated with
higher rates of repair failure.2,32 Unfortunately, there is currently no
method to predict surgical repair tension in advance, which hinders
its utility as a predictive biomarker during presurgical planning or
to guide the selection, intensity, and pace of postoperative reha-
bilitation. However, the sensitivity of SWE measurements to tissue
tension may make it a candidate technology for noninvasively
predicting repair tension. This premise is supported by a previous
study that reported a strong association between SWE-estimated
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shear modulus in the deep posterior region of the supraspinatus
and intraoperative estimates of supraspinatus stiffness.27 Future
research will investigate the extent to which preoperative SWE
measurements predict repair failure to investigate the technology's
potential to guide preoperative surgical and postoperative reha-
bilitation decision-making.

This study has limitations that should be considered when
interpreting the results. First, recruitment was targeted to in-
dividuals scheduled to undergo arthroscopic rotator cuff repair,
which limited the inclusion of individuals with small- or medium-
sized tears. Consequently, the variability between participants in
measures of tear characteristics and chronicity was limited, which
may have impacted our ability to detect potentially meaningful
relationships. Future studies may benefit from including in-
dividuals with large or massive tears by including patients pre-
paring to undergo reverse total shoulder arthroplasty to ensure a
broad distribution of rotator cuff tear characteristics and chronicity.
Second, female participants were under-represented in the study
sample because of lower than expected enrollment within this
demographic. Although there is evidence females may have a
higher estimated shear modulus than males,12 this study was not
designed to investigate gender-based differences. Future research
may benefit from larger samples that allow stratification based on
gender. Third, the use of the ordinal Goutallier classification likely
impacts the precision with which fatty degeneration can be
assessed. This factor, combined with the low variability in Goutal-
lier grades, likely hindered our ability to fully assess the relation-
ship between SWE measurements and fatty degeneration. Future
studies may benefit from assessing fatty degeneration using more
objective measures such as the MRI-based Dixon technique.1,29,41

Finally, although previous work established the reliability of the
data collection protocol used in this study,5 SWEmeasurements are
often challenging to standardize as they are sensitive to many
factors including joint position,7,25 muscle contraction,6,7 and
transducer pressure.3 Consequently, the methodology of this study
was specifically designed to minimize these effects by standard-
izing patient position, ensuring the same SWE operator for all
subjects, and using custom software run by a single operator to
quantitatively calculate measures of shear wave speed.

Conclusions

SWE-estimated shear modulus was not associated with any
individual variable of supraspinatus tear characteristics (anterior/
posterior tear size, retraction) or chronicity (Goutallier grade,
occupation ratio). Although ultrasound SWE measurements have
been shown to be altered in the presence of various tendinopathies,
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the findings of this study suggest the utility of ultrasound SWE in
this population (ie, patients with a small supraspinatus rotator cuff
tear) before surgical rotator cuff repair remains unclear.
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