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Abstract

Introduction: Shear wave elastography ultrasound is a relatively new technique that evaluates the tissue elasticity by
applying an acoustic radiation force impulse. It is undetermined how reliable this modality is in assessing rotator cuff
tendons. The aim of this study, therefore, was to evaluate the reliability of shear wave elastography ultrasound to assess
the stiffness of normal and tendinopathic supraspinatus tendons.

Methods: An inter- and intra-rater reliability trial was carried out using shear wave elastography to assess the supras-
pinatus tendon at its distal insertion, by measuring shear wave velocity and elasticity. Twenty participants with a mean age
of 37 (21-69) years old were evaluated. Ten subjects with normal supraspinatus tendon and 10 subjects with tendino-
pathic tendon were selected. The Virtual Touch Imaging Quantification program was used to generate the acoustic
radiation force impulse and to obtain the elastography data. Three raters with different experience in conventional
ultrasound were used for the inter-rater trial in normal tendons and the most experienced rater examined all subjects
for the intra-rater reliability evaluation. Each rater obtained three readings in three different examinations per subject
over a one-week period.

Results: The mean (£SEM) shear wave velocity for the normal supraspinatus tendon was 9.96 +0.02 m/s (=297 kPa),
while in the tendinopathic supraspinatus tendon was 8.3 £0.2m/s (=207 kPa) (p <0.001). The intra-rater trial agree-
ment was excellent, with an intraclass correlation coefficient=0.96. In the inter-rater testing, the mean shear wave
velocity in normal tendons was 9.90 & 0.07 m/s (=294 kPa), with intraclass correlation coefficient = 0.45.
Conclusion: Shear wave elastography ultrasound was able to show that tendinopathic tendons were less stiff than
normal tendons. It was a reliable imaging technique to assess the supraspinatus tendon, especially when used by a single
experienced musculoskeletal sonographer.
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which EUS has been used for musculoskeletal applica-
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Several elastography ultrasound methods have been
developed for stress application to tissue. The two main
described techniques are strain elastography and shear
wave elastography ultrasound (SWEUS). The first
application evaluates the elasticity of the underlying
tissue by measuring the degree of deformation while
applying mechanical compression, either manually or
by physiologic movements; but operator-dependence
is potentially high. In contrast, shear wave elastography
is a unique application based on acoustic radiation
force impulse (ARFI),'> whereby, tissue is compressed
using an acoustic push beam, that compares tissue stiff-
ness to surrounding structures without relying on the
operator compressing the tissue.'®

Shear waves are generated after the application of
the ARFI and propagate perpendicular to the push
pulse. Shear waves travel through tissues and are rap-
idly attenuated, with an attenuation coefficient signifi-
cantly higher than longitudinal ultrasound waves.
Shear wave velocity (Vs) is dependent and has close
correlation to tissue elasticity/stiffness.

In tissue, both longitudinal and shear strains are
usually present when manual compression or radi-
ation force is applied. Poisson’s ratio for a given
tissue type provides a ratio of transverse strain to
the normal longitudinal strain. Hooke’s law (F=kx)
gives us a relationship between stress and strain. This
is called Young’s modulus (modulus of elasticity) in
the elastic portion of the stress/strain curve. The
shear modulus G (modulus of rigidity) is calculated
from a corresponding shear stress versus strain curve.
In homogeneous tissue, there are two types of waves:
pressure (longitudinal compression) and transverse
(shear) waves. In elastic materials, the relationship
between the velocity of a shear wave (us) and shear
modulus is vs=Gp, where G is the tissue shear
modulus and p is the solid tissue density. Therefore,
tissues with a higher shear modulus, less compliant to
shear forces, will have a higher vs than tissues with a
lower shear modulus.

When assessing the stiffness of a structure using Vs,
the virtual touch imaging quantification (VTIQ) of the
ACUSON  S2000™ ultrasound system (HELIX
Evolution ultrasound system; Siemens Medical
Solutions®, Mountain View, California. USA) creates
a color-coded Vs image that can be both qualitatively
and quantitatively assessed. Therefore, Vs can be mea-
sured and used to evaluate tissue stiffness/elasticity by
calculating Young’s elastic modulus according to the
formula: E &~ 3 x Vs®, where E=Young’s modulus in
kPa units and Vs in m/s."”

Velocity is slower in soft tissue and faster in stiff
tissue. The color bar shown in the VTIQ system dis-
plays the minimum and maximum range of the shear
wave velocity from blue (0.5m/s) to red (10m/s),

respectively. A shear wave sampling box can be pos-
itioned within the supraspinatus tendon to record the
depth (in cm), from the skin to the targeted region of
interest, and the movement of tissue within the sampled
area.

Displacement of tissue is higher in soft tissue (fat)
and lower in stiff tissue (tendon). The property of a stiff
structure identified using elastography would be of high
Vs and low displacement compared to the surrounding
tissue, whilst low Vs and high tissue displacement
would be appreciated in soft structures. In this way,
an increased Vs correlates closely with increasing
tissue stiffness.

Currently, two studies, one in vivo-type study'® and
another in vitro-type study,'” have been published that
evaluates the reliability of the shear wave elastography
in the quantitative measurement of the supraspinatus
muscle elasticity. Both studies showed good reliability
of this imaging technique; however, the in-vivo study
assessed the supraspinatus tendon in its medial portion
close to the muscle—tendon junction, which is not the
common location for pathology. In addition, the reli-
ability in the assessment of a specific targeted area
within the supraspinatus tendon had not been reported
in vivo-type studies.

The aim of this study was to evaluate the intra- and
inter-rater reliability of SWEUS to assess the stiffness
of the supraspinatus tendon in individuals with healthy
tendons and with sonographic tendinopathic tendon
changes.

Methods

Ten subjects with normal supraspinatus tendon and 10
subjects with tendinopathic tendon changes were iden-
tified by conventional B-mode gray scale ultrasound
imaging. An inter- and intra-rater reliability trial was
undertaken using shear wave elastography to assess the
supraspinatus tendon at the level of the footprint of the
greater tuberosity of the humerus.

The study was conducted in accordance with ethics
approval from the local ethics committee of the
Orthopedic Research Institute, St George Hospital,
Sydney, NSW, Australia.

The inclusion criteria for the normal tendon group
included subjects with conventional sonographic evi-
dence of a normal tendon, showing continual bright
echogenic lines inserting into the greater tuberosity
footprint without disruption. The supraspinatus
tendon resembles a “‘bird’s beak” configuration with
the tendon fibers horizontal to the beam and probe
orientation (Figure 1).

The tendinopathic supraspinatus tendon group
included subjects who had ultrasound signs of abnor-
mal tendon where the tendon matrix was disorganized,
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Figure I. Normal anatomy of the supraspinatus tendon visua-
lized by conventional ultrasound.

and there was a decrease in echogenicity within the
tendon complex, to no more than 50% of the tendon.
The conventional ultrasound image of a tendinopathic
tendon shows a circumscribed focal area of decreased
echogenicity compared to the surrounding echogenic
material with disorganization of fibers.

The exclusion criteria for all groups included: < 18
years old of age, gleno-humeral arthritis, calcific ten-
donitis, avulsed fracture, previous rotator cuff repair or
supraspinatus tear evidenced by conventional ultra-
sound imagining.

Equipment

An ACUSON $2000™ ultrasound system with a
Linear 914 transducer was used for all examinations.
A B-mode gray scale image of the supraspinatus tendon
was identified. The VTIQ application was activated for
shear wave elastography to record velocity (Vs) in m/s,
tissue elasticity in kPa, and the depth of the sampling
box position in cm, within the supraspinatus at each
examination.

Raters

Three raters were used for this study. Rater A (LH, a
musculo-skeletal sonographer with over 20 years’
experience), rater B (KS, a research assistant with no
experience in ultrasound imaging), and rater C (MS, a
medical  practitioner with  limited ultrasound
experience).

All examiners were briefed on the study protocol.
A training session was conducted to ensure familiariza-
tion and standardization of examination, which
included: patient positioning, imaging, application of
SWEUS, and sample box placement within the supras-
pinatus tendon.

Inter-rater trial

For the inter-rater reliability evaluation, the subjects of
the normal tendon group were examined by the three
raters during three different examinations. The readings
were recorded three times during each examination,
which was conducted in a 30-min session, with a 5-
min rest interval between each scan on all subjects.

The examiners were blinded to the results obtained
by the other examiner performing the study to ensure
reliability of probe position, patient position, activation
of SWEUS, and sample box position.

Intra-rater trial

For the intra-rater reliability evaluation, Rater A exam-
ined all subjects obtaining three readings per examin-
ation. All subjects were examined and results were
recorded in one session and repeated on day 3 and
day 5. The data were recorded on the hard drive of
the ultrasound machine; then transferred to a picture
archiving and communication system.

Patient positioning

The subjects were positioned in seated position with the
examiner in front of the patient and the ultrasound
machine was to the left of the examiner.

The subject’s arm being examined was placed in a
neutral position, with the elbow flexed at 90°, and the
hand in supination resting on the patients’ lap. The arm
was positioned in extension to 35° to visualize the
supraspinatus tendon in the longitudinal view.

Scanning protocol

To ensure standardization of the ultrasound probe
placement, specific bony landmarks were incorporated
into the scanning protocol. The acromion (medial) and
greater tuberosity footprint (lateral) of the shoulder
were the reference points used to identify the supraspi-
natus tendon in the longitudinal view. The bicipital
groove was the reference point in the antero-posterior
plane.

The supraspinatus tendon of all subjects was identi-
fied and evaluated using B-mode gray scale conven-
tional ultrasound.

A ““‘quality control” color map is applied to the gray
scale B-mode image for interpreting whether the shear
wave was of sufficient magnitude with adequate signal
to noise (SN) to accurately estimate shear wave velocity
(Figure 2).

The examiners were asked to position the ultrasound
probe in the longitudinal axis of the supraspinatus
tendon, Smm posterior to the posterior wall of the
bicipital groove. The VTIQ application was activated
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and the color-coded shear wave image is applied to the
gray scale image.

Then, the examiners placed a region of interest (ROI)
sample box in the color-code image, which has a manu-
factures’ dimension of 0.7 x 0.7mm. The raters were
asked to place the sample box within the supraspinatus
tendon at Smm superior to the footprint (targeting the
mid-tendon thickness) of the greater tuberosity and 7mm
medial to the lateral end of the footprint (Figure 3).

The sample box was then used to register the Vs and
elasticity algorithm of the tendon, and to measure the
depth of the sample box position within the tendon
(Figure 4).

Statistical analysis

To assess the reliability of sonoelastography of the
supraspinatus tendon stiffness, two-way random effects

Figure 2. Quality color map (green) indicating optimal image
quality to proceed with shear wave elastography.

intraclass correlation coefficients (ICCs), with 95%
confidence intervals, were calculated using SPSS ver-
sion 24 (SPSS, Inc., Chicago, IL, USA). In accordance
with Fleiss, an ICC value < 0.4 was considered to rep-
resent poor reliability, with values between 0.4 and 0.75
representing fair to good reliability, whereas
values >0.75 were deemed to represent excellent
reliability.

Results

The 20 selected subjects consisted of 14 females and 6
males. The mean age in the normal and tendinopathic
groups was 25 (21-53) and 49 (27-69) years old,
respectively.

Inter-rater testing

The mean depth of the ROI sampling box placement
was 1.2cm£0.09cm (mean+ SEM). The inter-rater

Figure 4. Color-coded shear wave velocity image. Sample box
positioning within the supraspinatus tendon.

Supraspinatus tendon

Acromion /\)

Distance (mm): a=5; b=7.

A3

Footprint of
supraspinatus tendon

Figure 3. lllustration that represents the location of the sample box placement within the supraspinatus tendon.
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reliability for the depth of sample box positioning
within the supraspinatus tendon was excellent
(ICC=0.95). All values recorded by all examiners in
the normal tendon group showed a minimum shear
wave velocity (Vs) of 9.33m/s (261 kPa), with a mean
of 9.94+0.07m/s (=294kPa) (p<0.001). The ICC
values of the Vs/stiffness recorded by the different
raters varied during the three different readings were:
0.31, 0.62, and 0.32 for readings 1, 2, and 3, respect-
ively. The overall inter-rater ICC for elastography
values was moderate (ICC =0.45).

Intra-rater testing

The average depth of sample box placement within the
supraspinatus tendon was 1.2 +0.08 cm (mean &= SEM)
with excellent reliability (ICC=0.94). The average
shear wave velocity (Vs) recorded during the three scan-
ning sessions in the normal tendon group was
9.96+£0.02m/s (297kPa) (p <0.001). On the other
hand, the tendinopathic tendon group resulted in an
average shear wave velocity of 8.3+0.2m/s (207 kPa)
(p <0.001), with a minimum value recorded of 7.3 m/s
(159kPa) and a maximum of 9.39m/s (264 kPa)
between all tendinopathic tendons. The reliability of
the intra-rater assessment was excellent (ICC =0.96).

Discussion

This study showed lower shear wave velocity values;
therefore, decreased tissue stiffness in tendinopathic
supraspinatus tendons was compared to normal ten-
dons. The reliability of this imaging tool was excellent
when was used by a musculoskeletal trained sonogra-
pher, and fair to good when the technique is used by
raters with different levels of experience in ultrasound
imaging. The reliability of sampling box positioning
was excellent in all groups.

Our data regarding elastography values of supraspi-
natus tendon were consistent with the data reported by
Chen et al."? in other tendons. They found that in the
Achilles tendon shear wave elastography values ranged
from 9.86 m/s (291.91 kPa) for the normal tendon to 4.3—
4.8 ms (56.48 kPa—68.59 kPa) for the ruptured tendon.

The reliability and reproducibility of elastography
have been investigated in some studies. Golatta
et al.?® reported good intra- and inter-examiner reliabil-
ity of shear wave elastography in breast lesions
(r=0.93). Rosskopf et al.?' reported excellent inter
examiner reliability (ICC =0.89) of shear wave elasto-
graphy in the assessment of supraspinatus muscle and
fatty infiltration; however, they did not report values
regarding the supraspinatus tendon. Cortez et al.” also
examined its reliability in normal skeletal muscles and
found good results (ICC: 0.73-0.96).

To our knowledge, our study is the first study to
examine the supraspinatus tendon at its insertion.
Baumer et al. from Detroit, USA, also reported good
intra- and inter-user repeatability (ICC =0.87 and 0.73,
respectively) of shear wave elastography in the longitu-
dinal plane of supraspinatus tendon from 10 human
subjects, assessed by two users.”> However, this study
evaluated the tendon at the musculo-tendinous junc-
tion, whereas in our study, the supraspinatus tendon
was assessed at its distal insertion. In addition, the
values of Vs/kPa reported were lower than our study,
which may be explained by the fact that the stiffness
property of muscle is lower compared to tendon.
The consequence of lower tendon stiffness for patients
would mean that they have a pathologic tendon.
Like several musculoskeletal diseases, the abnormalities
shown by complementary tests and imaging such
as magnetic resonance imaging and conventional
ultrasound do not always correlate with symptoms.
Shear wave elastography ultrasound is a relatively
new technology that provides objective data (numbers)
of the tissue of the supraspinatus tendon, rather than
only an image to be interpreted. Therefore, treatment is
decided by taking into consideration all available data,
including the clinician’s physical assessment and sever-
ity of symptoms.

The strengths of this study were the significant
number of cases used for the reliability evaluation of
shear wave eclastography, the assessment of this tech-
nique in two different types of tendons (normal and
tendinopathic), and it is the first study that assessed
the supraspinatus tendon in its clinical relevant region
of pathology using this imaging tool. The limitations
included that the elastography application of the
ACUSON 82000™ ultrasound machine had a max-
imum elastography values threshold of 10m/s and
300kPa, and we did not include the tendinopathic
tendon group in the inter-rater reliability evaluation
that could explain the resulted lower reliability in
this testing.

This study was able to show that tendinopathic ten-
dons were less stiff than normal tendons using SWEUS.
This imaging technique was reliable to assess the
supraspinatus tendon, especially when used by a
single experienced musculoskeletal sonographer.
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