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Effect of acquisition depth and precompression from probe and
couplant on shear wave elastography in soft tissue: an in vitro and
in vivo study
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Background: Shear wave elastography is a promising method to diagnose early musculoskeletal lesions.
We aimed to explore the feasible depth and acceptable precompression applied by probe and couplant for
soft tissues in the present system.

Methods: Ex-vivo muscles were evaluated at depths of 0.5-6 ¢cm by 3 operators, using 1-5 mm couplant
thickness and 0-3.0 kPa probe pressure. We compared the shear wave speed (SWS) and used intraclass
correlation coefficients to assess reproducibility. Iz vive skin and subcutaneous superficial fascia from
volunteers were tested at depths ranging from 0.1-0.5 cm with 1-20 mm couplant thickness.

Results: The SWS of ex-vivo muscles varied and increased with depth, and could not be acquired at
6 cm because the shear wave failed to be detected. Furthermore, while the SWS of ex-vivo muscles were not
affected by the couplant thickness, it was affected by probe pressure. Most cases demonstrated a satisfactory
agreement degree of the intraoperator reproducibility (ICC, 0.81-0.95) and a substantial interoperator
reproducibility (ICC >0.60). Inter- and intra-operator reproducibility was better at a depth of 0.5-4 ¢cm than
at 5 cm. In the 7 vivo study, when tissues within a 0.2 cm depth were evaluated, the SWS that was acquired
using a couplant thickness of >10 mm was different from that acquired using other thicknesses.
Conclusions: The SWS acquired at a depth of <3 cm with a suitable amount of couplant is recommended.
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Introduction gradually been used for examining clinical musculoskeletal
Shear wave elastography is a form of ultrasound elasticity discases in recent yeefrs (13,14). Itis a promising mthOd
. . . . that can be used to diagnose early musculoskeletal lesions,
imaging technology that has recently received increased

attention for its clinical applications. It is a powerful, contrary to the conventional ultrasound methods that

noninvasive method for qualitatively and quantitatively may be insufficient in the early stage (15). However, its

assessing the elasticity of soft tissue (1-7). Several studies application in the evaluation of musculoskeletal tissue

have reported its importance in breast, thyroid, and prostate elasticity requires further research (1,13). Skeletal muscles

imaging, and fibrosis in liver pathology (8-12). Since
the early 1990s, several researchers have focused on the
musculoskeletal system, and shear wave elastography has
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are anisotropic and heterogeneous, and the characteristic
position of most skeletal muscles is relatively shallow,

contrary to the other visceral organs. Additionally, their
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muscle structure is complex and susceptible to muscle
state and body posture with variable muscle fiber lengths
and directions, thereby complicating its analysis (15-18).
Therefore, in vivo assessment of muscle elasticity is
considerably difficult.

The shear wave speed (SWS) varies with acquisition
depth (1,16,17,19,20), the pressure applied by the probe
and couplant (21,22), and the operating physicians (18).
Alfuraih et a/. acquired measurements under varying depths
from the vastus lateralis and pointed out that different
acquisition depths may affect the reliability of shear wave
elastography in muscles (21). Ewertsen et a/. evaluated the
influence of depth on SWS for 3 different muscles (the
biceps brachii, the gastrocnemius, and the quadriceps) in
vivo with Siemens Acuson S3000 Helx system and found
that SWS and depth demonstrated a significant negative
correlation (23). These studies have primarily focused
on assessing the SWS differences within muscles in vivo.
By measuring the SWS using an elasticity phantom with
Aixplorer, ACUSON S§3000, and EPIQ 5 system, and
by applying both high and low-frequency transducers, it
was also found that SWS was affected by the acquisition
depth (1). However, the results of depth investigation from
phantoms may not be generalized to muscles, as anisotropy
may affect the propagation of shear waves in muscles.
Alfuraih er al. compared the minimal probe pressure with
a considerable amount of standoff gel layer (approximately
5 mm of gel visible on top of the images) and concluded that
the measurements acquired using a minimal probe pressure
without a standoff gel yielded the outcomes with the best
reliability (21). The study further highlighted that the
shear wave elastography of skeletal muscle was sensitive to
transducer pressure, and a generous amount of coupling gel
should be applied to prevent the probe from compressing
the muscles (24). To the best of our knowledge, the previous
studies did not recommend a suitable amount of couplant
when measuring superficial soft tissues.

Furthermore, the reproducibility between different
conditions and operators is of vital importance to compare
the results in a future follow-up. Lacourpaille ez 4/. specifically
focused on the reproducibility assessments at various
muscular sites and observed very good reliability (25). Cortez
et al. assessed intra- and inter-operator reproducibility for a
specific site in normal skeletal muscles and pointed out that
inter- and intra-operator reproducibility was fair to good
(intraclass correlation coefficients values between 0.40 and
0.74) (18).

Further standardization of the acquisition process will
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be essential in reducing the technically induced variation,
thereby improving the measurement and diagnostic
accuracy. In the present study, we used an isolated muscle as
the object, focusing on the effect of acquisition depth and
pressure applied by the probe and couplant on the SWS. To
further explore the influence of pressure on tissues that are
particularly superficial, we also measured the SWS of skin
and subcutaneous superficial fascia of healthy people using
different amounts of couplant.

We aimed to investigate the feasible depth and acceptable
pressure applied by probe and couplant on soft tissues by
determining their effect on the SWS in the given conditions
and system. Furthermore, the intra- and inter-operator
reproducibility of the mean SWS measurements with
different depths and couplant thicknesses were evaluated.

Methods
Subjects

Animals

‘Twenty-eight freshly isolated muscle samples from healthy
pork tenderloin prepared for consumption were examined
at 20 °C (room temperature) after being removed from the
body no more than 6 hours prior. The mean size of each
muscle was 15 cm x 7 cm x 7 cm and each demonstrated
clear muscle fiber.

Humans

We selected 14 healthy volunteers, consisting of 5 males
and 9 females. The participant group had the following
values: mean age =31 (range, 22-54) years, mean body
mass index (BMI) =22.5 (range, 18.3-23.66) kg/m’,
weight =63.5 (range, 50-75) kg, and average height
=171 (range, 166-183) cm. All volunteers had their skin
and subcutaneous superficial fascia of the front of the
bilateral forearm examined in the resting position. While
performing the examination, the volunteers were sitting
on a chair with the forearm resting and were made to
place their forearm flat on the examination bed with the
elbow joint inflecting slightly. All participants were free
of drugs, and those with a history of skin disease, systemic
lesions involving the skin, upper extremity rash, scars,
wounds, tumors (malignant or benign) of the upper-arm,
or musculoskeletal or rheumatic conditions were excluded.
The study was approved by the institutional ethics board
of Peking University People’s Hospital, and all participants
gave informed consent.
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Figure 1 Schematic diagram of the shear wave elastography operating process for the ex-vivo study (A) and local speed map obtained from

the skin and subcutaneous tissue with 2-mm couplant for the iz-vivo study (B).

Equipment

The shear wave elastography measurements were acquired
using the recent commercially released shear wave
elastography package for the Aixplorer system (SuperSonic
Imagine, Aix-en-Provence, France) that employs an SL10-
2 high-frequency linear probe. This system operates with
a spatial resolution of 1 mm x 1 mm in elastography and
0.3 mm x 0.3 mm in B-mode (18). For this system, the shear
wave elastography uses the acoustic radiation force induced
by ultrasound beams to stimulate underlying tissues. This
pressure pushes the tissue in the direction of propagation to
which the tissue subsequently reacts with a restoring force.
This force produces shear waves that propagate transversely
in the tissue. Each measurement included a rectangular box
(2.0 cm x 2.5 cm) to display the tissue stiffness in the shear
wave elastography image using a semitransparent color
overlay, as illustrated in Figure 1A. This could facilitate
the prediction of the most probable shear wave speed and
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imaging quality before measurement. The measurements
were recorded in SWS (m/s) considering the anisotropy of
muscles, because Young’s modulus (kPa) has been validated
only in isotropic and homogeneous tissues (18). The units of
m/s and kPa are not synonymous. The relationship between
SWS and Young’s modulus is E=3pV?, in which E represents
Young’s modulus, 3 is a constant related to Poisson’s ratio
for strain, p is tissue density (assumed to be 1 g/cm3), and V
is the shear wave speed (16). A faster speed is associated with
lower elasticity and higher stiffness, and vice versa (26). The
circular region of interest (ROI) with a diameter of 3 mm
was chosen for isolated muscle measurements and 1 mm for
the skin and superficial subcutaneous fascia measurements.
The Aixplorer system penetration (Pen) condition was
chosen during SWS measurement, which could change the
frequency in order to increase the sound wave propagation
distance when measuring tissue at different depths. During
shear wave elastography, many ultrasound artifacts are
encountered, such as strip-shaped “fence-like” artifacts, a
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signal void area, or an area of very high/low stiffness in the
elastogram. These artifacts should be avoided during SWS

measurement.

Shear wave elastography acquisition

Shear wave elastography procedures were performed
independently by operators A, B, and C, who were 1 senior
and 2 junior sonographers with 10 and 3 years of experience,
respectively. All operators were trained on a minimum of
10 muscle specimens before the experiment. The probe was
positioned in a longitudinal orientation (along the fibers)
according to the orientation of the fibers. The readings
were repeated 3 times for each acquisition method, and the
probe was removed and replaced each time.

Ex-vivo muscle

When measuring isolated muscles in vitro, 7 different
depths (0.5, 1, 2, 3, 4, 5, and 6 cm) were selected to evaluate
the effect of acquisition depth on shear wave elastography.
The depth from the surface to the center of the ROI was
measured before measuring the SWS. The muscle samples
were placed between 2 fixators without applying any
pressure to maintain their shapes during the examination.
The deep and superficial tissues were tested while placing
the ROI away from the edge of the muscle to prevent any
possible influence on SWS measurements. All 3 operators
were involved in these measurements.

Readings were acquired using 5 different couplant
thicknesses, including 1, 2, 3, 4, and 5 mm, within the
isolated muscle iz vitro. The thickness of the couplant
was checked on the B-mode image before the acquisition.
Bubbles were not allowed in the couplant during
measurement. Light direct contact, which ensured that
the probe was directly in contact with the tissue using the
minimal couplant and without deforming the superficial
tissue, was also selected as the minimal probe pressure. All 3
operators participated in the measurement. In addition, two
probe pressures (1.5 and 3.0 kPa) were used by pressing the
muscle manually, which was performed by operator A. The
pressure was quantified by placing an electronic scale under
the isolated muscle.

Skin and subcutaneous superficial fascia of the human

body
To investigate whether the couplant thickness affected the
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SWS when the acquisition depth was less than 0.5 cm, we
measured the skin and subcutaneous superficial fascia from
the front of the bilateral forearm, 10 cm below the elbow,
from a total of 26 locations of volunteers within a depth
of 0.4 cm (0.1, 0.2, 0.3, and 0.4 cm; Figure 1B). The depth
from the skin surface to the center of the ROI was measured
before the SWS measurement. We then tested 8 different
couplant thicknesses, including 1, 2, 3, 4, 5, 10, 15, and
20 mm, along with the light direct contact between the
probe and skin surface.

Reproducibility

Readings were repeated 3 times for each combination of
depth (1-6 cm) and couplant thickness (1-5 mm, light
direct contact) by each operator within muscles in vitro.
According to ultrasound guidance, the measurement
position of each sample was marked on the isolated muscle
using a surgical marker. When operator A completed the
measurement, operators B and C repeated the same. The
total measurement time of each sample was completed
within 1 hour to avoid variations in muscle elasticity due to
physical changes.

Data and statistics

SPSS software (version 22.0) was used for statistical analysis.
All data are presented as mean = standard deviation (SD). A
P value <0.05 was considered statistically significant. Mean
and SD SWS was calculated for each operator.

Analysis of variance and Kruskal-Wallis test were used
to compare SWS between different acquisition depths
and different pressures from the probe and couplant. The
post hoc analysis, which compares the SWS of different
depths and pressure, was performed using the Bonferroni-
adjusted P value of 0.017 (obtained by dividing 0.05 by 3).
To evaluate the trend between acquisition depths and SWS,
we performed simple linear regression. The intraclass
correlation coefficient (ICC) was used to assess the
reproducibility of the measurements, and the ICC value
was interpreted as follows: 0.00-0.20 for poor agreement,
0.21-0.40 for fair agreement, 0.41-0.60 for moderate
agreement, 0.61-0.80 for substantial agreement, and >0.80
for an almost perfect agreement (26). The reproducibility of
the mean values between different operators was evaluated

by ICC and 95% confidence interval (CI).
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Table 1 SWS results of 3 operators at different acquisition depths for ex-vivo study

SWS (M = SD) (m/s)

Operators p
0.5 1.0 2.0 4.0 5.0 6.0

A 3.30+0.42 3.42+0.40 3.56+0.40 3.77+0.49 4.33+0.51 5.58+0.38 NA <0.001

B 3.33+0.45 3.45+0.40 3.57+0.43 3.75+0.46 4.30+0.56 5.32+0.59 NA <0.001

C 3.20+0.44 3.39+0.44 3.64+0.44 3.94+0.51 4.55+0.60 5.42+0.77 NA <0.001

SWS, shear wave speed; M + SD, mean + standard deviation; NA, not applicable.

Results
Comparison of SW'S at different acquisition depths

The mean SWS was significantly different at various
acquisition depths (P<0.001) regardless of the couplant
thickness within the muscles. The SWS at a depth of 6 cm
was not available. 7able 1 lists the mean values and standard
deviations of the SWS results of the 3 operators at different
acquisition depths. Figure 2 indicates an increase in the
SWS with increasing acquisition depth. The SWS increased
significantly when the depth reached 4 cm. The mean SWS
of different couplant thicknesses was primarily linearly
related to the depth when the depth was not more than
3 cm, and a linear model of SWS at different depths was
used to fit the variation, as shown in Figure 2B,D,F. The
fitting line was regarded as the ideal relationship between
SWS and depth. The ideal SWS values of 4 and 5 cm were
calculated according to the fitting line, and the percentage
error values of the experimental value compared with the
ideal value are presented in Figure 3.

Comparison of SWS with different pressure applied by
probe and couplant

For the three operators, SWS measured at the same depth
was not statistically different among the different couplant
conditions (1-5 mm, P>0.05) for muscles, as listed in Table 2.
Concerning different couplant thicknesses, the coefficient
of variation (CV) had little fluctuation (Zible 2). However,
when manually applying pressure to the muscles (1.5 and
3.0 kPa), SWS was higher (Figure 4) and significantly
different (7able 3) when the acquisition depth was 0.5-5 cm.

The SWS of the skin and subcutaneous tissues with
a different amount of couplant at the acquisition depth
of no more than 0.4 cm is shown in 7able 4. When the
acquisition depths were no more than 0.3 cm, the SWS
varied according to couplant thickness (P<0.05). When the
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SWS values were acquired at a depth of 0.1 to 0.2 cm, post
hoc tests revealed that the SWS with couplant thickness
of 10 to 20 mm was significantly different compared with
that of other couplant thicknesses (1-5 mm; P<0.05). When
the acquisition depth increased to 0.3 cm, the SWS was
significantly different between the 20 mm and the other
couplant thicknesses, whereas the SWS did not demonstrate
a significant difference with different couplant thicknesses at
a depth of 0.4 cm (P>0.05). In addition, in cases where the
acquisition depth was 0.1-0.2 cm, post hoc tests revealed
that the SWS acquired with the minimal probe pressure
(light direct contact) was significantly different from that
acquired with an amount of couplant thickness (1-5 mm;

P<0.05).

Reproducibility of SWS

The degree of agreement of intra-operator reproducibility
was satisfactory (ICC, 0.81-0.95) for 29 of the 36 combined
conditions (7able 5). When the acquisition depth was 5 cm,
the degree of agreement was fair to moderate (ICC, 0.20-
0.60; Tuble 5). As listed in Table 6, the degree of agreement
of inter-operator reproducibility was substantial to almost
perfect (ICC >0.60) at the acquisition depth of 0.5 to 3 cm,
whereas the degree of agreement was fair to moderate (ICC,
0.20-0.60) when the acquisition depth increased to 5 cm.

Discussion

Shear wave elastography is a promising technology, and its
use has progressively increased in routine musculoskeletal
tissue examinations. The SWS acquisition method is
still controversial, and few studies have tested the same
factors using muscles in vitro. The sample number of a
previous study was small with limited data on superficial
soft tissue, daily use of couplant, and the intra- and inter-
operator reproducibility (27). The present study focused on

Quant Imaging Med Surg 2020;10(3):754-765 | http://dx.doi.org/10.21037/qims.2020.01.15



Quantitative Imaging in Medicine and Surgery, Vol 10, No 3 March 2020 759

A 60
Couplant thickness (mm)
55F 1
—2
50 —3
i
£ |l ——5
o 45
&
40+
35F
3.0
Il 1 1 1 1
0 1 2 3 4 5
Depth (cm)
C 60
Couplant thickness (mm)
55F ——1
—_— 2
_50f —3
2 |
= ——5
o 45F
%
4.0}
351
3.0}
1 1 1 1 1
0 1 2 3 4 5
Depth (cm)
E 60
I Couplant thickness (mm)
55F —e—1
S ]
~50r —3
g | =
45 5
=
P40t
35F
30
1 1 1 1 1
0 1 2 3 4 5

Depth (cm)

—— Mean experimental value
—e— Fitting line

35F
i y=0.182x+3.217
30F
1 n 1 1 Il 1
0 1 2 3 4 5
Depth (cm)
D 6o

—=—Mean experimental value
55 ——Fitting line

5.0

SWS (m/S)

4.0

35
y=0.158x+3.269
L 1 ! 1 L

0 1 2 3 4
Depth (cm)

(6]

—=— Mean experimental value
55 —— Fitting line

4.0

3.5
y=0.289x+3.075

3.0
L 1 L L 1
0 1 2 3 4 5

Depth (cm)

Figure 2 Effect of the acquisition depth on the SWS with different couplant thicknesses (1-5 mm) of ex-vivo study: (A) operator A, (C)

operator B, and (E) operator C. Mean SWS of different couplant thicknesses and fitting line: (B) operator A, (D) operator B, and (F)

operator C.

evaluating the influencing factors that may be essential for
the standardization of muscle evaluation using shear wave
elastography.

The first part of the present study investigated the
influence of acquisition depth on SWS within muscles
in the present system with the linear probe. The results
presented significant differences between SWS at various
acquisition depths, from 0.5 cm to 5.0 cm for muscles
(Table 1). In cases where the acquisition depths were less
than 3 cm, the SWS increased linearly with increasing

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

depth. The SWS increased more obviously when the
acquisition depth was deeper than 3 cm (Figure 2).
However, when the depth increased to 6 cm, the shear
wave failed to be detected. However, this was true only
for the present linear probe (SL10-2 linear probe). When
measuring deeper tissue (>6 cm), it may be feasible to use a
lower frequency convex probe. Several studies have revealed
that the acquisition depth significantly influences the SWS.
Carpenter et al. examined the effect of depth on the SWS
of muscle in a healthy cohort and reported that the SWS
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for superficial acquisitions was significantly lower than that
for deep acquisitions with depth readings no more than
2.5 cm (28). Rominger et al. studied the effects of depth
on SWS in vitro and found an increase in the mean SWS
in muscle by progressively the increasing depth using a
linear probe (27). In this study, the SWS also exhibited an
increasing trend with the increase in acquisition depths,
contrary to the findings reported by Alfuraih et 4/. (21) and
Rominger et al. (27). These variations among the results
could be associated with differences in the equipment used
and the muscles investigated.

Moreover, a previous review reported that a deeper
acquisition depth was responsible for an attenuation effect that
disturbed the shear wave collection and showed a signal void

40

I:l Operator A
- Operator B
- Operator C

30

Acquisition depth (cm)

Figure 3 Percentage error at depths of 4 cm and 5 cm for ex-vivo

study.

or areas of very high/low stiffness in the elastic image (24).
The results in Figure 2 also indicate that the linear
relationship between the depth and the SWS disappeared
when the depth reached 4 cm or higher (i.e., the
measured SWS would probably be inaccurate). A previous
investigation reported that the measurements were not
feasible for depths of more than 5 cm for muscles (27). The
power of the acoustic radiation force impulse (push pulse)
eventually diminished at larger depths (5.0 cm), rendering
the generated shear waves too weak to be detected
accurately (21,29,30). When the depth was 4 and 5 cm,
the percentage error was theoretically 7.57-10.26 and
19.91-35.11, respectively. To our knowledge, there is no
cutoff value of acceptable error in shear wave elastography.
Therefore, when measuring the SWS of muscles, the
suitable measurement depth is recommended to be within
3 cm, and going beyond (4-5 cm) would not be feasible or
ideal in the present conditions and system.

With regards to the pressure applied by the couplant
or probe within the muscle, our results suggest that using
a specific amount of couplant (1-5 mm) may be more
applicable. Carpenter et a/. studied the effect of probe
pressure on muscle by using normal probe contact and
axial stress and pointed out that the SWS with preload was
significantly higher (28). Kot er 4l. carried out a similar
study and reported a significant difference when a different
pressure of the transducer was applied (31). Taken together,
the above studies indicate that probe pressure affects SWS,
which is in line with our result; however, evidence for the
most suitable method remains insufficient. As far as we
know, soft tissue is a deformable tissue; therefore, the SWS
of soft tissue is sensitive to pressure. SWS changes in the

Table 2 SWS results of 3 operators with different couplant thicknesses for ex-vivo study

Couplant thickness A B c

(mm) SWS (M+SD) (m/s) CV (%) SWS (M+SD) (m/s) CV (%) SWS (M+SD) (m/s) CV (%)
Light direct contact 4.01+0.88 21.9 4.01+0.90 22.4 4.06+0.94 23.2
1 4.01+0.80 20.0 4.01+0.76 19.0 4.01+0.88 21.9
2 4.00+0.86 21.5 3.96+0.82 20.7 4.01+0.91 22.7
3 3.96+0.93 23.5 3.97+0.84 21.2 4.00+0.96 24.0
4 4.02+0.96 23.9 3.89+0.87 22.4 4.04+1.01 25.0
5 3.96+0.96 24.2 3.88+0.85 21.9 4.04+0.93 23.0
P 0.98 (>0.05) 0.60 (>0.05) 0.99 (>0.05)

A, B, and C were the 3 operators; M + SD indicates mean + standard deviation; SWS, shear wave speed; NA, not applicable.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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Figure 4 Shear wave elastic images under different pressures for ex-vivo study (minimal probe pressure, 1.5 kPa, and 3.0 kPa).

Table 3 SWS results of operator A under different pressures from the couplant and probe for ex-vivo study

SWS (M+SD) (m/s) under different pressure

Depths

(cm) 1t ot 3t 4t 5t Liiztnf;:id 15kPa  3.0kPa P i
0.5 3.46+0.32 3.38+0.44 3.21+0.49 3.23x0.46 3.20+0.37 0.09 3.38+0.33 4.73+0.06 4.95:+0.13 <0.001 <0.001
1 3.53+0.32 3.49+0.40 3.35+0.46 3.37+0.40 3.32+0.43 0.20 3.46+0.33 4.47+0.07 4.91+0.08 <0.001 <0.001
2 3.66+0.38 3.60+0.39 3.52+0.41 3.58+0.42 3.49+0.41 0.55 3.53+0.37 3.93+0.12 4.04+0.11 <0.001 <0.001
3 3.75+0.52 3.71+0.44 3.80+0.59 3.81+0.49 3.78+0.50 0.95 3.76+0.45 4.40+0.13 4.49+0.11 <0.001 <0.001
4 4.23+0.46 4.21+0.44 4.34+0.52 4.50+0.56 4.38+0.51 0.19 4.33+x0.51 4.90+0.10 5.28+0.14 <0.001 <0.001
5 5.46+0.38 5.59+0.28 5.54+0.39 5.64+0.52 5.65+0.34 0.36 5.64+0.32 5.70+0.16 4.90+0.10 <0.001 <0.001
6 NA NA NA NA NA NA NA NA
1, couplant thickness (mm). M = SD, mean =+ standard deviation; SWS, shear wave speed.
Table 4 SWS results of skin and the subcutaneous superficial fascia for in-vivo study

SWS (M+SD) (m/s) with various amounts of couplant
Depth Light direct
fom) contact " 21 st 4t 51 101 151 201 P
0.1 3.06+0.44 2.67+0.51 2.57+0.58 2.45+0.55 2.48+0.53 2.36+0.42 3.10+1.02 2.96+0.81 3.06+0.85 <0.001
0.2 2.97+0.57 2.63+0.52 2.51+0.49 2.50+0.55 2.53+0.58 2.80+0.15 3.20+0.79 3.05+0.49 3.23+0.65 <0.001
0.3 3.30+1.03 2.82+0.91 2.83+0.94 2.82+1.14 2.69+0.97 2.71+0.98 3.10+0.70 2.92+0.40 3.50+0.70 0.02
0.4 2.99+1.05 3.05+0.77 3.03+0.87 2.88+0.94 2.96+1.00 2.95+0.99 3.08+0.68 2.78+0.38 3.43+0.80 0.44

T, couplant thickness (mm). M + SD, mean =+ standard deviation; SWS, shear wave speed.

conditions of high pressure and may consequently change
the tissue structure or shape. Therefore, the pressure applied
to the tissue should be as low as possible. The couplant
used during the shear wave elastography examination will
exert a certain amount of pressure on the tissue. However,
the pressure generated by 5 mm couplant was not high
enough to influence the elasticity of the muscle tissue (depth
>0.5 cm). We investigated the feasible couplant thickness
and probe pressure on muscle that would also be frequently

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

usable and practical, and generated reproducible results in
clinical settings. The results demonstrated that there was
no difference among the SWS when the couplant thickness
varied from 1 to 5 mm, but there was a significant difference
when applying pressure manually (1.5 and 3.0 kPa). As a
result, in the present conditions and system, an amount of
couplant should be applied onto the tissue surface instead of
applying the pressure manually through the probe.

The present study is possibly the first to purposefully
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Table 5 Reproducibility of different depths and couplant combinations demonstrated as intraoperator correlation coefficient within (intra)

operator A for ex-vivo study

Couplant thickness
(mm)

Acquisition depth (cm), ICC (95% CI)

0.5

1

2

3

4

5

Light direct contact
1

2
3
4
5

0.81 (0.67-0.90)
0.85 (0.73-0.92)
0.94 (0.89-0.97)
0.93 (0.87-0.96)
0.92 (0.85-0.96)
0.91 (0.83-0.95)

0.81 (0.68-0.90)
0.83 (0.71-0.91)
0.92 (0.85-0.96)
0.91 (0.80-0.96)
0.90 (0.83-0.95)
0.87 (0.78-0.94)

0.86 (0.76-0.93)
0.87 (0.77-0.93)
0.90 (0.83-0.95)
0.84 (0.72-0.92)
0.86 (0.75-0.93)
0.82 (0.70-0.91)

0.88 (0.79-0.94)
0.94 (0.89-0.97)
0.86 (0.75-0.93)
0.95 (0.92-0.98)
0.91 (0.83-0.95)
0.90 (0.82-0.95)

0.82 (0.70-0.91)
0.79 (0.65-0.89)
0.84 (0.72-0.92)
0.89 (0.80-0.94)
0.84 (0.72-0.92)
0.86 (0.75-0.93)

0.34 (0.11-0.58)
0.47 (0.24-0.68)
0.27 (0.05-0.52)
0.25 (0.02-0.50)
0.37 (0.13-0.60)
0.53 (0.30-0.72)

Table 6 Reproducibility of different depths and couplant combinations demonstrated as interoperator correlation coefficient among the 3 operators

for ex-vivo study

Couplant thickness

Acquisition depth (cm), ICC (95% Cl)

(mm) 05 1 2 3 4 5

Light direct contact 0.65(0.32-0.83)  0.74 (0.50-0.87) 0.81 (0.64-0.91) 0.72 (0.46-0.86) 0.40 (0-0.71) 0.39 (0-0.70)

1 0.69 (0.40-0.85) 0.79 (0.60-0.90) 0.88 (0.77-0.94) 0.83 (0.67-0.92) 0.49 (0.02-0.76)  0.35 (0-0.69)

2 0.78 (0.57-0.89) 0.81(0.63-0.91) 0.89 (0.79-0.95) 0.86 (0.74-0.93) 0.60 (0.24-0.81)  0.48 (0-0.75)

3 0.77 (0.55-0.89)  0.20 (0-0.62) 0.80 (0.61-0.90)  0.85 (0.70-0.93)  0.32 (0-0.67) 0.35 (0-0.69)

4 0.75(0.52-0.88) 0.76 (0.54-0.89) 0.83 (0.68-0.92) 0.74 (0.49-0.87) 0.42 (0-0.72) 0.26 (0-0.64)

5 0.78 (0.58-0.90) 0.84 (0.70-0.92)  0.87 (0.75-0.94) 0.85 (0.71-0.93)  0.38 (0-0.70) 0.52 (0.08-0.77)

investigate the effect of the amount of couplant on SWS of
skin and subcutaneous superficial fascia. In an ex vivo study,
Rominger ez al. studied the influence of manually increasing
probe pressure by applying 0 to 3,000 g weight to the muscle
tissue surface and found an increase in SWS. Therefore,
they recommended using minimal pressure to ensure
light contact with body skin during measurement (27).
Another study compared the minimal probe load with the
use of a standoff gel layer within muscle, and the authors
supported placing the probe in direct contact with the skin
without standoff gel (21). However, these findings may
not be generalized to particularly superficial tissues such
as the skin and superficial tissue. This was expected to be
improved by adding a suitable amount of couplant without
applying too much pressure. Our study indicated that it
was not suitable to apply a couplant of more than 10 mm
or to place the probe in slight contact with the skin when
the tested tissue depth is within 0.2 cm. The study also
demonstrated that it is not acceptable to use the couplant
with more than 20 mm when the acquisition depth reached

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

0.3 cm. Considering the possible differences in elasticity
and measurement conditions, these findings may not be
directly or accurately generalizable to all patients or to
all skin and subcutaneous tissues of the human body, and
further studies are needed to confirm their applicability.
Nevertheless, our results warrant future studies on the use
of shear wave elastography on skin.

In this study, different combinations of acquisition depths
and couplant thicknesses were used to assess their reliability
on muscles iz vitro. This was done by testing the intra- and
inter-operator reproducibility (Tables 5,6). Typically, it is
recommended to take an average of 3 measurements per
test to ensure accuracy (29,30). This study briefly compared
the agreement between 3 repeated acquisitions and 3
operators for each combination of acquisition depth and
couplant thickness. The results showed that the intra- and
inter-agreement degree observed at the 5 cm acquisition
depth was not satisfactory, which might have resulted from
the acoustic attenuation that led to an uneven distribution
of SWS. However, in cases where the acquisition depth
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was <4 cm, the consistency of intra- and inter-operator
reproducibility was nearly perfect regardless of couplant
thickness. This suggests that the SWS measurement had
good inter- and intra-operator reproducibility as long as the
acquisition depth is <4 c¢m, and the couplant thickness was
no more than 5 mm under present conditions.

Our study has some limitations. First, the sample size
was not large enough. Second, isolated pork muscles were
used and successively measured by different operators,
but the tissue may have decomposed over time, and the
elasticity might have changed. Moreover, the temperature
of the ex vivo pork muscles was different from the iz vivo
temperature. However, this ex vivo study remains
meaningful for controlling the influence of the living
body to demonstrate the effect of target factors. Finally,
the findings acquired from the skin and subcutaneous
tissue might need further investigation to confirm their
applicability in other regions of the body or patients with
different BMIs.

Conclusions

In the present system and study conditions, the results
revealed considerable variations in SWS due to the
acquisition depths. Muscle SWS readings acquired at
depths of no more than 3 cm using an amount of couplant
may produce relatively accurate results. In cases where the
acquisition depth was not more than 0.2 cm, light direct
contact of the probe or applying couplant more than 10 mm
may not be recommended for skin and subcutaneous tissue
measurements. Inter- and intra-operator reproducibility was
excellent, and was even better when the acquisition depths
were 0.5 to 4 cm as compared to 5 cm.
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