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Purpose: To date, limited studies have specifically addressed the reliability of ultrasound point
shear-wave elastography (pSWE). Therefore, the aim of the present study was to assess the
reproducibility of ultrasound pSWE within and between operators using two ultrasound scanners.
Methods: iU22 and EPIQ7 ultrasound scanners were used to assess the reliability of pSWE
measurements of four inclusions [L | (8 kPa), L Il (14 kPa), L Ill (48 kPa), and L IV (80 kPa)] at
a depth of 3.5 cm in an elasticity phantom using a curvilinear 5-1 MHz transducer. The intra-
operator, inter-operator, and inter-scanner reproducibility of pSWE was assessed using intraclass
correlation coefficients (ICCs). Bland-Altman plots were used to establish bias and limits of
agreement (LoA) between measurements. The accuracy of pSWE from manufacturer values was
determined using the one-sample t-test.

Results: Intra-operator agreement was excellent, with an ICC >0.90. The bias in measurements
for operator A was -0.36+3.13 kPa (LoA, -6.47 to 5.75), and for operator B it was 1.97+6.29
kPa (LoA, -10.25 to 14.21). Inter-operator agreement was excellent, with an 1CC of 0.95.
The bias in measurements between operators was —0.42+5.00 kPa (LoA, -10.24 to 9.38).
The inter-scanner agreement between EPIQ7 and iU22 was excellent, with an ICC of 0.96. The
bias in measurements between scanners was 1.74+4.44 kPa (LoA, -6.95 to 10.45). There
was significant overestimation for L | (17.75%) and L Il (31.14%) and underestimation for L IIl
(=15.28%) and L VI (-98.00%) relative to the manufacturer-reported values.

Conclusion: Phantom ultrasound pSWE was reproducible within and between operators, and
between Philips ultrasound scanners; further studies using different ultrasound systems and
transducers are required.
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Key points: This study assessed the reliability of ultrasound pSWE in an elasticity phantom. Our
findings suggest that ultrasound pSWE is a reliable and reproducible method for quantitative
assessment of tissue stiffness.

Introduction
Ultrasound elastography has been developed to provide quantitative information on tissue elasticity.
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Ultrasound elastography techniques can be broadly categorised into
two types: strain elastography (SE) and shear wave elastography
(SWE). SE characterizes tissue strain in response to transducer
compression, which induces a tissue displacement resulting in strain
that is quantified as a percentage and displayed as an elastogram
image; soft tissue tends to have high strain values (shown in blue),
whereas stiff tissue tends to have low strain values (shown in red)
[1]. In contrast, the SWE acoustic radiation force impulse technique
is applied based on the emission of acoustic pulses into the sampled
area, inducing tissue displacement and resulting in transversely
oriented mechanical shear waves within the investigated tissue from
the region of excitation [2,3]. There are two approaches to SWE:
point SWE (pSWE), which provides a single elasticity measurement
in a selected region, and two-dimensional SWE (2D-SWE), which
provides a colour elastographic map of tissue superimposed over
the ultrasound B-mode image in real-time; this feature provides the
operator with an overview of the tissue stiffness throughout the
area of interest, enabling a qualitative and quantitative evaluation
of elasticity in selected regions of interest on the elastographic
map [4]. Quantitative information from ultrasound SWE has been
reported to be a valid and useful diagnostic tool for various diseases,
including breast cancer, thyroid lesions, and liver fibrosis [5-7]. Both
pSWE and 2D-SWE measure the velocity of the shear wave (C). The
shear modulus (G) is G=pC’, where p denotes the density of tissue
(=1,000 kg/m’). An approximate formula is used to calculate the
Young modulus (E) as E=2G(1+Y)=3G, where Y is the Poisson ratio
(=0.5 in tissue) [8].

The recent expansion and development of ultrasound SWE and
its known advantages of being non-invasive and inexpensive and
providing real-time assessment of tissue and organ stiffness make
it a preferable method for investigating various clinical conditions
[9]. However, ultrasound SWE measurements may show variability
unrelated to physiological changes of organ structure. This could be
related to variations in imaging techniques such as depth of region
of interest, the presence of artifacts, the use of different ultrasound
imaging systems and operator-related errors [9-11].

The reliability of SWE measurements and the potential impact of
operators and ultrasound scanners is of concern, as these factors
may result in inconsistent pSWE measurements. Therefore, it is
important to assess the reproducibility of pSWE measurements
and to ensure low variability of measurements within and between
operators and scanners pre-clinically. To date, there is a limited
number of studies that have specifically addressed the reliability
of ultrasound pSWE. Therefore, the aim of the present study
was to assess the accuracy and variability of ultrasound pSWE
measurements within and between operators using two ultrasound
scanners.
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Materials and Methods

Study Design

Two different generations of Philips Healthcare ultrasound imaging
systems iU22 and EPIQ7 (Philips Healthcare, Bothell, WA, USA)
were used to assess intra-operator, inter-operator, and inter-scanner
variability and the accuracy of pSWE measurements in terms of the
Young modulus (kPa) on an elasticity quality assurance phantom
using a curvilinear 5-1 MHz transducer. The reason for assessing
pSWE variability between these two generations of scanners was
to determine whether consistent elasticity measurements can be
provided. Two experienced certified clinical sonographers with
efficient training on ultrasound SWE (operator A and operator B)
were asked to take pSWE measurements at different visits. Both
operators were blinded to each other's measurements and to the
reference stiffness values of the phantom lesions. This study does
not include animals or human subjects; therefore, ethical approval
was not required.

Phantom

pSWE measurements were performed on an elasticity quality
assurance phantom Model 049, produced by Computerized Imaging
Reference Systems, Inc. (CIRS, Norfolk, VA, USA) [12]. The phantom
is made of eight spherical lesions: four superficial and four deep (Fig.
1). The superficial lesions are at a depth of 1.5 cm, with a volume
of 0.5 mL. The deep lesions are at a depth of 3.5 cm, with volume
ranging from 4.1 to 4.3 mL. The phantom is made from Zerdine, a
poly-acrylamide polymer with acoustic properties comparable to
those of human tissue [13]. All the lesions have a known stiffness in
terms of the Young modulus (Table 1).

Data Acquisition
Each operator was asked to take pSWE measurements at two

Fig. 1. Elasticity quality assurance phantom. Phantom Model-049
(Computerized Imaging Reference Systems, 2016). The phantom
contains eight spherical inclusions with different stiffness values,
diameter and depth.

e-ultrasonography.org


http://www.e-ultrasonography.org

Reliability of ultrasound pSWE

different visits. On the first and second visits, 10 pSWE measurements
were obtained from each of the four deep lesions in kPa using a
curvilinear 5-1 MHz transducer with the EPIQ7 ultrasound imaging
system [13,14]. Due to the poor image resolution at a depth of 1.5
cm with use of the curvilinear 5-1 MHz transducer, the superficial
lesions within the phantom were not assessed in this study.
The data were acquired starting from L-I to L-VI in longitudinal
scanning with the transducer lifted and repositioned between
acquisitions by applying minimal pressure on the phantom surface
[15]. An additional third visit by operator A was made, in which
the same protocol followed in the previous visits was repeated
using a curvilinear 5-1 MHz transducer with the iU22 ultrasound
imaging system. The ultrasound system controls were optimised
before the elasticity measurements. The pSWE values of all four
lesions were obtained using medium penetration mode with gain
of 57% in EPIQ7 and 66% in iU22, and the image depth was set
at 9 cm. The pSWE region of interest with a diameter of 1 cm was
placed in the centre of the lesion at a depth of 3-4 cm (Fig. 2).

Statistical Analysis

pSWE measurement reproducibility was assessed using the intraclass
correlation coefficient (ICC): ICC <0.50, poor agreement; ICC 0.50-
0.75, moderate agreement; ICC 0.76-0.90, good agreement; ICC
>0.90, excellent agreement [16]. A Bland-Altman plot was used
to establish bias and limits of agreement (LoA) between pSWE
measurements [17]. The coefficient of determination (R? range,
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0% to 100%) was used to determine the percentage of variance
in pSWE measurements around the fitted regression line: R*<50%,
poor variance in measurements; R* 50%-70%, moderate variance
in measurements; R>>70%, excellent variance in measurements [18].
The mean of the coefficient of variation (CV) from all lesions was
used to determine intra-operator measurement variability in each
visit: <15%, low variability; 16%-25%, moderate variability; >25%,
high variability [19]. The accuracy of the elasticity measurements
relative to the manufacturer-reported values was determined using
the one-sample t-test. The level of significance was set at P<0.05.
The statistical analysis was performed using IBM SPSS Statistics
version 21 (IBM Corp., Armonk, NY, USA) and GraphPad Prism 7
(GraphPad, La Jolla, CA, USA).

Results

In total, 240 pSWE images with elasticity measurements in kPa were

Table 1. Manufacturer’s elasticity measurements of deep lesions
within the phantom

Lesion type Young modulus (kPa, £5% SD)
LI 8+3
L 14+4
L 4545
LIV 80+8

SD, standard deviation.
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Fig. 2. Point shear-wave elastography (pSWE) of a lesion in an elasticity quality assurance phantom Model 049.

A. pSWE measurements were obtained in kPa using EPIQ7 with a gain of 57%. B. pSWE measurements were obtained in kPa using iU22
with a gain of 66%. In both systems, the image depth was set at 9 cm and the pSWE region of interest with a diameter of 1 cm was placed
in the centre of the lesion at a depth of 3-4 cm.
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Fig. 3. Intra-operator and Bland-Altman agreement of point shear-wave elastography (pSWE) for each operator measured at two

different visits using EPIQ7.

A. Intraclass correlation coefficient (ICC) and variance of pSWE measured by operator A (ICC, 0.98 and R’=0.93) were obtained. B. ICC
and variance of pSWE measured by operator B (ICC, 0.92 and R’=0.80) were obtained. C. Bland-Altman assessment of pSWE measured by
operator A (bias, -0.36 kPa; limits of agreement [LoA], -6.47 to 5.75) was obtained. D. Bland-Altman assessment of pSWE measured by
operator B (bias, 1.97 kPa; LoA, -10.25 to 14.21) was obtained. Cl, confidence interval.

obtained. The two operators acquired 40 pSWE measurements from
the four deep lesions (10 pSWE measurements per lesion) on each visit.

Intra-operator Agreement

The intra-operator agreement of pSWE measurement at two
different visits (pSWE n=40 for each operator/visit) was excellent
for operators A and B using EPIQ7, with ICC values of 0.98 (95%
confidence interval [Cl], 0.96 to 0.99; P<0.001) (Fig. 3A) and 0.92
(95% Cl, 0.85 to 0.96; P<0.001) (Fig. 3B), respectively. The bias in
measurements for operator A was —-0.36+3.13 kPa (LoA, -6.47 to
5.75) (Fig. 3C), and that for operator B was 1.97+6.29 kPa (LoA,
-10.25 to 14.21) (Fig. 3D). For both operators, the percentage of
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variance in pSWE measurements was excellent, with R” equalling
93% and 80% for the measurements made by operators A and B,
respectively, in terms of distribution around the fitted regression
line (Fig. 3A-D). The mean CV for operator A was low (14% and
12% variability at visits 1 and 2, respectively). For operator B, the
mean CV percentage was low at visit 1 and moderate at visit 2,
with variability of 13% and 16%, respectively, between the pSWE
measurements.

Inter-operator Agreement
The inter-operator agreement of pSWE measurement using EPIQ7
(pPSWE n=80 for each operator) was excellent, with an ICC of
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0.95 (95% Cl, 0.93 to 0.97; P<0.001) (Fig. 4A). The bias in
measurements was —0.42+5.00 kPa (LoA, -10.24 to 9.38) (Fig.
4B). The percentage of variance in the pSWE measurements was
excellent, with R’=83% in terms of the distribution of measurements
around the fitted regression line (Fig. 4A, B).

Inter-scanner Agreement
The inter-scanner agreement of pSWE measurements between the
two ultrasound imaging systems (EPIQ7 and iU22, n=80 pSWE

Operator A vs. Operator B
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measurements from each machine by operator A) was excellent,
with an ICC of 0.96 (95% Cl, 0.92 to 0.97; P<0.001) (Fig. 5A). The
bias in measurements was 1.74+4.44 kPa (LoA, -6.95 to 10.45)
(Fig. 5B). The percentage of variance in the pSWE measurements
was excellent, with R°=87% in terms of the distribution of
measurements around the fitted regression line (Fig. 5A, B).

Accuracy of pSWE Measurements
The pSWE measurements of all lesions (pSWE n=60 per lesion)
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Fig. 4. Inter-operator and Bland-Altman agreement of point shear-wave elastography (pSWE) measurements between operators A and

B using EPIQ7.

A. Intraclass correlation coefficient (ICC) and variance of pSWE between operators A and B (ICC, 0.95 and R°=0.83) were obtained. B. Bland-
Altman assessment of pSWE between operators A and B (bias, —0.42 kPa; limits of agreement [LoA], —10.24 to 9.38) was obtained.
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Fig. 5. Inter-scanner and Bland-Altman agreement of point shear-wave elastography (pSWE) measured by operator A using EPIQ7 and

iu22.

A. Intraclass correlation coefficient (ICC) and variance of pSWE between EPIQ7 and iU22 (ICC, 0.96 and R’=0.87) were obtained. B. Bland-
Altman assessment of pSWE between EPIQ7 and iU22 (bias, 1.74 kPa; limits of agreement [LoA], -6.95 to 10.45) was obtained.
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were significantly different from the manufacturer-reported values.
There was an overestimation of mean pSWE values for L 1 (17.75%,
P<0.001) and L Il (31.14%, P<0.001) and an underestimation of
mean pSWE values for L Ill (-15.28%, P<0.001) and L VI (-98.00%,
P<0.001).

Discussion

The recent expansion and development of ultrasound elastography
underscores the need for quantitative studies to address the
variability of ultrasound pSWE measurements. To achieve this goal,
the present study investigated the reproducibility of ultrasound
pSWE measurements within and between operators using two
different generations of Philips Health Care ultrasound imaging
devices (i.e., EPIQ7 and iU22) with an elasticity phantom. Intra-
operator and inter-operator agreement were excellent, with low
to moderate variability. Similarly, excellent agreement in the pSWE
measurements was found between the two ultrasound scanners.
These findings suggest that ultrasound pSWE is a reliable and
reproducible method for quantitative assessment of tissue stuffiness.
Further work is required to investigate the reproducibility of
ultrasound pSWE in healthy subjects and humans under pathological
conditions.

The excellent reproducibility of pSWE measurements seen within
and between operators and scanners in the present study was
also reported by Mulabecirovic et al. (2018) [20], who made pSWE
measurements in kPa using a curvilinear 5-1 MHz transducer
with a Philips iU22 device on a liver fibrosis phantom with lesions
of elasticity ranging from values found in normal to cirrhotic liver
tissues. Similar findings of high pSWE reproducibility were also
seen using linear 9-4 MHz and curvilinear 4-1 MHz transducers
with a Siemens Acuson S3000 ultrasound system on soft and hard
cylindrical phantoms at depths of 1, 2.4, and 4 cm [21]. Another
study in which the same phantom in the present study was used
reported that pSWE and 2D-SWE had good and excellent intra-
operator reproducibility, respectively, and both showed excellent
inter-operator reproducibility [22]. Other studies have assessed the
reproducibility of different SWE platforms with phantoms containing
lesions with stiffness ranging from 3.6 to 18.4 kPa, and have
reported that pSWE measurements showed excellent intra-operator
and inter-operator reproducibility, but had the higher CV values than
transient elastography and 2D-SWE imaging techniques [11,21].
These findings from phantom studies suggest that ultrasound pSWE
is a reliable imaging method with reproducibility ranging from good
to excellent.

Ultrasound imaging is operator-dependent; thus, the operator’s
experience level may play an important role in lowering the
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variability of pSWE measurements within and between operators.
Seliger et al. (2017) [22] also showed that the use of different
regions of interest and measurement techniques can affect the
reproducibility of pSWE measurements. Higher lesion stiffness has
been reported as a source of variability in pSWE measurements [23-
25]. This was noted in the present study, as more widespread pSWE
measurements from the fitted regression line were noted for values
of >30 kPa and >25 kPa for operators A and B, respectively (Fig. 3A,
B). In addition, the analysis herein revealed significant differences
between the measured pSWE and the manufacturer-reported values
for all lesions. This finding is consistent with a number of studies
assessing the accuracy of pSWE on CIRS phantoms [14,19,24]. This
could be related to transducer pressure during pSWE measurements
[26]; although minimal compression is used, it remains difficult to
determine the actual pressure being applied during measurements.
These factors should be considered in research investigating the
reproducibility of pSWE imaging techniques in phantoms. Further
potential factors such as breathing, health conditions, and tissue
stiffness between subjects can alter the reproducibility of pSWE and
should be considered in future human studies.

There are several limitations of this study. The stiffness of the
superficial lesions was not assessed in this study due to the
poor image resolution using the curvilinear 5-1 MHz transducer.
Furthermore, pSWE of the phantom lesions was conducted using
two different Philips ultrasound scanners. Further studies on the
same phantom assessing pSWE variability between superficial and
deep lesions, as well as the effect of depth using transducers with
different frequencies and ultrasound imaging systems from different
manufacturers, are required.

In conclusion, this study showed that pSWE is a reproducible
imaging method for the assessment of tissue stiffness within and
between operators, as well as between Philips ultrasound scanners
(i.e., EPQ7 and iU22), for lesions at a depth of 3.5 cm in an elasticity
quality assurance phantom (Model 049, CIRS). There were significant
differences between the measured pSWE and values reported by the
phantom manufacturer for all deep lesions. Further studies should
investigate variability in pSWE using the same phantom to compare
superficial and deep lesions, as well as the effect of depth, using
ultrasound imaging systems from different manufacturers.
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