Reproducibility of shear wave
elastography among operators, machines,
and probes in an elasticity phantom
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Purpose: This study was aimed to investigate the reproducibility of shear wave elastography (SWE)
among operators, machines, and probes in a phantom, and to evaluate the effect of depth of the
embedded inclusions and the accuracy of the measurements.

Methods: In vitro stiffness measurements were made of six inclusions (10, 40, and 60 kPa)
embedded at two depths (1.5 cm and 5 cm) in an elastography phantom. Measurements were
obtained by two sonographers using two ultrasound machines (the SuperSonic Imagine Aixplorer
with the XC6-1, SL10-2 and SL18-5 probes, and the General Electric LOGIQ E9 with the 9L-D
probe). Variability was evaluated using the coefficient of variation. Reproducibility was calculated
using intraclass correlation coefficients (ICCs).

Results: For shallow inclusions, low variability was observed between operators (range, 0.9%
to 5.4%). However, the variability increased significantly for deep inclusions (range, 2.4% to
80.8%). The measurement difference between the operators was 1%-15% for superficial
inclusions and 3%-43% for deep inclusions. Inter-operator reproducibility was almost perfect
(ICC>0.90). The measurement difference between machines was 0%-15% for superficial
inclusions and 38.6%-82.9% for deep inclusions. For superficial inclusions, the reproducibility
among the three probes was excellent (ICC>0.97). The mean stiffness values of the 10 kPa
inclusion were overestimated by 16%, while those of the 40 kPa and 60 kPa inclusions were
underestimated by 42% and 48%, respectively.

Conclusion: Phantom SWE measurements were only reproducible among operators, machines,
and probes at superficial depths. SWE measurements acquired in deep regions should not be
used interchangeably among operators, machines, or probes.

Keywords: Phantoms; Elasticity imaging techniques; Ultrasonography; Reproducibility of results;
Transducers

Introduction

Pathological changes can result in alterations in tissue stiffness, as malignant lesions are usually
stiffer than the surrounding tissue [1,2]. New methods, such as ultrasound shear wave elastography
(SWE), have been sought to help characterise lesions’ elasticity. SWE is safe, relatively inexpensive
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Reproducibility of elastography in a phantom

and provides a non-invasive real-time assessment of tissue stiffness
[3]. The principle of SWE is based on measuring the velocity of the
propagating shear waves generated using acoustic radiation forces
[3]. The shear wave velocity (SWV) is proportional to the tissue’s
stiffness, as shear waves travel faster in a hard lesion, while they
travel slower in a soft lesion. The SWV is then converted into the
Young modulus, a physical parameter that corresponds to the
elasticity of the tissue [3].

SWE is a useful diagnostic and monitoring tool for various
diseases [4,5]. However, its application can be hindered by
discrepancies in SWE technologies across different manufacturers'
systems [6-8]. Consistent image generation should be achieved for
any new imaging technique before it becomes established in clinical
practice. The Quantitative Imaging Biomarker Alliance (QIBA) works
to achieve better consistency among the values reported by different
manufacturer systems [9]. The QIBA also created a processing
code and an open-source repository of research sequences to help
manufacturers with calibration to achieve more consistent results
[10]. However, to date, little is known regarding the reproducibility
of SWE among different systems and particularly among different
probes used with the same system. Additionally, no studies have
combined a thorough investigation among machines, probes, and
operators with a focus on the absolute differences between the
measurements. To date, only one company (Computerized Imaging
Reference Systems [CIRS], Norfolk, VA, USA) manufactures quality
assurance (QA) elastography phantoms. Their phantoms have
been widely investigated, especially models 049 [11-16], 049A
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Fig. 1. Elastography phantom.
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[17,18], and 039 [19-21] for liver fibrosis. However, no studies
have investigated the multi-purpose QA phantom (model 040GSE,
CIRS), which is equipped with elasticity targets and B-mode
imaging test objects [22]. As a general-purpose QA phantom, this
model is expected to be more widely available, making it worthy of
investigation.

The primary aim of this study was to investigate the reproducibility
of SWE results among different operators, machines, and probes
on a phantom. The secondary aims were to evaluate the effect of
depth on SWE values and to assess the accuracy of the acquired
measurements in comparison with the manufacturer’s reported values.

Materials and Methods

Phantom

This study was performed on a QA phantom (multi-purpose, multi-
tissue ultrasound phantom, model 040GSE, CIRS) [22], made of
Zerdine solid elastic hydrogel with a density of 1,050 kg/m* and an
acoustic speed of 1,540 m/s (Fig. 1). It had six elasticity inclusions
situated at two depths, superficial (1.5 cm) and deep (5 cm). Each
depth had three spherical isoechoic inclusions with respective
stiffnesses of 10, 40, and 60 kPa. The superficial inclusions had a
diameter of 6 mm each, and the deep inclusions had a diameter of
8 mm each.

Ultrasonography
Two ultrasound machines equipped with an SWE mode were used:
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A. The image shows the external shape of the quality assurance phantom and the position of the ultrasound probe. B. The yellow circles
represent the position, stiffness, and shape of different elasticity inclusions in the phantom (reprinted with permission from Computerized

Imaging Reference Systems [22]).
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SuperSonic Imagine Aixplorer (SSI; Aix-en-Provence, France), and
General Electric LOGIQ E9 (GE Ultrasound, Milwaukee, IL, USA).
Each system uses a unique SWE method. The SSI system emits
multiple acoustic radiation force pulses at different depths, forming
a Mach cone wave to perturb the tissue. Then, to track the SWV, it
sends Ultrafast plane waves into the targeted tissue to insonify the
entire imaging plane in a single shot [2]. In contrast, the GE system
uses the comb-push excitation technique to emit multiple acoustic
radiation pulses simultaneously from different parallel locations
before employing time-interleaved tracking to estimate the SWV [23].

The SSI had SWE available for three probes: probe 1 was the
single crystal curved XC6-1 MHz, probe 2 was the SuperLinear
SL10-2 MHz, and probe 3 was the SuperLinear SL18-5 MHz. The GE
device only had the SWE mode available for the linear 9L-D (2-8
MHz) probe. Hence, for inter-machine reproducibility, only the similar
linear array probes—the SuperLinear SL10-2 and the 9L-D-were
used to compare SWE values. For the inter-probe reproducibility, all
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the inclusions were measured using the SSI device with the three
different probes to compare the SWE values. The reproducibility
of the technique was also assessed in terms of inter-operator
reproducibility by comparing the SWE values obtained by two
sonographers using the two ultrasound machines.

Data Acquisition

The data were acquired by two certified sonographers, each
of whom had more than 7 years of experience. One of the
sonographers (operator B) had 2 years of daily SWE experience, and
the other (operator A) received SWE training by operator B before
acquiring the measurements. The measurements were acquired
in the transverse plane and after waiting for the SWE to stabilize
(approximately 3 frames). A minimal probe load was applied on the
surface [16]. Stiffness measurements of all inclusions were obtained
using the penetration mode with high SWE gain (95%) to detect
the stiffness of the deep inclusions. The SWE region of interest

Table 1. Descriptive summary of the mean elasticity (kPa) and differences between operators

Operator A Operator B
Machine Inclusion Mean=SD (kPa) CV (%) Mean=SD (kPa) CV (%) Mefgr;;:f{g:)nce Difference (%)
SSI probe 1 10kPaat1.5¢cm 183405 26 18.140.2 1.2 0.2(-08to0 1.1) 1.0
40kPaat1.5cm 27.2+0.7 24 244406 24 8(1.5t04.1) 10.2
60 kPa at 1.5 cm 314406 20 29.14£0.6 20 3(1.1t03.6) 75
10 kPa at 5 cm 13.5+£0.6 46 13.940.5 34 —04(-1.7100.8) -33
40 kPaat5cm 24.5+0.7 28 225403 29 0(061033) 8.0
60 kPa at 5 cm 29.9+0.7 24 28.14£0.8 29 8(041t03.2) 6.0
SSI probe 2 10kPaat 1.5cm 11.0+04 33 10.8+0.3 3.1 3(-041t01.0) 25
40 kPaat 1.5cm 24.5+0.9 37 232405 2.1 3(=05t03.1) 54
60 kPa at 1.5 cm 335408 23 344+1.1 33 -1.0(-25100.5) -29
10kPaat5cm 10.7£1.0 9.1 104414 13.6 3(-161t02.2) 3.0
40 kPa at 5 cm 37.948.1 213 26.9+7.0 26.2 0(-481026.8) 29.1
60 kPaat5cm 59.6+8.2 13.8 33.9+48 14.1 25.6(9.5t041.8) 430
SSI probe 3 10kPaat1.5¢cm 103105 4.8 9.2+0.2 22 1(011t02.) 10.6
40 kPaat 1.5cm 243404 15 232405 20 1(041t01.8) 46
60 kPaat1.5cm 353405 15 349403 09 4(-06t014) 1.2
10 kPa at5 cm = = = = = =
40 kPa at 5 cm - - - - - -
60 kPaat5cm - - - - - -
GE T0kPaat 1.5cm 12.740.7 54 10.840.2 19 9(061t033) 15.2
40 kPaat 1.5 cm 26.8+0.5 1.7 261413 49 .7 (=0.2t0 1.6) 26
60 kPaat1.5cm 36.7+14 37 359415 4.1 9(-18103.5) 23
10 kPaat 5 cm 6.6+2.3 355 59412 208 7(=391t053) 10.7
40 kPaat5cm 76+24 313 64422 345 2(-341059) 159
60 kPaat 5 cm 102482 80.6 6.9+1.8 26.9 4(-128t019.5) 329

(=) indicates failed to acquire shear wave elastography measurements.

SD, standard deviation; CV, coefficient of variation; 95% LOA, Bland-Altman 95% limits of agreement; SSI, Supersonic Imagine machine; GE, General Electric machine.
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(ROI) was placed in the center of the inclusion with a diameter of
3 mm to avoid counting background stiffness. Following this, the
mean stiffness of the ROI was recorded. Each operator acquired
the reading blinded to the other. The probe was lifted and replaced
between acquisitions. With the goal of obtaining highly accurate
results and assessing measurement variability, each inclusion was
measured 10 times [13,14].

Statistics

The data were analyzed using several descriptive and inferential
statistical tests. The analysis was performed using SPSS version 23
(IBM Corp., Armonk, NY, USA). The coefficient of variation (CV) was
used to measure intra-operator variability to evaluate the precision
and repeatability of the measurements. The CV was calculated using
the following equation: CV=(Standard deviation/Mean)x100%.
If the CV was close to zero, there was excellent repeatability and
minimally dispersed measurements [24]. Additionally, the intraclass
correlation coefficient (ICC) was used to assess inter-operator, inter-
machine, and inter-probe reproducibility by evaluating measurement
consistency. The ICC values were interpreted as follows: 0.00-0.20
indicates poor agreement, 0.21-0.40 indicates fair agreement,
0.41-0.60 indicates moderate agreement, 0.61-0.80 indicates
substantial agreement, and >0.80 indicates almost perfect
agreement [25].

The difference in SWE between the superficial and deep inclusions
was tested using the paired-samples t test. The accuracy of the SWE
measurements compared to the phantom values was assessed using
the one-sample t test. A P-value <0.05 was considered to indicate

ULTRASONOGRAPHY

a statistically significant difference. To demonstrate the degree
of agreement between two observers or measurement methods,
Bland-Altman limits of agreement were employed [26]. Error bars
were also plotted to display the mean stiffness according to SWE
and the 95% confidence interval (Cl). Differences between the
manufacturer's reported elasticity value and the experimental value
were reported as Bias=[(Manufacturer value-Mean experimental
value)/Manufacturer value]x100%.

Results

Overall, 420 measurements were obtained for this study. The two
operators acquired 10 measurements on six inclusions using four
probes (excluding probe 3 on the SSI machine, which failed to
acquire SWE readings for the three deep inclusions). The results are
described in Table 1. A sample of the SWE images is shown in Fig. 2.

Comparison of SWE between the Operators

The inter-operator reproducibility (ICC [95% Cl]) was 0.98 [0.70-
0.99] for SSI probe 1, 0.84 [0.12-0.98] for SSI probe 2, 0.99 [0.78-
1.0] for SSI probe 3, and 0.99 [0.81-0.99] for GE, demonstrating
almost perfect overall agreement. The percentage difference
between the operators was less than 10% for most inclusions,
except the stiffer deep inclusions (Table 1). The intra-operator
variability of operator A was slightly higher than that of operator B.

Comparison of SWE between Machines
The descriptive statistics for agreement between the machines are

Table 2. Descriptive summary of the mean elasticity (kPa) and differences between machines

Machine Inclusion > GE
Mean=SD (kPa) CV (%) Mean%SD (kPa) CV (%) Mean difference (95% LOA)  Percentage difference (%)

Operator A 10kPaat 1.5cm 11.0+£0.4 33 12.7£0.7 54 -1.7(-2410-09) 15.0
40 kPa at 1.5 cm 24.5+0.9 3.7 26.8+0.5 1.7 -23(-4.11t0-0.5) 9.6
60 kPaat1.5¢cm 33.5+0.8 23 36.7+14 3.7 -33(-471t0-198) 9.7
10kPaat5cm 10.7+1.0 9.1 6.6+2.3 355 1(22106.0) -386
40kPaat5cm 37.948.1 213 76124 313 30.3 (14.5t046.1) -79.9
60 kPaat5cm 59.6+8.2 138 10.2+8.2 80.6 493 (33.2t065.5) -829

Operator B 10kPaat 1.5cm 10.8+0.3 3.1 10.840.2 1.9 0(-0.6100.6) 0
40kPaat 1.5cm 232405 2.1 26.1+13 49 -29(-39t0-20) 12.7
60 kPaat1.5cm 344411 33 359415 4.1 14(-3.61008) 42
10 kPa at 5 cm 104+14 136 59+1.2 20.8 5(1.7t073) -434
40 kPa at5cm 26.9+7.0 26.2 6.4+2.2 345 20.5 (6.7 t0 34.3) -76.2
60 kPaat5cm 33.9+48 14.1 6.9+1.8 26.9 1(17.7 t0 36.5) -79.8

(=) indicates failed to acquire shear wave elastography measurements.

SSI, Supersonic Imagine machine; GE, General Electric machine; SD, standard deviation; CV, coefficient of variation; 95% LOA, Bland-Altman 95% limits of agreement.
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Fig. 2. Shear wave elastography (SWE) measurements obtained using the different systems and probes.

All SWE images acquired at a depth of 5 cm. A. The image shows SuperSonic Imagine Aixplorer (SSI) probe 1 for the 60 kPa inclusion. B. The
image shows SSI probe 2 for the 10 kPa inclusion. C. The image shows SSI probe 3 for the 40 kPa inclusion which demonstarets a failed SWE
acquisition showing a saturation artifact. D. The image shows GE probe 9L-D for the 60 kPa inclusion.
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presented in Table 2. The ICCs and the error bars for both operators
suggested that the two machines only agreed for the superficial
inclusions (Fig. 3). The I1CC (95% Cl) values of operators A and B
for these inclusions were 0.99 (0.13 to 1.0) and 0.99 (0.85 to 1.0),
respectively. The agreement of both operators for the deep inclusions
was extremely poor. The ICCs (95% Cls) for operator A and operator
B were 0.134 (-0.745 to 0.959) and 0.056 (-0.486 to 0.939),
respectively. The GE machine failed to estimate the increasing
stiffness in the deeper inclusions (Fig. 3). It also showed poorer
results for measurement variation and inter-operator differences
than the SSI device.

Comparison of SWE between the Probes

A summary of the results between probes is illustrated in Fig.
4. Probe 3 demonstrated the lowest overall variability. Probe 1
overestimated the stiffness of the 10 kPa inclusion, while all probes
underestimated the stiffness of the 60 kPa inclusion (Table 1, Fig. 4).
For the superficial inclusions, there was almost perfect agreement
among the three probes for operators A and B (ICC [95% Cl],
0.97 [0.79 to 0.99] and 0.97 [0.64 to 0.99], respectively). For all
inclusions, there was substantial agreement among the three probes
for operator A (0.68 [0.10 to 0.95]) and almost perfect agreement
for operator B (0.97 [0.30 to 0.98]).

Effect of Depth on SWE Measurements

As shown in Table 1, both operators had low variability (CV) for
the shallow inclusions on both machines. In contrast, the variability
significantly increased as the depth increased (except for SSI probe
1). There was a significant difference between superficial and
deep inclusions of the same elasticity in most cases (P<0.001). The

e-ultrasonography.org
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only exception was for probe 2 on the SSI machine for the 10 kPa
inclusion (operator A, P=0.346; operator B, P=0.443) and the 40
kPa and 60 kPa inclusions for operator B (P=0.124 and P=0.782,
respectively).

Accuracy of the Measurements

The results demonstrated that the measured SWE values differed
considerably from those reported by the phantoms’ manufacturers. It
was found that, on average, the mean SWE values of the stiffness of
the 10 kPa inclusions were overestimated by 16%, while those for
the 40 kPa and 60 kPa inclusions were underestimated by 42% and
48%, respectively. Only four of the 42 mean elasticity values were
not significantly different from those reported by the manufacturer
(P>0.05)-the measurements made using probe 2 of 10.3, 10.4,
37.9, and 59.5 kPa (Table 1).

Discussion

To the authors' knowledge, no previously published research has
simultaneously analyzed SWE measurements among operators,
machines, probes, and imaging depths in a commercially available
phantom. The current study found that SWE only seemed to be
reproducible among operators, machines, and probes at shallow
depths. However, the results suggest that the SWE measurements
on both machines were overestimated for the low-stiffness 10 kPa
inclusions and significantly underestimated for the higher-stiffness
40 kPa and 60 kPa inclusions. Whether the inclusion has a high or
low stiffness did not significantly influence the results, which is in
agreement with a previous study [13]. However, depth significantly
impacted the reproducibility of the results.
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The excellent within-operator and between-operator
reproducibility of SWE in phantoms is in agreement with the
previous studies [13,17,21,27-29]. Lee et al. [27] recently
investigated the same SWE machines using a custom-made Zerdine
phantom and reported almost perfect reproducibility (ICC>0.90).
Mun et al. [28] assessed the intra- and inter-observer reproducibility
of SWE and found that the intra-observer reproducibility was almost
perfect for three out of four operators. The low reproducibility of
the last operator was attributed to his limited experience. This is in
line with the present study, as the variability of operator A (who had
limited experience) was higher than that of operator B.

Our results support the consensus in the literature that SWE
measurements can be considerably different between different
machines [11,13,15,17,19,27,30]. For example, Shin et al. [19]
investigated three machines (Aixplorer, ACUSON S3000, and EPIQ
5) and reported inconsistent measurements using curved probes at
various depths between 2 cm and 5 cm. Their reported percentage
difference (<10%) between the machines was close to our
percentage for superficial inclusions (<15%). Our high percentage
disagreement for the deep inclusions could have been due to the
failure of the GE machine to accurately measure the deep inclusions,
rather than true disagreement. Thus, the 9L-D probe may not be
optimal for imaging deep inclusions in clinical practice. The between-
machine differences could be attributed to each system's patent-
protected technology of generating and tracking waves. Hence,
caution is needed when comparing SWE measurements across
vendors in clinical practice.

To our knowledge, this study is the first to describe the SWE
readings of three different probes on the SSI machine. The high
frequency of probe 3 hindered the ability of its acoustic impulse
and tracking waves to reach the deep inclusions (Fig. 2C). Similar
findings on high-frequency probes have been reported previously
[19]. However, the CVs of probe 3 for the superficial inclusions
were lower than the values obtained with the other probes. We
found that the low-frequency convex probe (probe 1) maintained
good variability (<5%) regardless of depth. However, it significantly
overestimated the stiffness of superficial inclusions. These findings
correspond to what Chang et al. [12] have reported. In contrast,
Shin et al. [19] reported similar variability between probes.

The measurement depth had a remarkable impact on the
reproducibility of the readings and differences in actual elasticity
measurements. The literature concurs regarding this finding
[12,17,19,31,32]. The two SWE studies by the QIBA also
demonstrated an increase in measurement bias from depths of 3
to 7 cm [9,33]. This was attributed to the attenuation of acoustic
push pulses and tracking waves as they traverse deeper, which
results in a poor signal-to-noise ratio [33]. Two previous studies
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reported a limited depth of <4 cm in the Siemens ACUSON machine
[19,34]. This again implies that ultrasound machines and probes
have different capabilities. The good agreement and reproducibility
found for the superficial inclusions may suggest that the SSI and
GE readings can be comparable in superficial organs. However,
we strongly recommend against reading the measurements
interchangeably in deep structures when using different systems or
acquisition protocols.

In terms of measurement bias, our results suggest a significant
difference, ranging on average from 16% to 48%, between the
measured SWE values and the theoretical values provided by the
phantom manufacturer. This finding is consistent across the majority
of studies conducted on CIRS phantoms [11,12,14,15,17-21].
The only exception was the study of Mulabecirovic et al. [13], who
used the 049 model and reported accurate measurements using
the GE machine (9L-D probe) and SSI machine (probe 2). However,
their measurements using the SSI (probe 1) and Philips machine
(C5-1 probe) suffered the same biases observed in our study. This
discrepancy has been surprisingly seldom discussed despite its
importance. The underlying reason for the discrepancy is not clear,
although it could potentially be due to the different calibration
techniques used when building the elasticity phantoms. Indeed, the
consistent biases across different vendors in numerous studies cast
doubt on the integrity of the phantom elasticity values. An additional
plausible explanation is that the phantoms' elastic integrity may
change over time through inappropriate storage or aging of the
hydrogel material. Long et al. [35] recently suggested using elasticity
phantoms for acceptance testing only (i.e., to verify that the new
SWE machine is acquiring the same readings as another similar
machine from the same manufacturer).

It should be noted that in early 2020, CIRS adjusted their
elastography phantoms' reference values (models 049 and 049A) by
decreasing them by more than 10% [36]. This major change could
render previous publications obsolete. The results from the tested
general-purpose QA phantom provided similar results to what
has been reported for dedicated elastography phantoms. This may
support its use without the need to purchase a dedicated phantom.
Our results provide crucial information about the expected results
on two machines and multiple probes between two operators. These
reported data are highly relevant for the growing number of SWE-
related tasks for medical physicists, such as acceptance testing and
routine QA assessment.

Our results have several clinical implications. First, clinical follow-
up SWE scans should be performed using the same SWE system
and probe used in the baseline assessment. This is particularly
important in departments with multiple SWE-enabled machines or
in multi-center studies. Moreover, operators should be aware of the
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effect of depth, especially at 5 cm and deeper, on the reliability of
the measurements. It should be noted that there is no universally
acceptable depth cutoff for reliable measurements, as it largely
depends on the probe’s frequency and the attenuation of the tissue
[32]. Nevertheless, for linear probes with a frequency of 10 MHz, we
recommend not exceeding a depth of 4-5 cm. This recommendation
corresponds with the previous literature [19,32,34,37].

The study has several limitations. Phantoms, in general, present
an idealized testing environment and do not necessarily mimic
clinical cases. However, such in vitro investigations are excellent
for assessing technical performance, as they minimize potential in
vivo confounders (e.g., respiration, surrounding tissue stiffness, and
aging). To accurately evaluate the role of experience, a large number
of operators with different levels of experience would be required.
This was unfortunately not possible for our study. Future research
should replicate the results on the same phantom and compare
them to those obtained using a dedicated SWE phantom on more
than two machines. This will shed light on the merit of using this
general-purpose phantom model for various applications, including
SWE. Moreover, depth should be evaluated as a continuous variable.
This could be achieved by testing a phantom that has multiple
inclusions situated vertically to accurately estimate the SWE trade-
off with depth. Further studies should test the results on different
machines and develop means of reliably comparing measurements
across different systems and probes.

In conclusion, this phantom study showed that the SWE technique
seemed to be reproducible within and between operators and
machines only for superficial inclusions (1.5 cm). The SWE readings
depended fundamentally on the depth of acquisition, the type of
machine, and the probe. Caution is warranted when comparing
results across different machines or probes, especially for deep
regions. To ensure reproducible results, prospective elasticity scans
should be performed using the same system and settings. Finally,
our SWE results demonstrated a large difference compared to
the manufacturer's reported phantom elasticity values, which is
consistent with previous studies.
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