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ABSTRACT

Background

Shear Wave Elastography ultrasound (SWE) has been
increasingly used in the recent decade to quantify tissue
stiffness and viscoelastic properties correlate to a disease
condition.

Aims

This study aimed to develop a low cost and reproducible
gelatine phantom to verify the accuracy of tissue elasticity
measurement using (SWE). The effect of lesion’s size,
stiffness and depth from the surface on the tissue elasticity
measurement was also investigated.

Methods

A breast tissue-equivalent phantom embedded with
spherical inclusions of different sizes, stiffness and depth
from surface was constructed using gelatin. The elasticity of
the spherical inclusions was determined using a commercial
SWE system and compared to the elasticity determined
using a high precision electromechanical the offset from the

SWE measurement and to account for these differences.
Results

(p<0.05) was found
elasticity measured using SWE and
whereby the SWE
overestimated the tissue elasticity by a mean value of 22.8 +

Statistically significant difference
between the
electromechanical  microtester,
15.0 kPa. The size and depth of the spherical inclusions have
not imposed any effect on the elasticity measured by SWE,
but the depth of shear wave detection was found limited to
8 cm from the surface.

Conclusion

The gelatine phantom constructed in this study could be
used to verify the accuracy of the elasticity measured using
SWE. The tissue elasticity measured by the SWE appeared
to be overestimated compared to the gold standard.
Further research would need to be carried out to determine
the offset from the SWE measurement and to account for
these differences.
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What this study adds:

A breast tissue-equivalent phantom was developed to verify
accuracy of tissue elasticity measurement using SWE.

SWE overestimated tissue elasticity by 22.8 + 15.0 kPa
compared to the standard electromechanical microtester.
Size and depth of lesions did not affect elasticity values, but
the depth of shear wave detection was limited to 8 cm from
the surface.

1. What is known about this subject?

SWE is a relatively new transient elastography technique
using a real-time, non-invasive and reproducible method to
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map tissue stiffness.

2. What new information is offered in this study?

A cost-effective and reproducible soft tissue-equivalent
gelatine phantom was developed to verify the accuracy of
tissue elasticity measurement using SWE.

3. What are the implications for research, policy, or
practice?

In comparison to the gold standard, the SWE system tested
in this study constantly overestimated tissue elasticity by
22.8 +15.0 kPa.

Background

Elastography has been widely used as a non-invasive
imaging tool to visualize and quantify soft tissue stiffness
and viscoelastic properties. Several elastography techniques
based on ultrasound and magnetic resonance have been
developed to accommodate the escalating demand for
clinical elastography. Clinical application of elastography
relies on the changes of tissue elasticity in various
pathological conditions to yield qualitative and quantitative
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diagnostic information”*’. Ultrasound elastography is a

more popular choice over the magnetic resonance
elastography due to its easier operation, wider availability
and relatively lower cost of operation®”.

Shear Wave Ultrasound Elastography (SWE) is a relatively
new transient elastography technique using a real-time,
non-invasive and reproducible method to map the tissue
stiffness. The tissue elasticity measurement using SWE is
dependent on the velocity of the shear wave propagates in
the soft tissue. The shear wave propagates slower in softer
tissue but becomes faster in stiffer tissue®. This small
difference in the velocity as the shear wave passes through
the tissue of different stiffness is detected and measured at
a high frame rate of up to 20,000 frames per second using
the ultrafast imaging technique7. The tissue elasticity is then
determined from the Young’s modulus formula as
foIIowings:

E=3pc2 Eq. 1

Where E is tissue elasticity (kPa), p is the local density
(constant and equal to 1 g/cm3 in soft tissue) and c is the
shear wave propagation velocity.

In view of the potential of SWE to be developed as an
important imaging modality in diagnostic imaging, the
accuracy and reliability of the SWE for tissue elasticity
estimation should be assessed. Currently, only the elasticity
Quality Assurance (QA) phantoms (Model 049 and 049A)
from the Computerized Imaging Reference Systems (CIRS),
Inc. is commercially available as standard reference tool for
determining sources of variance in shear wave elasticity
measurements. The elasticity QA phantoms contain targets
of known stiffness relative to the background material and

range in stiffness, diameter and depth. The Model 049 is a

basic QA phantom as it contains two sizes of spheres
positioned at two different depths. At each depth there are
two spheres that are softer than the background and two
that are stiffer than the background. In view of the cost of
owning the CIRS phantoms and the cost of maintenance,
not all healthcare centres could own the phantoms for the
accuracy validation, especially those from developing
countries.

This study was taken to develop a low cost and reproducible
gelatine phantom to verify the accuracy of tissue elasticity
measurement using SWE. The elasticity as measured using
SWE will be compared to the elasticity determined using
electromechanical microtester, which is gold standard for
elasticity measurement. In addition, the effect of lesion’s
size, stiffness and depth from the surface on the accuracy of
the SWE measurement was also be investigated in this
study.

Materials

Gelatine powder from lime bovine bone (LB 250) was
purchased from Rousselot Gelatine Co., Ltd., Guangdong,
and China. The carmoisine and calcium carbonate (CaCO3)
used were of analytical grade purity. The deionized water
was used in all experiments.

Methods

Shear Wave Elastography Phantom

A tissue-equivalent phantom with the similar acoustic
velocity (~1510 mm/s)9 and elasticity (5 - 10 kPa, fatty
tissue)'® of human breast tissue was constructed using
gelatine. Multiple spherical inclusions of different gelatine
concentrations (0.05, 0.08, 0.13, 0.16 g/ml) and diameters
(17, 19, 22, 26 and 30 mm) were embedded in the phantom
at different depth from the surface to verify the accuracy
and to investigate different factors affecting the tissue
elasticity measurement using SWE. The schematic diagram
of the phantom constructed is shown in Figure 1.
Construction of Background Phantom

The transparent background phantom mimicking breast
fatty tissue was prepared by dissolving 80 g of gelatine
powder in 800 ml of boiling deionized water under
continuous stirring at 400 rpm for 30 min. The gelatine
solution was then poured to a plastic container to form a
supportive layer of 2.0 cm and allowed to congeal at room
temperature for 8 hours. Spherical inclusions of different
gelatine concentrations and diameters were embedded as
shown in Figure 1. The gelatine solution was poured over
the embedded spherical inclusions, covering both the
bottom layer and the spherical inclusions. This process was
inclusions successfully

repeated until all the were

embedded in the congealed gelatine phantom.
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Construction of Spherical Inclusions

Spherical inclusions of different stiffness were prepared by
mixing different amount of gelatine (8 to 24 g with 4 g
interval) and 0.5 g of CaCO; as scatterer in 150 ml deionized
water to mimic the lesions of different elasticities. Industrial
food colouring (5% Carmoisine) was added to the spherical
inclusions to allow visual differentiation of the spherical
inclusions from the transparent phantom background. The
spherical inclusions of different diameters, ranging from 1.7
to 3.0 cm, were also prepared to simulate lesions of
different sizes. The specifications of each spherical
inclusions in the phantom are given in Table 1. Each
spherical inclusion was made in pair using the same batch of
gelatine mixture and was used for SWE and in vitro
electromechanical elasticity measurements (gold standard).
Figure 2 shows the gelatine phantom with multiple spherical
embedded in the phantom for SWE
measurement.

inclusions

Elasticity Measurement using SWE

Elasticity of the spherical inclusions was measured using the
SWE ultrasound
Provence, France). The linear probe (SuperLinearT'vI SL18-5,

system (Supersonic Imagine, Aix-en-
Supersonic Imagine, France) was used for B-mode imaging
and elastography acquisition at a frequency range of 5 to 18
MHz. The axial and lateral resolutions at -6 dB were 0.3 —
0.5 mm and 0.3 — 0.6 mm, respectively. The linear probe
was gently placed (without hard pressing) on the surface
with a generous amount of acoustic gel to avoid stiffness
radiating from the surface. A good quality B-mode image in
term of image brightness was obtained before proceeding
with the SWE measurement. During SWE measurement, the
Region of Interest (ROI) was placed on the lesion. The
elasticity within the ROl was represented by a colour map
and was overlaid on the B-mode image (Figure 3). For
quantification of elasticity, the “Q-box” as indicated by the
circle within the ROl was placed over the tissues of interest.
The mean, minimum, maximum and standard deviation of
the elasticity along with the diameter of the Q-box were
quantified and displayed next to the image (Figure 3).
Multiple Q-boxes can be placed within an ROl and the mean
elasticity of each spherical inclusion in this study was
obtained from four Q-boxes™*°.

In vitro Tissue Elasticity Measurement

The in vitro elasticity measurement of the spherical
inclusions was made using a calibrated Instron
electromechanical micro tester system (model 5848, Instron
Co, USA). The spherical inclusions were cut into cylindrical
shape with a diameter to height ratio of 2:3 to allow
uniform stress applied on the surface of the samples and
reduce the possibility of stress non-uniformities at sample
performed at

edges. The compressive test was

displacement-control rate of 0.1 mm/min which is
equivalent to a strain rate of 0.03/min. The compressive
stress (kPa) against strain graph was obtained from the
dedicated software in the system. The compressive stress
increased exponentially until the elastic limit of the samples
achieved and the compression stopped instantly. The
Young’s modulus of each sample was then estimated from
the initial slope of the stress-strain curve in the linear elastic
region.

Statistical Analysis

The elasticity of each spherical inclusions measured by the
SWE and the Instron electromechanical microtester were
compared statistically using paired-sample t-test with 95%
confidence level. All statistical analyses were performed
using SPSS statistical software (version 24.0, IBM, NY, USA).
Results

Comparison of Elasticity Measured Using SWE and
Electromechanical Microtester

Figure 4 shows the elasticity of the spherical inclusions, as
using SWE and
microtester (gold standard for elasticity determination). The

measured Instron electromechanical
elasticity was found increased linearly with the increase in
the gelatine concentrations (R’=0.97). The elasticity of the
spherical inclusions of different gelatine concentrations (8.5
— 117.6 kPa) measured using Instron electromechanical
microtester was found significantly lower (p<0.05) than the
elasticity obtained using SWE measurements from 16.0 to
125.4 kPa. A mean elasticity difference of 22.8 + 15.0 kPa
was found between the elasticity measured using SWE and
Instron electromechanical microtester. The elasticity
measurements made by SWE were of overestimation of the
actual elasticity by 7 to 39 kPa.

Effect of Size, Stiffness and Depth of Spherical Inclusions
on the Elasticity Measurements

The effects of lesion’s size and depth from the surface on
the SWE elasticity were shown in Figure 5. The SWE
elasticity of the spherical inclusions was ranging from 110.3
—123.2 kPa (Figure 5). The size of the spherical inclusion has
no significant effect on the SWE elasticity. The effect of the
depth of the spherical inclusions from the surface of the
phantom on the elasticity as measured using SWE can be
seen from Figure 6. The elasticity of the spherical inclusions
at five different depths from the surface of the phantom at
2.7, 4.7, 6.7, 8.7 and 10.7 cm were studied. It should be
noted from the figure, the elasticity of the spherical
inclusions at 8.7 and 10.7 cm could not be detected by the
SWE. Nonetheless, the elasticity of the spherical inclusions
at 2.7, 4.7 and 6.7 cm, ranging from 97.5 — 122.6 kPa, does

not varied significantly between each other.

Discussion
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The tissue-equivalent phantom with human breast tissue
acoustic and elastic properties was successfully constructed
using water-based gelatine in this study. Although different
tissue-equivalent materials are available, the water-based
gelatine was selected due to its ability to resembles the

stiffness of human breast tissues at 5 — 135 kPa rangell’u.

In
addition, the phantom properties such as stiffness, sound
speed, absorption and scattering can be independently
manipulated by altering the concentration of gelatine and
scatterer. Furthermore, gelatine does not exhibit the
drawbacks posed by other materials such as copolymer-in-
oil and polyacrylamide used in the previous studies™ ™. The
copolymer-in-oil phantom could not achieve the same range
of soft tissue acoustic velocities despite showing optimal
mechanical properties. Whereas the polyacrylamide gel is
known to be fragile and neurotoxic, thus, special precaution
during the preparation is needed.

The stiffness of the phantom is dependent on the
concentration of the gelatine where a stiffer spherical
inclusion will be obtained with higher the gelatine
concentration. The gelatine phantom constructed showed a
linear correlation between the gelatine concentration and
the stiffness of the phantom. The range of the elasticity of
the developed phantom at 8.5 — 117.6 kPa covers a wider
range of human breast tissues elasticity and even wider
by the
commercially available phantom at 8 — 80 kPa. Although the

than the elasticity range covers currently
tissue elasticity measured by SWE was highly correlated
with the gold standard, the elasticity obtained using SWE
measurements were consistently higher than the elasticity
obtained from the Instron micro tester. The overestimation
of the elasticity observed can be attributed to two major
factors. Firstly, the tissue elasticity computed from SWE
measurement was based on the assumption that the
density of all tissues in the body equals to 1 g/cm3.
However, there is variation in the density of different
human tissues in reality. For example, the density of

!¢ while the density of muscle

adipose tissue is ~0.9 g/cm3
tissue is ~1.0597 g/cm> "/

the tissue elasticity as measured using SWE on the actual

. In view of this, the dependency of

tissue density would be a suggested area for future
research.

Secondly, presence of elasticity boundaries within the
phantom media might be responsible for the observed
overestimation. The shear wave reflection due to the
presence of elasticity boundaries could either induces
constructive or destructive interferencelg, leading to the
underestimation or overestimation of the actual elasticity.
Such artefacts can be more complex when multiple elastic
reconstructions are combined to form a single elasticity
imagelg. A spatio-temporal directional filter, similar to those

. . 20
used in magnetic resonance elastography™, has been

developed to separate the incident and reflect the

propagating shear waves. The developed filter has
drastically reduced the artefacts in the reconstructed shear
modulus map of a stiff inclusion, as well as improved the
signal-to-noise ratio of the acquired data®. Therefore, it is
highly recommended to apply such filter in transient shear
wave applications to reduce the reflection artefacts and
thus improved the accuracy of tissue elasticity
measurement.

Since the elasticity of the spherical inclusions of different
diameters and located at different depths from the surface
of the phantom are essentially similar, the size and the
depth of the lesions have not imposed any effect on the
elasticity measurements using SWE. In view of the above,
the SWE could be used to for elasticity diagnosis for the
lesions up to 3.0 cm. However, the elasticity of the
inclusions at the depth greater than 8 cm from the surface
could not be assessed using SWE in this study due to the
limitation of useful depths for shear wave detection, which
were 5 and 8 cm using linear and curvilinear probe,
respectively. Therefore, the elasticity for the lesions seeded
more than 8 cm from the surface could not be measured.
The phantom constructed in this study can be used for
routine quality control to assess the accuracy and
reproducibility of elasticity measurements using SWE. The
elasticity of the inclusions can be validated using the
electromechanical microtester, the gold standard used for
elasticity measurement. The preparation of this gelatine
phantom is relatively easy as it only involves dissolving the
gelatine with heat. Furthermore, the preparation does not
involve any hazardous chemical reagents unlike other
phantom materials such as PAA. The cost to construct the
gelatine phantom are also low looking at the cost of the
gelatine, which is only 0.16 USD per gram of gelatine and
the estimated cost of the phantom will be lower than 25
USD per phantom. However, since the electromechanical
micro tester is a destructive stress-strain measurement tool,
therefore, it is advisable to prepare multiple sets of
inclusions from the same batch of gelatine mixture for the
using both SWE and

electromechanical micro tester.

elasticity = measurements

Conclusion

SWE has provided a better diagnosis outcome by combining
the ultrasound images and quantitative tissue elasticity
information. Although the SWE has been shown to possess
a great potential to improve sensitivity and specificity of
breast, liver, thyroid and prostate diseases, however, the
accuracy of the elasticity measurement should be validated.
Hence, this study described the preparation of a low cost,
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reproducible gelatine phantom for the accuracy validation

of SWE measurements. In comparison to the gold standard,

the elasticity measurement using commercial SWE system

has constantly overestimated the elasticity. The elasticity

overestimation using SWE can be ascribed to the presence

of wave interference at the elasticity boundary. For SWE to

be incorporated into clinical diagnostic practice, it is vital to

identify a solution to overcome these artefacts.
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Figures and Tables

A

Manipulating size

Figure 1: Schematic diagram of the gelatine-based
phantom from the top view (A) and side view (B).
A

Figure 2: The custom-made SWE phantom for elasticity
measurement from top view (A) and side view (B).

B mode

image

Figure 3: Example of the SWE measurement result
displayed on the SWE system. The SWE colour map
appeared live on the top half of the display and the
bottom half was the image in B-mode. Four Q-boxes were
placed over the tissues of interest to measure the tissue
elasticity. The colour scale on the top right depicts
quantitative values of elasticity shown in the Q-box while
the mean, minimum, maximum and standard deviation of
the elasticity value as well as the diameter of the Q-box
are given in table at the right bottom.

Figure 4: (A) The high precision Instron microtester for in

vitro destructive test for soft tissue elasticity

measurement. (B) The sample was compressed
mechanically by two compression plates at a control rate

of 0.1 mm/min.
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Figure 5: Comparison of elasticity of the spherical inclusions
of different gelatine concentrations measured by the SWE
(solid circle) and Instron microtester (open circle).
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Figure 6: Effects of different diameters (A) and depths from
the surface (B) of the spherical inclusions on the elasticity as
measured using SWE.

Table 1: Specifications of each inclusion in the phantom.

Depth
. . . from Gelatine
Studied | Inclusion | Diameter .
Surfac | Concentration
Factors Number (mm)
e (8)
(mm)
1 30 47 16
2 26 47 16
Size 3 22 47 16
4 19 47 16
5 17 47 16
6 26 27 16
7 26 67 16
Depth
8 26 87 16
9 26 107 16
10 26 47 8
- 11 26 47 12
Elasticity
12 26 47 20
13 26 47 24
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