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Changes in tissue elasticity are generally correlated with pathological phenomena. For example, diffuse liver
disease progressively reduces the elasticity of the liver. Quasi-static elastography is popular in clinical appli-
cations to visualize regions with different relative stiffness. However, the limitation of this technique is that it
provides only qualitative information. To overcome this, we investigate the use of a calibrated reference layer,
sandwiched between the transducer and the tissue surface, to quantitatively image the unknown modulus of the
examined tissue. The performance of the method was studied through simulations and experiments on agar-
gelatin phantoms having Young's modulus within a range appropriate for the liver application. Furthermore, we
explored the translational capability of the proposed method to work with existing commercially-available ul-
trasound scanners having elastography option. The Young’s modulus value of the phantom estimated from
quantitative elastography in simulation and experiment was compared against the corresponding ground-truth
modulus value obtained from COMSOL and Universal Testing Machine (UTM) results, respectively. The results
obtained for the compressive elastic modulus of the underlying phantom using quasi-static ultrasound elasto-
graphy was found to be within 6% and 11% in simulation and experiments, respectively, to the corresponding

ground-truth values.

1. Introduction

Manual palpation of tissue has been used by clinicians for centuries
to aid in clinical diagnosis. The clinical popularity of manual palpation
is due to the fact that pathologic changes in the tissue are generally
well-correlated to signs of diseases in organs such as the breast, liver,
and prostate. For example, Liver tissue with cirrhosis is known to be
significantly stiffer than normal healthy liver tissue [13]. However,
manual palpation is generally limited to superficial structures and the
diagnosis depends largely on the ability of the physician performing the
examination, especially in the tissue like liver, since it is located deeper
from the surface of the body.

Accurate assessment of the degree of liver fibrosis is important for
the correct diagnosis of liver disease and deciding on an appropriate
course of treatment [23]. Liver biopsy is considered the gold standard
in determining the degree of liver fibrosis, which helps in the prognosis
of the disease condition and guides treatment decisions in the case of
the chronic liver disease. The different levels of fibrosis are assessed
based on histological/fibrosis scores classified as FO (no fibrosis), F1
(mild fibrosis), F2 (clinically significant fibrosis), F3 (severe fibrosis)
and F4 (cirrhosis), based on revised clinical practice guidelines for liver

cirrhosis [44], and grading and staging of liver diseases [39,15]. Un-
fortunately, liver biopsies are invasive and carry inherent risks of
bleeding, infection, and potential sampling error. However, it is found
that the different stages of fibrosis also exhibit a good correlation with
the stiffness of the liver [7,35]. Recently, the diagnosis of Non-Alcoholic
Fatty Liver Disease (NAFLD) is gaining much attention. NAFLD is a
disease condition in which the liver stiffens homogenously as the dis-
ease progresses [43]. According to the most recent epidemiological
studies, the prevalence of NAFLD is 25% globally [4]. Early diagnosis
can lead to reversing the disease condition and avoid liver transplant.
Therefore, there is a lot of active research towards the development of
non-invasive techniques for assessment of liver diseases based on
changes in liver stiffness.

In this regard, ultrasound elastography approaches seem to be very
promising and are finding its way into clinical use [11]. Some of these
techniques provide quantitative values, while others provide qualitative
information. The quantitative methods include Transient Elastography
(TE) and Shear Wave Elastography (SWE).

The most extensively used and tested method for evaluation of liver
fibrosis and staging is transient elastography (TE). Transient elasto-
graphy, which does not produce images, consists of two parts: a
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mechanical vibrator and a single-channel US transducer. The mechan-
ical vibrator generates a low-frequency shear wave at (50-500) Hz in
the target tissue (liver), and the pulse-echo ultrasound acquisitions are
used to follow the propagation of the shear wave to measure its speed,
Cs[m/s]. The corresponding Young’s modulus E [kPa] is computed by
E =3 pC* where, p is density of tissue [40]. The disadvantage of this
method is that it does not provide a B-mode image that is essential for
accurate targeting, it cannot be performed on liver with ascites and it is
not coupled with standard ultrasound machine [14].

On the other hand, SWE-based approaches provide a stiffness image
only over a smaller region of interest (ROI), yet the clinical experiences
and evidence are promising. However, this method will require a
dedicated high-end scanner, which may make it expensive for routine
scanning in rural, resource-poor regions within developing or under-
developed countries [26,5]. In contrast, Quasi-static elastography or
Real-Time Elastography (RTE) is shown to be feasible even with af-
fordable low-cost scanners [37]. However, RTE provides only qualita-
tive information in the form of relative strain distribution within a re-
gion and is more popular in clinical applications where a local contrast
is expected (e.g., breast lesion imaging). Therefore, it may be worth-
while to explore approaches to make quasi-static a quantitative method,
and thereby make it more suitable for non-invasive liver disease diag-
nostics. It is of interest to note that in a similar vein quantitative elas-
tography was explored for measuring the degeneration of achilles
tendon recently [47], which uses built-in reference layer and strain
ratio metric for quantitative measurements.

Few other in vivo studies have shown that the quantitative mea-
surements can be made using the quasi-static elastography method. For
example, [20] developed a reference material that allows calculating
the approximate value of Young’s modulus of uterine cervix using
quasi-static elastography [20,19]. The Young’s modulus of the cervical
lip was calculated by multiplying strain ratio with Young’s modulus of
the custom-made cap (acts as a reference layer). The strain ratio was
estimated between the ROI from the cervix and the cap. In another
study, [9] reported in vivo estimation of elastic properties of the peri-
neum using quasi-static elastography in nulliparous women [9]. Re-
cently, [18] investigated the usefulness of strain images acquired while
having a calibrated reference gel-pad in between the transducer and
skin in staging lymphedema. However, the above methods although
interesting are not directly applicable for liver elastography application
as they suffer from the use of non-standard reference layer and do not
incorporate contrast transfer efficiency while estimating modulus from
strain contrast. The use of contrast transfer efficiency may be important
for Young's modulus value estimation of the liver as there appears to be
a modulus range-scale that is correlated to the disease stage, and
therefore, requires more accuracy [14].

In this study, we explore the use of commercially available gel pad
as a standard reference layer to make Quasi-static elastography quan-
titative for liver imaging. Further, we incorporate the contrast transfer
efficiency factor while estimating Young's modulus value of the target
tissue. The objectives of this work were

1. To establish and characterize a commercially available gel pad as a
potential reference layer.

2. To develop a method for estimating the elastic modulus of an un-
derlying homogeneous tissue using a calibrated reference layer.

3. To assess the translational capability of the proposed method to
work with existing commercially-available ultrasound scanner
having elastography option.

The feasibility of this overall approach is demonstrated using si-
mulations and in vitro experiments.
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Fig. 1. A schematic of FEM model with reference layer placed above the
phantom.

2. Materials and methods
2.1. Simulations

The simulation comprised of two main components, (1) Finite-ele-
ment simulation of 2D plane-strain model, and (2) Ultrasound simula-
tion of pre- and post-compression ultrasound RF data.

2.1.1. Finite element simulation

A 2D plane-strain model was built using Finite Element Method
(FEM) software (COMSOL®™, AB, Stockholm, Sweden). The geometry
consisted of a homogeneous medium with overall dimensions of
40mm X 40 mm. A reference layer of 40 mm X 20mm (width X
height) having 20KPa Young’s moduli was placed on top of the
phantom that was relatively either (a) stiffer, having 40KPaYoung’s
moduli, or (b) softer, having Young’s moduli of 10 KPa. The model
parameters for phantom were chosen based on typical values en-
countered for liver tissue [14], while the reference layer was based on
the experimentally determined value of a commercially-available ma-
terial as explained later. The schematic of phantom model geometry,
along with the reference layer, is shown in Fig. 1. The model was
subjected to a 1% uniaxial compression by loading it from the top while
the bottom surface was fixed in the axial direction to prevent rigid body
axial translation. Free slip boundary conditions were assumed at lateral
faces of the phantom and the reference layer. In addition, the center
point of the bottom edge alone was also fixed to prevent rigid body
translation in the lateral direction. The Poisson’s ratio used for standoff
pad and phantom was 0.495.

2.1.2. Ultrasound simulation

Ultrasound simulations were done using Field II software [21]. A
linear array transducer was simulated using the parameters listed in
Table 1. Pre-compressed RF data were obtained by imaging the
phantom containing acoustic scatterers using Conventional Focused

Table 1
Transducer parameters used in field II simulation.

Parameters Conventional Focused Beamforming (CFB)
Element pitch 0.3 mm

Kerf 0.025 mm

Element height 4 mm

Element width 0.275 mm

Number of elements 128

Number of active elements 64

Center frequency 5MHz

Sampling frequency 40 MHz

Focal length 20 mm
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Fig. 2. A photo of the (a) controlled-compression set up that was used for data acquisition, (b) Magnified view of a region (phantom with reference layer) within

photo shown in (a).

Beamforming (CFB) technique. Similarly, post compressed RF frame
data were obtained after incorporating the displacement data obtained
from FEM to the acoustic scatterers positions.

2.1.3. Displacements and strain ratio estimation

A 2-D multilevel block matching algorithm was applied on the pre-
and post-compressed RF data to obtain the local tissue displacements
[42,30,49,46]. This algorithm selects a reference window in the pre-
compressed RF frame data and searches for its closest match in the post-
compressed RF frame data. Normalized cross-correlation was used as
the similarity measure. In this algorithm, two coarse-level and one fine-
level displacement estimations were used. The first-level coarse dis-
placements are obtained from the envelope of the RF frame data, which
is decimated by a factor of 4. These displacement estimates are carried
forward to serve as a starting point to estimate displacements at the
next coarse level. The second-level coarse displacements are obtained
similar to the first level, except that the envelope of the RF frame data is
now decimated by a factor of 2. In the last level, the finer displacements
are estimated from the RF image without any decimation. The search
window with 60% overlap was used at all levels. The window length of
size 25\, 5\, and 3\ and kernel size of dimension (width X length in
mm) 1.2 X 7.72,1.2 X 1.54, and 1.2 X 0.92 were used in first, second,
and last level, respectively. Finally, a cosine interpolation in the axial
direction and parabolic interpolation in the lateral direction were per-
formed to obtain the sub-sample axial and lateral displacements [8].
These computed axial displacements are then utilized to estimate the
axial strain distribution by using least square estimator with a kernel
size of 1 mm with an overlap of 0.25mm [31].

2.1.4. Young’s modulus estimation from strain ratio estimate

The unknown modulus of the phantom target is estimated from the
phantom-to-reference layer modulus contrast, which is obtained using
the following relationship [24,25]:

Cp = 12C; — 11 (€D)]

where C; is the strain contrast, (Cis the strain ratio between the re-
ference layer and phantom), C,, is the corresponding modulus contrast.

Later, using the known modulus value of the reference material,
along with the estimated modulus contrast, we can obtain the unknown
target modulus using (2).

M, (unknown) = C,,xM,(known) 2

Where, M; (unknown) — Modulus of phantom target, M, (known) —
Modulus of reference layer. Note that C,, (from Eq. (1)) used in Eq. (2)

captures the strain-contrast to modulus-contrast transfer efficiency.

2.2. Experiments

2.2.1. Reference layer

A 2cm (Height) X 9cm (Diameter) aqueous, flexible, disposable
ultrasound standoff layer (AQUAFLEX™, Parker Laboratories, Fairfield,
NJ, USA.), which is commercially available was used as a reference
layer and is shown in Fig. 2(b). Its modulus value was determined from
indentation test using Universal Testing Machine (Jinan TE, China),
which is explained in detail in Section 2.3.1.

2.2.2. Phantom preparation

A homogenous tissue-mimicking phantom was used for the experi-
mental validation and which was made using agar-gelatin-water mix-
tures. In this study, we prepared homogeneous phantoms specifically to
correspond to NAFLD, where the liver stiffens homogeneously with the
stage of the disease [7,43]. Therefore, we developed homogeneous
tissue mimicking material with acoustic and elastic properties that
match those of liver tissue values reported in the literature. Thus, the
resulting phantom had physiologically realistic Young’s modulus and
acoustic properties. One can find the detailed procedure for manu-
facturing this phantom elsewhere [25,16].

For the purposes of this feasibility study phantoms of two different
moduli values were only prepared and used. Table 2 presents the ge-
latin/agar concentration for each of the phantom. The weight of agar
and gelatin was mixed with de-ionized water at 80 °C and stirred well
until the temperature came down to about 30 °C. Then the mixture was
poured into the mold and allowed to cool at 4 °C for approximately
12h. The phantom prepared was of the dimension 40mm X
40mm X 40 mm (width x length X height). Simultaneously, the same
molten phantom material was also used to manufacture test samples.
The modulus value of the phantom was determined as the modulus of
the test samples obtained from indentation testing using Universal
Testing Machine (Jinan TE, China), which is explained in detail later in
the section.

2.2.3. Data acquisition

The experimental data acquisition was performed using a SONIX
TOUCH Q + ® scanner (Ultrasonix, Analogic Corporation, Peabody, MA,
USA). A linear array transducer (L14-5/38) containing 128-elements,
operating at 5 MHz center frequency and a 40 MHz sampling rate were
used. The RF data were collected using a single focus at a depth of
25 mm from the phantom surface.
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Table 2
Gelatin/agar concentrations of two manufactured phantoms.

Phantom Agar (% by weight) Gelatine (% by weight)
Phantom 1 3 5
Phantom 2 3 10

For elastography experiments, the reference layer was placed over
the phantom and a compression of 1% was applied on top of the re-
ference layer. The pre- and post-compression RF frame data were ac-
quired and processed using displacement and strain estimation algo-
rithms described in the simulation section earlier. Fig. 2(a) shows the
controlled-compression set up that was used for data acquisition. Note
that the phantom along with the reference layer was submerged in
water during data acquisition.

The above experiment was repeated on the same phantom for five
times, but at different elevation planes separated by 5 mm to obtain five
independent realizations of RF data for the two different configurations
(i.e., configuration 1, reference pad on top of a harder phantom, and
configuration 2, reference pad on top of a softer phantom). Here, the
modulus of the reference pad does not change from configuration 1 to
configuration 2.

2.3. Characterization of elastic and acoustic properties of the prepared
phantoms and reference layer

2.3.1. Quasi-static compression test

In order to perform ultrasound stiffness imaging, the prepared
samples have to mimic soft tissues in terms of elastic and acoustic
properties. Also, we have to know the modulus values of the samples for
it to serve as ground truth. Therefore, the elastic properties of the agar-
gelatin samples and the reference layers were tested by a computer
controlled electro-mechanical UTM (Jinan TE, China) shown in Fig. 3.
The 50kN machine is equipped with an extensometer with 50 mm
gauge length. The load cell measures the test load and the deformation
of the specimen is measured by an elastometer. Samples were made
such that its height is less than twice of its diameter to avoid the
buckling effect [34,33]. Quasi-static compression test was performed
under displacement controlled mode with a strain rate of 0.5 mm/min
up to a maximum of 15% strain. All samples were preconditioned for 5 s
and preloaded to 1% of strain (1 mm). We observed from preliminary
sample testing that compression beyond 15% strain lead to breakdown
of the sample and hence this was set as the upper bound for data ac-
quisition. The slope of the linear portion of the loading curve, which
was considered linear up to a maximum of 5% strain, was estimated.
Young's modulus was calculated from the slope of the linear portion of
the loading curve using the least square fit (Eq. (3)).

)

lL,d.
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F/A

T 3)

where E is Young's modulus (KPa), F is the force applied to the sample,
A is the original cross-section area through which force is applied (m?),
Sl is the change in length (m), [ is the original length of the sample (m).
Measurements were done for all sets of samples and experiments were
repeated for five times on different samples from each set to obtain
mean and standard deviation values.

2.3.2. Characterization of acoustic properties

The chosen acoustic parameters were acoustic velocity, attenuation
coefficient, and acoustic impedance. Pulse echo method was used to
measure the acoustic properties. A5 MHz, 6 mm contact type single-
element transducer (V110RM, Olympus NDT) was used for this pur-
pose. The excitation and receiving pulses were controlled by a pulser-
receiver (5677, Olympus NDT), which was operated in pulse-echo
mode. The received echoes were collected by Oscilloscope at a sampling
rate of 50 MHz as shown in Fig. 4. The amplitude (A1l and A2) of echoes
from the proximal and distal surface of the samples and time difference
between two successive received echoes (t) were measured from the
digitized data as shown in Fig. 6. The density of the material was de-
termined as the mass to volume ratio [34]. The dimensions of the
phantoms were measured using a vernier caliper (Mitutoyo®, Kawasaki,
Japan) and the mass was measured using a digital weighing machine
(Sartorius©, Bangalore, India). From these data, the acoustic para-
meters such as speed of sound (C), attenuation coefficient (A) and
acoustic impedance (Z) were calculated for all the prepared phantom
samples using standard formulae listed below. This experiment was
repeated on five samples of each proportion listed in Table 2.

)
(d—B) = L201 gﬂ
cm 2d A2 5)
kg ) _
Z(mzs) =ec ©)

where d is the height of the sample in meters.

The speed of sound, attenuation and impedance were measured for
both the phantoms and calibration layer in order to verify that the
samples prepared for the experiments have acoustic properties that lie
within the range reported in the literature for liver tissue [6,34,33].

2.3.3. Reliability and stability of reference pad

The reliability and stability of the reference pad were studied using
the modulus value measured at 30 days-interval for over a period of
4 months. The phantoms were stored in a refrigerator at 15 °C and new
reference pads from the batch were used at each of the time points. The

(®)

Fig. 3. A photo showing the (a) Universal testing machine used for characterization of elastic properties, and (b) Samples that were characterized for elastic

properties.
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Fig. 5. Images obtained from simulated ultrasound data for configuration 1 (Reference layer = 20 KPa, Phantom = 10 KPa) (a) axial displacements, (b) lateral
displacements, and (c) axial strain and configuration 2 (Reference layer = 20 KPa, Phantom = 40 KPa), (d) axial displacements, (e) lateral displacements, and (f)

axial strain.

modulus value was determined by indentation testing using Universal
Testing Machine (Jinan TE, China), similar to how it was done for
phantom samples described in the earlier Section 2.3.1.

3. Results
3.1. Simulation results

3.1.1. Ultrasound elastography simulation

Images of axial displacements, lateral displacements, and axial
strain estimated from the simulated ultrasound data are shown in Fig. 5.
In these images, the reference layer spans 20 mm from the top and the
remaining region represents the phantom. Notice the conspicuous
changes in the lateral displacements, which show that the reference
layer undergoes less displacement compared to the underlying phantom
when the reference layer is stiffer than the phantom. Further, the axial
strain image shows that the phantom undergoes more strain compared
to the reference layer. As one would expect, the exact opposite, i.e.,
phantom undergoing less strain than the reference layer and the lateral
displacements being more in the reference layer than in the phantom, is

11

Table 3
The mean and standard deviation values of elastic properties obtained in si-
mulations.

Configuration Measured strain ratio (G;) Estimated (KPa) Ground truth (KPa)

0.05
0.08

1.45
4.20

10

1 0.76 *
+ 40

10.43 =
2 1.52 +

40.81

observed in configuration 2.

The modulus value of the phantom estimated from the elastogram
and the ground truth set in FEM are listed and compared in Table 3.
Simulation results suggest that the modulus value of the phantom can
be estimated from elastogram within an error of 6%.

3.2. Experiment results

3.2.1. Characterization of acoustic properties of reference layer and
phantom samples

The mean and standard deviation values for the different acoustic
parameters measured are presented in Table 4. It can be observed that
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Table 4
The mean and standard deviation values for acoustic properties of the prepared samples and reference layer.
SL no Parameter Sample 1 (phantom) Sample 2 (reference pad) Literature
1 Speed of sound [ms~1] 1580 + 24 1670 + 36 1564-1700
2 Acoustic impedance [kg m2s~1](*10%) 1.642 = 0.254 1.710 = 0.012 1.64-1.71
3 Attenuation coefficient (dB cm™! MHz™!) 0.891 + 0.136 0.658 + 0.346 0.700-0.900
w T T T T T
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Fig. 6. Plot of the A-line from a test sample used in the measurement of acoustic properties with markings showing A1l and A2, the echoes from the proximal and

distal surface of the sample, respectively.
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the phantom samples prepared for the experiments have acoustic
properties that lie within the range reported in the literature for liver
tissue [6,34,33]. Having characterized the elastic and acoustic proper-
ties of homogeneous samples, a composite phantom was used for ul-
trasound elastography imaging. An example A-line obtained from a test
sample to measure its acoustic property is shown in Fig. 6.

12

(d)

Fig. 7. Plots of (a) loading and unloading
stress-strain curve of phantom sample (b) 3
cycles of load-unload stress-strain curve for
reference layer sample. Notice that the curve
has hysteresis indicating the samples are
actually viscoelastic in nature. For elastic
characterization, the loading part alone was
considered. Plots of the stress-strain loading
curve for the (c) phantom samples and (d)
reference layer.

3.2.2. Characterization of elastic properties using UTM-stress-strain curve:
Fig. 7 shows the typical stress-strain curve obtained during com-
pression testing of the samples from which the modulus value was es-
timated for each sample. The moduli values for the two different
phantoms and the reference pad obtained from UTM testing are listed in
Table 5.
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Table 5
Elastic properties of the samples from UTM.

Modulus from compression testing (KPa)

Reference layer 20 + 1.80
Phantom 1 10.25 = 1.84
Phantom 2 40.37 + 1.26

3.2.3. Ultrasound elastography experiment

Fig. 8 shows the axial displacement image, lateral displacement
image, and axial strain elastogram obtained from experiment for the
two different configurations. Although the Aquaflex® standoff pads are
hypoechoic, the displacement, strain and modulus calculations used in
the phantom experiments are the exact same as that done in simula-
tions. Additional details on strain estimation in the standoff pads are
provided in Appendix A. The lateral displacements and axial strain
distribution show similar behavior as noted in simulations, i.e., the
reference layer undergoes less (or more) lateral displacement compared
to the phantom and the phantom undergoes more (or less) axial strain
compared to the reference layer, depending on the configuration. The
unknown modulus value of the phantom was estimated and it was
compared with the modulus values of phantom samples measured using
UTM experiments. The results are shown in Table 6. Results from the
experiments suggest that the unknown modulus value of the phantom
was estimated within an error of 11%.

3.2.4. Evaluation of the proposed method using a commercially-available
elastography option

In the earlier sections, Young’s modulus was estimated from the
strain-ratio values obtained offline using in-house developed algo-
rithms. Here, we compare Young’s modulus obtained from strain ratio
measured using SONIX TOUCH Q+® scanner (Ultrasonix, Analogic
Corporation, Peabody, MA, USA). The imaging was done with a linear
array transducer (L14-5/38) operating at 5 MHz center frequency. The
Rol was placed on the reference layer and the phantom, respectively,

Ultrasonics 93 (2019) 7-17

for obtaining the strain ratio as shown in Fig. 9. Form the strain ratio,
unknown phantom modulus was calculated as described earlier in
Section 2.1.4. The results are tabulated in Table 7. The results seem to
be consistent with the offline simulation and experimental results ob-
tained earlier.

3.2.5. Young's modulus vs age of reference layer

The Young’s modulus value of the reference gel-pad measured at
different times is plotted in Fig. 10. The error bar around each point
represents standard deviation from five different samples from the same
batch. The elastic modulus values of the reference pad samples were
found to be 20 KPa on an average and this value was used as a common
reference in estimating unknown modulus of phantom material from
the strain ratio. It can be noted from Fig. 8 that the reference pad had
stable Young modulus value over the period of first three months.

4. Discussion and conclusions

In this work, we characterized and reported Young's modulus value
of a commercially available material that can act as a reference layer for
liver elastography. Further, we also incorporated the contrast transfer
efficiency paradigm while estimating the modulus contrast from esti-
mated strain contrast. The present study investigated the feasibility of
quantifying the stiffness of underlying tissue in simulations and in vitro
phantom experiments. The results suggest that quasi-static elastography
with a calibrated reference layer can be used for estimating the un-
known tissue stiffness within an error of 6% in simulations and 11% in
experiments.

Also, the results form Tables 6 and 7 confirmed the translational
capability of the proposed method to work with existing commercially-
available ultrasound scanner having elastography option. A further
analysis of the intra-observer and inter-observer repeatability of the
proposed quantitative technique is reported in Appendix A. Other
quantitative stiffness measurement methods, such as shear wave based
techniques for assessment of liver stiffness are still under investigation.
Moreover, further work is needed as there are some reports that show
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Fig. 8. Images obtained from elastography experiments for configuration 1 (Reference layer = 20 KPa, Phantom = 10 KPa) (a) axial displacements, (b) lateral
displacements, and (c) axial strain and Configuration 2 (Reference layer = 20 KPa, Phantom = 40 KPa), (d) axial displacements, (e) lateral displacements, and (f)

axial strain.
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Table 6
The mean and standard deviation values for strain ratio and unknown sample
modulus value.

Configuration — Measured strain Estimated modulus ~ Modulus value from
ratio (Cs) (KPa) UTM testing (KPa)

1 0.73 £ 0.07 9.21 + 2.23 10.25 + 1.84

2 1.48 = 0.12 39.24 = 4.10 40.82 + 3.75

Table 7
The mean and standard deviation values for strain ratio and unknown sample
modulus value.

Configurations  Measured strain Modulus of Modulus value from
ratio from the unknown phantom  UTM testing (KPa)
ultrasound scanner (KPa)

1 0.77 = 0.15 10.80 = 1.20 10.25 = 1.84

2 1.58 = 0.21 41.24 = 3.79 40.82 = 3.75

measurement variation from scanner to scanner [11]. Furthermore,
these methods require specific and expensive systems. One of the major
advantages of the proposed approach is that it can be easily used with
standard ultrasound scanner having elastography software and a cali-
brated reference layer that is commercially available.

In the approach proposed here only the axial-strain distributions
i.e., strain along the insonification direction is imaged and used, while
lateral (perpendicular to the beam propagation direction and scan
plane) displacements are not used. Although it was not explicitly stated
in the earlier sections, one could easily produce a modulus image
simply by extending the proposed approach to a pixel-sized ROI. One
such modulus image of the two different phantoms from experiments is
shown in Fig. 11.

Nevertheless, there are several methods reported in the literature
that seeks to estimate the modulus image from displacement and strain
data from axial and lateral directions using inverse reconstruction
techniques [12]. It is possible that some of the simple inverse re-
construction methods that are real-time can be adopted for the case
considered. In general, the accuracy, robustness, and speed of inverse
reconstruction improve with better quality input estimates of axial and
lateral displacement data [3,2,36]. Recently, there have been many
methods proposed to obtain better quality lateral displacement esti-
mates in elastography [41,32,22,31,28,45,17,10,29,27,48,38]. We are
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Fig. 10. Plot of the measured Young’s modulus value of the reference layer over
the age of the reference pad from the date of opening the box.

currently investigating on combining the reference layer methodology
and inverse reconstruction approach having access to better-quality
lateral displacement estimates, and compare it with the simple ap-
proach proposed here.

Regarding the choice of material for the reference layer, we initially
tried using phantoms made of agar/gelatin mixtures. However, the
stability and shelf-life of the in-house manufactured pad were found to
be very limited. Therefore, a commercially available standoff pad was
tested for its potential to serve as the reference material, which was also
suggested recently by [47]. The results suggest that their Young’s
modulus value changed very little over the 4-month period of testing.
The test was performed over this period from the date of opening the
box. Even after this time, there were about 9-months left before the
expiry date listed on the box label. Nevertheless, one has to take care
that the standoff pad is stored and maintained properly. If the me-
chanical properties of the pad changes, it will greatly affect our results
because only the calibrated modulus value of the reference pad is
considered for the estimation of the unknown modulus value. Also, a
perfect reference material would have no attenuation, speed of sound
would be around 1540 m/s, and the stiffness should not be too different
from that of the target organ (e.g., Liver). The thickness of the standoff
layer may be around 20 mm seems a reasonable choice considering the
trade-off between increased depth of imaging viz-a-viz minimizing the
reference layer-tissue boundary effect. It must be recognized that the

Fig. 9. Screen shot of elastography imaging using SonixTouchQ + ultrasound scanner for (a) configuration 1 (Reference layer = 20 KPa, Phantom = 10 KPa), (b)

configuration 2 (Reference layer = 20 KPa, Phantom = 40 KPa).
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Fig. 11. Modulus images obtained from elastography experiments for (a) configuration 1 (Reference layer = 20 KPa, Phantom = 40 KPa), (b) configuration 2

(Reference layer = 20 KPa, Phantom = 10 KPa).

data from the stand-off pad was beamformed using a speed of sound of
1540 m/s and not the estimated value from experiments as all scanners
are calibrated for 1540 m/s. Ofcourse, with newer adaptive beamfor-
mers the quality of RF data is corrected for these aberrations. Therefore,
if these are incorporated then the results may be even better.

In addition, regarding the boundary condition used in FEM, it must
be noted that a thin layer of ultrasound gel can be applied between
transducer-standoff pad interface as well as standoff pad-phantom in-
terface and therefore these were modeled as free-slip boundary condi-
tion. However, even when this boundary condition is not completely
satisfied and some non-slip/or high friction condition is present be-
tween the US transducer and the standoff pad, this was found (not re-
ported here) to have a very little effect on the estimated strain ratio
values. This was also due to the choice of the Rol, which was done in
such a way that the boundary condition will have little influence on the
strain contrast measurement (e.g., see Figs. 5 and 8 where Rol is
shown).

In summary, a method to make quasi-static ultrasound elastography
Quantitative using a reference layer was investigated. The feasibility of
this approach was demonstrated using simulations and phantom

experiments in vitro. The Young’s modulus estimated from elastography
in simulation and experiment was compared against the corresponding
ground-truth modulus value obtained from COMSOL and UTM results,
respectively. The results suggest that it is possible to estimate the
compressive elastic modulus of the underlying phantom using quasi-
static ultrasound elastography and a calibrated reference material to
within 6% and 11%in simulation and experiments, respectively.
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Appendix A. Displacement tracking and strain estimation in reference standoff pad region

Aquaflex® standoff pads are hypoechoic and almost no speckle is visible in the usual display. However, if the B-mode image in Fig. A1 is observed
carefully one can notice speckle in the stand-off pad region, although very weak. Initially, we estimated the overall displacement by tracking only the
standoff pad-phantom interface as shown in the figure below and estimated the strain from the fundamental definition, Strain = §1/1.

However, it was noticed that although the amplitude of RF signal from the standoff pad was weak, the motion tracking algorithms and strain
estimation were not affected. An example B-mode image of a phantom with a standoff pad at the top and one RF A-line from the center is shown

below in Fig. A2.

As shown in Fig. 9 earlier one can notice strain contrast in the elastograms displayed by Sonix machine as well, while the B-mode shows the
standoff pad as a hypoechoic region. In addition, the advantage of performing motion tracking in the standoff region is that it allows for easy visual
differentiation of the relative stiffness of the reference layer region (0-20 mm) by observing the lateral displacement image (For e.g., Fig. 8b and e).
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Fig. Al. Illustrates the lack of prominent speckle signal in the standoff pad in the B-mode images (a) pre-compression and (b) post-compression, when displayed in

60 dB dynamic range.
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Fig. A2. An example case to illustrate the signal amplitude from the standoff pad region is shown in relation to (a) B-mode image display having standoff pad, b)
complete central RF A-line and ¢) A magnified view of a region within plot shown in (b).

Appendix B. An analysis of intra-observer and inter-observer repeatability of the proposed quantitative technique

In order to assess the intra-observer and inter-observer variability in the estimated Young’s modulus value using the proposed quantitative
technique, a free-hand elastography study on phantoms was performed. Two operators were instructed to perform gentle compression and relaxation
in freehand using L5-14 transducer probe working with SONIX TOUCH Q+ ® scanner (Ultrasonix, Analogic Corporation, Peabody, MA, USA). The
elsatography mode was ON and the operators had real-time strain elastogram displayed on the screen for feedback. The operators performed this
exercise for the two different configurations (stiffer phantom and softer phantom, respectively). The cine-loop of RF frame data was saved and
processed as described earlier. The variation of strain contrast and estimated modulus value for each frame within the cine-loop was obtained from
each operator data to understand the intra-operator and inter-operator variability. The cine-loop consisted of 20 strain elastograms, from which the
mean and standard deviations are calculated and reported in Tables B1 and B2.

The results suggest that intra-observer variability when performing the experiment in freehand is slightly more for Operator 1 in configuration 2
(~24%), while it is within 15% for all other cases. Further, the error between estimated modulus values by each operator against the expected
ground truth is within 5% for configuration 1, and as high as about 13% for operator 2 in configuration 2. Although this analysis is preliminary and is
only on phantoms, it is more realistic than results in Table 7 as these are obtained using freehand compression. The inter- and intra-observer
variability can be reduced further by using assisted-freehand compression devices [1], which is currently under investigation.

Table B1
Strain ratio and estimated modulus measurements for configuration 1.
SL. No Parameter Operator 1 Operator 2
1. Strain ratio 1.52 = 0.18 1.55 = 0.16
2. Young’s Modulus (KPa) 40.80 = 4.50 42 + 6.40
Table B2
Strain ratio and estimated modulus measurements for configuration 2.
SL. No Parameter Operator 1 Operator 2
1. Strain ratio 0.72 = 0.09 0.79 = 0.15
2. Young’s modulus (KPa) 9.18 = 2.23 11.60 = 1.25
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