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Elastography can be used as a diagnostic method for quantitative characterization of tissue
hardness information and thus, differential changes in pathophysiological states of tissues. In this
study, we propose a new method for shear wave elastography (SWE) based on laser-excited shear
wave, called photoacoustic shear wave elastography (PASWE), which combines photoacoustic
(PA) technology with ultrafast ultrasound imaging. By using a focused laser to excite shear waves
and ultrafast ultrasonic imaging for detection, high-frequency excitation of shear waves and
noncontact elastic imaging can be realized. The laser can stimulate the tissue with the light
absorption characteristic to produce the thermal expansion, thus producing the shear wave. The
frequency of shear wave induced by laser is higher and the frequency band is wider. By tracking
the propagation of shear wave, Young’s modulus of tissue is reconstructed in the whole shear
wave propagation region to further evaluate the elastic information of tissue. The feasibility of
the method is verified by experiments. Compared with the experimental results of supersonic
shear imaging (SSI), it is proved that the method can be used for quantitative elastic imaging of
the phantoms. In addition, compared with the SSI method, this method can realize the non-
contact excitation of the shear wave, and the frequency of the shear wave excited by the laser is
higher than that of the acoustic radiation force (ARF), so the spatial resolution is higher.
Compared to the traditional PA elastic imaging method, this method can obtain a larger imaging
depth under the premise of ensuring the imaging resolution, and it has potential application value
in the clinical diagnosis of diseases requiring noncontact quantitative elasticity.
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1. Introduction

Any biological tissue has viscosity and elasticity, and
when biological tissue is diseased, its elastic proper-
ties change significantly. Thus, the elastic properties
of tissues can be used as important indicators for
disease diagnosis.'™ As a diagnostic method to
quantitatively characterize the information about
tissue elasticity, elastography has been widely used
in clinical diagnosis.*™®

Shear wave elastography (SWE) is a rapidly
developing elastography technique in recent years.”®
Shear wave excitation methods currently used in
elastography mainly include acoustic radiation force
(ARF) pulse excitation and external mechanical
vibration. Supersonic shear imaging (SSI), which was
first proposed by Bercoff et al. in 2004, uses ARF
as the excitation source of the shear wave.” Transient
elastography (TE) uses external vibrators to generate
low-frequency vibrations to excite shear waves.'”
These excitation methods cannot achieve noncontact
excitation of shear waves, which has limitations in
application. It has been found that a short-pulse laser
can stimulate tissue to generate large-bandwidth
surface acoustic waves (SAW) and shear waves in a
noncontact manner.''? However, laser excitation
shear wave has not yet been applied to the field of
quantifying the elasticity of biological tissues.

Laser-induced shear waves are essentially ultra-
sonic waves generated by the interaction between
lasers and soft tissues when a laser irradiates soft
tissues, which is a photoacoustic (PA) signal.'® With
the development of PA imaging techniques, elasto-
graphy methods that combine PA technology have
been proposed.'*'% The main technical methods are
divided into three categories: analyzing the visco-
elasticity of the tissue using PA signal relaxation
characteristics,'” quantifying elasticity using the PA
phase resolution method'® and quantitative elastic-
ity based on the correlation of the PA signal of
the tissue before and after compression, more spe-
cifically, vibration or displacement.'”:?" These tech-
niques utilize the PA signal of the tissue being
examined, which is dependent on the absorption
of light by chromophores within the tissue. For
tissues with strong surface light absorption, the
penetration depth is limited, making it challenging
to obtain clear images of deeper structures, such as
organs located in the chest or abdomen, without
compromising the signal-to-noise ratio (SNR) and/
or spatial resolution.?” The elastic properties can be

obtained noninvasively by obtaining a tissue model
from a laser-induced PA initial pressure wave. This
will improve the potential applications of PA imag-
ing and extend it to the diagnosis and treatment
of diseases such as cancer and brain tumors, which
can result in significant contrast to the elastic
properties of normal tissues.?” "

In this study, we propose a novel linear array
SWE method that combines laser-excited shear
wave technology with ultrafast ultrasound imaging,
called photoacoustic shear wave elastography
(PASWE). This method can realize noncontact
shear wave excitation. The shear wave excited by
the laser has higher frequencies and wider band-
widths than those excited by the ARF, which is
more conducive to obtaining high-resolution elastic
images. Furthermore, this method overcomes the
limitations of existing PA elastography methods in
terms of penetration depth. We first verified the
internal mechanism of laser-excited shear waves.
Then, homogeneous and heterogeneous phantoms
were made for the experiments, and the PASWE
experimental results were compared with the results
of SSI and actual Young’s modulus values to verify
the feasibility and accuracy of the method proposed
in this paper.

2. Materials and Methods
2.1. Principle of PASWE

Since shear waves belong to a kind of ultrasound
wave excited by laser irradiation of biological tissues,
laser excitation of shear waves belongs to the process
of laser-induced ultrasound. According to the energy
density of the incident laser and the material damage
threshold, there are two main mechanisms by which
lasers excite ultrasonic signals: the thermoelastic
mechanism and the thermal cauterization mecha-
nism.?"?>?> When the incident laser energy density is
higher than the surface damage threshold of the
material, a stronger shear wave will be generated, and
the estimation of the elastic modulus will be more
accurate, but this method will cause irreversible
damage to the tissue and does not meet the require-
ments of clinical medical diagnosis. Therefore, we
must strictly control the energy density of the laser to
avoid tissue damage. In this paper, we discuss only
the excitation of shear waves under the thermoelastic
mechanism. In subsequent experiments, the laser
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Fig. 1. Schematic diagram of the laser excitation shear wave
principle under thermo-elastic mechanisms.

energy will be strictly controlled within the tissue
damage threshold.

Figure 1 shows the schematic diagram of the
laser excitation shear wave principle under the
thermoelastic mechanism. When a short-pulse laser
beam hits biological tissue, the light absorber in the
biological soft tissue absorbs part of the energy of
the incident laser and converts it into heat energy,
causing a local temperature rise.

Small displacement occurs in the zaxis direction,
and the propagation of displacement appears as shear
waves propagating outward. The strain caused by
temperature rise 67(z,t) satisfies the following
equation?’:

e = Ju(z,t)

0z

where u is the displacement component of particle
vibration in the z axis direction and « is the linear
expansion coefficient. When the part of the sample is
irradiated by the laser and the temperature rises, the
rest will generate lateral constraints. In this case,
according to the thermoelastic theory, u satisfies the
following equation®*:

= adT(z,t), (1)

0%u 0%u 2 oT (z,t

p o= o) e st 2 e TED(g)
Due to the presence of transverse constraints, the
expansions occur in the axial direction. The process of
axial displacement change is the process of shear
wave propagation. The group velocity c, of the shear
wave is proportional to the shear modulus p of the
medium, as shown in the following equation®’:

= pcs, (3)

where p is the density of the elastic material. The
density p of soft tissue is usually assumed to be

PA elastography based on laser-excited shear wave

1000 kg/m® .2 The relationship between the elastic

modulus £ and the shear modulus y satisfies the fol-
27.

lowing equation®’:
B =2u(1 +v), (4)

where v is Poisson’s ratio of the material. For bio-
logical soft tissues, it is generally believed that soft
tissue cannot be compressed, that is, v is approxi-
mately equal to 0.5.'%2" Therefore, the relationship
between shear wave velocity ¢, and elastic modulus
(Young’s modulus) E can be deduced, as shown in the
following equation:.

E =3pct. (5)

2.2. Experimental setup and data
process

Figure 2 illustrates the setup of the experiment. A
pulse laser (SpitLight, Innolas, Germany) operating at
532 nm with a repetition rate of 20 Hz, a pulse width of
7ns, was used as an excitation source. The laser flux
(10 mJ/cm?) we used in our experiment is within the
safety limits of the American National Standards In-
stitute. Thelaser beam emitted by the pulsed laser was
focused on the sample through a focusing mirror. A
commercial ultrasound scanner (Prodigy, S-Sharp,
Taipei, China) equipped with an ultrafast ultrasound
imaging function is connected to a linear array ultra-
sound transducer (L7.5-12840C, S-Sharp, Taipei,
China), which consists of 128 array elements and a
center frequency of 7.5 MHz, to detect small dis-
placement caused by shear wave propagation in a
short period of time. In the experiment, the sampling
frequency was 20 MHz. In addition, the prodigy sys-
tem can implement SSI, which can be used to provide
data analysis comparison.

During our experiment, the laser beam hits from
one side of the sample and the ultrasonic transducer
receives echo signals on the other side. The imaging
plane of the ultrasonic transducer and the laser
optical path are kept at the same level. To enable
shear wave excitation and detection beam emission
at the same time, the output signal of the pulsed
laser is connected to the ultrasound scanner through
a cable as a trigger signal for data acquisition.
Immediately after laser emission, the ultrasonic
transducer is triggered to emit plane waves at three
angles (—2°, 0°, 2°) to acquire two-dimensional
(2D) ultrasound data of the tissue of successive
frames during shear wave propagation. We use
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Fig. 2. Schematic diagram of the experimental system.

plane waves to track shear waves, and after the plane
waves are transmitted, all channels of the ultrasonic
probe receive them, so as to improve the resolution
and accuracy of the signal and increase the reliability
of detection. The parameter PRF is a composite
pulse signal composed of multiple plane waves, and
the pulse repetition frequency is set to 5kHz. Each
plane wave emits 32 pulses and obtains 32 sets of
ultrasonic echo data. The signal output from the ul-
trasound scanner is the baseband signal obtained by
demodulating the radio frequency (RF) signal. The
baseband signal is processed offline to calculate the
elastic modulus of the tissue. First, the data from
the three plane waves are compounded to improve
the SNR. When shear wave propagates, the defor-
mation of the structure in the axial direction will
result in the phase shift of the two adjacent ultrasonic
echo signals. The ultrasonic echo signal obtained at
different times has a certain phase delay, which is
caused by the change of tissue displacement. In order
to analyze the change of tissue displacement with
time, we send three plane waves at different angles
to track the shear wave. The (1D) autocorrelation
algorithm is used to calculate the phase difference of
the signals at the same scanning position of every two
consecutive pulse echo signals.?® The zaxis direction
displacement d(t) of the sample at moment ¢ can be

calculated using the following equation®’-3!:
o(t)
d(t) = 6
(6 =g 0

where 0(t) is the phase difference of two pulse echoes at
the same scanning position at time ¢ and moment

t — 1. fy is the center frequency of the probe. c is
the speed of sound. Then, the zaxis direction dis-
placement of each pixel of the scanning position in
different frames is obtained. The direction filtering
algorithm separates forward and backward propa-
gating shear waves to avoid interference from shear
wave reflection and refraction on the wave velocity
estimation results.?”*" Based on the filtered displace-
ment data, the shear wave velocity is estimated using
the time-of-flight (TOF) algorithm.*" According to
Eq. (5), the modulus of elasticity can be further
obtained. For viscoelastic tissues, the K-space algo-
rithm can be used to analyze shear wave velocities
(phase velocities) at different frequencies. Perform
a 2D Fourier transform on the spatial-temporal
data on sample displacement of the selected Region of
Interest (ROI) to obtain a K-space displacement map.
According to the K-space displacement data, the
phase velocity at that time frequency can be obtained
by dividing the time frequency by the number of waves
of the maximum energy peak at that time frequency.
In addition, the SNR of elastic image is intro-
duced to evaluate the variance of elastic modulus
estimation. The definition of SNR is as follows:

SNR = 20lg (%) (7)

where (i, is the average elastic modulus in the elastic
uniform region. o is the variance of the elastic
modulus in this region.

For heterogeneous experiments, the contrast-
to-noise ratio (CNR) of elastic images is introduced
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to evaluate the possibility of detecting hard blocks
in elastic images.

CNR = 201g%, (8)
oy +tog
where py and pup are the average shear wave
velocity of content and background, oy and op are
the variance of shear wave velocity in content and
background, respectively.

3. Results

3.1. Laser-excited shear wave PA

elastography verification

In order to verify whether the ability of laser to
excite shear waves depends on the light absorber
in the medium, we first conducted a comparative
experiment, using a gelatin-based phantom as
the experimental sample. The schematic diagram
of the phantom is shown in Fig. 3. The back-
ground of the phantom was composed of 5%
gelatin and 0.5% resin, and the inclusion was a
hard block composed of 10% gelatin and 12%
graphite. Resin and graphite were added to
provide sound scattering, and the graphite also
increased the light absorption. As shown in
Fig. 3, the laser beam was vertically focused in
positions A, B, and C, and the ultrasonic
transducer was placed on the other side of the
phantom to perform data acquisition.

After one-dimensional (1D) autocorrelation pro-
cessing of the acquired data, the displacement
image of successive frames of the phantom was

Laser beam

E Gelatin- based;
= | hackground ;
et | i
| A
= | ,
- Hard Block !
|
[ Probe ]
Fig. 3. Schematic diagram of the phantom and laser beam
setup.
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obtained. Figure 4 shows the displacement maps at
1, 3.5, 6, and 8.5 ms after laser excitation at points
A, B, and C, respectively. It can be clearly seen that
in Figs. 4(a) and 4(c), the shear wave propagates
outward with time. In Fig. 4, it is obvious that the
waves propagate in both directions, red represents
the peak, blue represents the trough, and the speed
at which the wave-front propagates is the shear
wave velocity. The position where the shear wave is
generated is inside the model, which coincides with
the position of the light absorber. In Fig. 4(b), there
is no shear wave generation. Therefore, it can be
proved that the shear wave generation in the case of
laser focusing is related to the light absorber at the
focus position.

3.2. Homogeneous phantom
experiments

It was previously verified that the laser can excite
shear waves in Sec. 3.1. In this section, we made a
homogeneous phantom (Fig. 5) composed of 10g
gelatin 10 g graphite and 80 g water to carry out the
PASWE experiment to verify the ability of the
proposed method to quantify elasticity.

The displacement maps of 1.5, 3, 4.5, and 6 ms
after laser excitation were obtained after 1D auto-
correlation processing (Fig. 6(a)). Figure 6(b) shows
the spatial-temporal map of displacement, where the
white line approximates the trajectory of the wave
peak, and its slope is the group velocity of the shear
waves. The spatial-temporal data was converted
into K-space by a 2D Fourier transform, where K-
space represents the frequency-wave number spec-
trum of tissue displacement as shown in Fig. 6(c).

In K-space, the horizontal axis represents the
frequency and the vertical axis represents the
wavenumber. The phase velocity of the shear wave
was obtained by w/k, where w is the frequency and
kis the wave number. The shear wave phase velocity
and the group velocity of the homogeneous phan-
tom are similar. The average phase velocity shown
in Fig. 6(d) is 4.86 m/s, which is very close to the
phase velocity determined by the group velocity
shown in Fig. 6(b) (4.89m/s).

The TOF algorithm was used to perform a
2D elastic reconstruction of a region with a
depth range of 10 mm and a width range of 12 mm.
Figures 7(a), 7(c), and 7(e) show the shear wave
velocity image, elastic image, and ultrasonic elastic
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Fig. 4. Displacement maps. (a) Displacement maps of the experiment focusing on point A. (b) Displacement maps of the
experiment focusing on point B. (¢) Displacement maps of the experiment focusing on point C.

dual-modal image of the PASWE-reconstructed
homogeneous phantom. This was compared with
SSI results (Figs. 7(b), 7(d), and 7(f)). The 2Dshear
wave velocity maps obtained by the two elasto-
graphy methods were smooth and complete, and the
wave velocity distribution was uniform. In addition,
the wave velocity maps of the two have the same
color under the same color bar, indicating that the
shear wave speed of the two is similar. Elastography
gives a better contrast to shear velocity imaging.
Young’s modulus of the gelatin phantom can be
calculated by E = 0.0034C>% (C'is the concentra-
tion of the gelatin solution in g/L).*>%* Young’s
modulus reference value of the above homogeneous
phantom is 82.04kPa calculated by the formula.
The shear wave velocity in the dotted box in
Figs. 7(a) and 7(b) is averaged and Young’s mod-
ulus is further obtained. They are compared to the

oraphite
walcr

Fig. 5. Homogeneous phantom.

reference values and the results are shown in
Table 1. The average shear wave velocity in the
green dotted box of Fig. 7(a) is 5.20m/s, and cor-
respondingly, the data in Fig. 7(b) are 5.31m/s.
Their corresponding Young’s modulus was derived
to be 81.12 and 84.59 kPa, respectively. When their
relative deviations from the reference value were
compared, the PASWE result was closer to the
reference value.

3.3. Heterogeneous phantom

experiments

In order to further verify the feasibility and accu-
racy of PASWE, a heterogeneous phantom was
made. Figure 8(a) shows a cylinder hard block with
a diameter of 11 mm and a length of 14 mm that we
made to mimic the tumor, composed of 8% gelatin
and 12% graphite. The schematic diagram of the
phantom is shown in Fig. 8(b), and the hard block
was placed on a soft gelatin-based background
consisting of 5% gelatin and 12% graphite.

Figure 9 (a) shows the ultrasound map of the
phantom, with a, b, and ¢ ROI marked by black
boxes. Figures 9(b)9(d) show the spatial-temporal
maps of shear wave propagation in regions a, b, and
¢, respectively. The dashed line represents the wave-
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front of the shear wave, and the slope of the dashed
line represents the group velocity of the shear wave.
The group velocities of shear waves in the three
regions are 1.96, 3.89, and 2.01 m/s. Region b cor-
responds to the position of the hard block in the
phantom, and its shear wave group velocity is faster
than those in regions a and c, so region b is harder
than regions a and c. The result is consistent with
the hardness distribution of the phantom.

Figures 10(a) and 10(b) are ultrasound images
obtained by SSI and PASWE, respectively. We
compared PASWE with SSI by selecting six equi-
distant observation points on the left background
and hard block, respectively, as shown in the
red dots in the ultrasound images to analyze the
changes of displacements with time. The time-
displacement curves of SSI and PASWE are shown
in Figs. 10(c) and 10(d), respectively. The arrows
represent peaks of displacements. The peak time of
the observation points in the hard block is denser

than that in the background, further showing that
the shear wave propagates faster in the hard block,
and the results of the two elastography methods are
consistent. The arrival time of shear waves of each
channel of the linear array transducer was plotted,
and it was fitted in three segments, which were the
background on the left, the hard block and the
background on the right. The slope of the fitting
curve represents the velocity of the shear waves.
Figure 10(e) corresponds to the result of SSI, the
shear waves velocity of the three sections is 2.2363,
3.6279, and 2.2719m/s, respectively, while that
of PASWE (Fig. 10(f)) are 1.9566, 3.8255, and
2.0107m/s.

The resolution of the elastic image is related
to the size of the sliding window selected when
reconstructing the wave speed. To compare the
experimental results of SSI and PASWE in terms
of imaging resolution, the shear wave velocity of
the heterogeneous phantom shown in Fig. 8 was
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Fig. 7. Experimental results of the homogeneous phantom. (a), (c), and (e) are shear wave velocity images, elasticity images, and
the ultrasonic/elastic dual-modal image obtained by PASWE. (b), (d), and (f) shear wave velocity image, elasticity image, and dual-

modal ultrasonic/elastic image obtained by SSI.

Table 1. Experimental results of homogeneous phantom.

Elastography Average shear Young’s Young’s modulus  Relative
methods wave velocity (m/s) modulus (kPa)  reference (kPa) bias
PASWE 5.20 81.12 82.04 1.12%
SSI 5.31 84.59 82.04 3.11%
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reconstructed in 2D by using sliding windows of
different sizes. Figure 11 shows the 2D reconstruc-
tion of the shear wave velocity of the heterogeneous
phantom in SSI with sliding window size steps from
3x3 to 20 x 20 (each step represents 0.3mm).
Since only the shape of the contents and their elastic
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Fig. 8. Heterogeneous phantom. (a) Cylinder hard block. (b) Schematic diagram of heterogeneous phantom.

properties with the background part are of interest,
here, only the selected ROI is reconstructed. The
results of the reconstruction of the sliding window
with size steps 3 X 3,6 x 6, and 20 x 20 in the figure
cannot identify the boundary and shape of the
contents. Although the image reconstructed by the
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Spatial-temporal maps of shear wave propagation. (a) Phantom ultrasound image. (b) Spatial-temporal map of shear wave

propagation in region a. (c) Spatial-temporal map of shear wave propagation in region b. (d) Spatial-temporal map of shear wave

propagation in region c.
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SSIL. (b) Ultrasound image obtained by PASWE. (¢) Time-displacement curves obtained by SSI. (d) Time-displacement curves
obtained by PASWE. (e) The arrival time of the shear waves in the tissue of each channel and the fitting curves obtained by SSI.
(f) The arrival time of shear waves in the tissue of each channel and the fitting curves obtained by PASWE.

sliding window with size steps 9 x 9 and 15 x 15
retains the shape of the hard block, there is a certain
distortion and the accuracy of the reconstruction is
low. According to the results of the study, a sliding

window with a size step of 12 x 12 can reconstruct
the shear wave velocity map with the best effect.
Therefore, the block size that SSI can resolve is
3.6 mm X 3.6 mm.
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Figure 12 shows the experimental results of the
ultrasonic elasticity with the cylinder block Phantom.
Figure 12(a) clearly shows the reddish part, corre-
sponding to the location of the hard block. As shown
in Figs. 12(b) and 12(c), the transverse diameter and
the longitudinal diameter of the hard region in the
velocity map are obtained by measuring the FWHM,
which were 10.53mm and 13.58 mm respectively.
Compared with the actual diameter of 11 mm, the
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Fig. 12.

transverse diameter is close to the actual size, and the
longitudinal diameter error is larger.

Based on the SSI method, the average value of
wave velocity data is calculated and compared with
the reference value of wave velocity. The results are
shown in Table 2. The SNR of the background and
the content is 15.21 and 22.71, respectively, and the
CNR of the elastic image is 18.56. The elastic
modulus of the background and the content can be
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Experimental results comparison of SSI with cylinder block. (a) ROI shear waves velocity image obtained by SSI. (b)

Lateral position sampling line velocity profile. (c) Longitudinal position sampling line velocity profile.
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Table 2.

SSI methods experimental results of heterogeneous phantom.

Shear wave speed

Average wave

Mean relative

SSI methods reference value (m/s)  speed of ROI (m/s) deviation SNR CNR
Background 2.43 2.72£0.26 11.90% 15.21 18.56
Cylinder block 4.41 4.891+0.61 10.89% 22.71 18.56

quantified accurately, but the ability to recover the
longitudinal boundary is limited.

Figure 13 shows the 2D reconstruction of the shear
wave velocity of the heterogeneous phantom in
PASWE with sliding window size steps from 3 x 3 to
20 x 20. As thesliding window size step increases, the
hard block boundary is smoother, and the wave ve-
locity distribution is more uniform. However, if the
size step is too large, such as 15 x 15 and 20 x 20, the
accuracy of wave speed reconstruction will be re-
duced and the hard block boundary will be distorted
to an increased degree. From the data studied, it can
be seen that the sliding window obtained with a size
step of 9 x 9 can provide the best elastic image. A
well-defined circle can be seen in the elastic image,

surrounding part, which corresponds to the char-
acteristics of the heterogeneous phantom. So, the
block size that SSI can resolve is 2.7 mm x 2.7 mm. It
can be seen that the resolution of PASWE in this
experiment is higher than that of SSI.

Figure 14 shows a smooth and complete wave
velocity map, the image center can be seen in a clear
and complete circle, a more uniform distribution of
wave velocity in the circle. From the data projection
curves of the transverse and longitudinal sampling
lines in the figure, it can be seen that the shear wave
velocity in the hard part in the middle is more
uniform, and the velocity transformation part is
steeper than the corresponding data of the ultra-
sonic elasticity, indicating that its boundaries are

and it is clear that the hard block is harder than the clearer. The transverse diameter and the
5% ik ws
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Fig. 13. Results of the 2D wave velocity reconstruction of PASWE using sliding windows of different step sizes.
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longitudinal diameter of the block are 10.53 mm and
12.54 mm, respectively. The transverse diameter is
very close to the actual diameter of the block
(11 mm), and the estimation error of the longitudi-
nal diameter is 1.54 mm.

Table 3 shows the results of averaging, SNR, and
CNR data from heterogeneous phantom using the
PASWE method. The relative deviation between
the average value of ROI wave velocity and the
reference value is less than 5%, which shows that
the PA elastography function of the system can
accurately estimate the elastic information of het-
erogeneous Phantom.

In the realization of PA elastography, the shear
wave is first excited by laser focusing. Secondly,
ultrasonic plane wave is used to track the amplitude
and phase of shear wave, and the velocity of shear
wave is obtained. Finally, the elastic modulus is
derived.

Furthermore, the elastic images obtained by both
will be analyzed. ROI was marked on the ultra-
sound image with an orange dashed box and the red
dotted box corresponds to the position of the hard
block (Fig. 15(a)). The elastic image reconstructed

from the best shear wave velocity map of PASWE is
shown in Fig. 15(c).

A clear circle can be seen from the elastic image,
with a clear boundary and a clear difference in
hardness from the surrounding ground. The red
area is harder than the surrounding blue part. By
coordinate measurement, the lateral diameter of
the hard block is 10.53 mm, and the longitudinal
diameter is 12.10 mm, which is within 1.1 mm of the
actual size of the hard block. Consequently, the
ultrasound image and the elastic image of the SSI
experiment are shown in Figs. 15(b) and 15(d). By
comparison, the elastic images reconstructed by the
two elastography methods are generally the same
in hardness distribution, but the boundary recon-
structed by PASWE has a better effect. To deter-
mine whether the red area in the elastic image
matches the hard block in the ultrasound image, we
put the reconstructed elastic images obtained by
PASWE and SSI onto the ultrasound images to
obtain dual-modal images of ultrasound and elas-
ticity (Figs. 15(e) and 15(f)). The dual-modal im-
aging results show that the position of the hard
block marked in the ultrasound images is covered by

Table 3. PASWE methods experimental results of heterogeneous phantom.

PASWE Shear wave speed Average wave Mean relative

methods reference value (m/s)  speed of ROI (m/s) deviation SNR CNR
Background 2.43 2.33+0.11 4.12% 62.67 24.80
Cylinder block 4.41 4.21+£0.22 4.54% 44.17  24.80
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Ultrasound image by SSI
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PASWE of heterogeneous phantoms. (a) Phantom ultrasound image by PASWE. (b) Phantom ultrasound image by SSI.

(c) Elasticity image of ROI obtained by PASWE. (d) Elasticity image of ROI obtained by SSI. (e) Phantom elasticity image
obtained by PASWE on the ultrasound image. (f) Phantom elasticity image obtained by SSI on the ultrasound image.

the red area in the elastic images and their bound-
aries are basically consistent. The above results and
the comparison with the SSI illustrate the ability of
PASWE to reconstruct the elastic distribution of
heterogeneous tissues and locate the tumor.

Table 4 shows the Young’s modulus experimen-
tal results of homogeneous phantom. The average
Young’s modulus of hard block and surrounding

background of PASWE are 59.94 and 16.95kPa,
respectively, and that of SSI are 52.53 and
18.79 kPa. It can be seen from the numerical values
and images that the results of PASWE and SSI are
very close, and both correspond to the hardness
distribution of the actual phantom. The actual
modulus of elasticity of hard block and background
calculated is 51.46 and 17.84kPa, respectively.?!

Table 4. Young’s modulus experimental results of homogeneous phantom.

Elastography methods Phantom type

Young’s modulus (kPa)

Young’s modulus reference (kPa)  Relative bias

PASWE Cylinder block 50.944+0.3

SSI Cylinder block 52.53 +£0.21
PASWE Background 16.95+0.14
SSI Background 18.79+0.18

51.46 1.01%
51.46 2.08%
17.84 4.99%
17.84 5.33%
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Comparison of the spatial shear wave energy peaks of SSI and PASWE. (a) Comparison of spatial shear wave energy

peaks in hard block region. (b) Comparison of spatial shear wave energy peaks in the background region.

The PASWE and SSI results are similar to the
actual Young’s modulus of elasticity values and
are within the allowable range of error. The ability
of the PASWE method to quantify the elastic
properties of the tissue was demonstrated. Here, it
is worth noting that there is some difference in
the elasticity images of PASWE and SSI, because
the ARF pulse was focused from the same side
of the ultrasonic transducer, while the laser was
focused from the other side, resulting in differences
in the propagation direction and propagation area
of the shear waves.

The shear wave energy peaks of various fre-
quencies in the shear wave K-space are plotted for
the background region and the hard block region,
and the results of the shear wave data comparison
in the K-space are shown in Fig. 16. The black curve
is the result of photoelasticity experiment, and
the red curve is the result of ultrasonic elasticity
experiment. The results show that the shear band-
width of PASWE elastography is generally higher
than that of SSI elastography by measuring the
half-width. This improves the resolution and accu-
racy of elastography.

4. Discussion

Elastography can be used to diagnose the informa-
tion of tissue hardness and to distinguish the
changes of tissue pathophysiology.* %3 =" PASWE
holds promising for clinical usages. The tissue with
light absorbers can be excited to produce shear
waves, and the elastic distribution of the tissue
can be reconstructed by tracing the propagation
of shear waves. Based on PA effect, this method
can produce shear wave with higher frequency

and wider frequency band, and can realize high-
resolution imaging. In this study, we demonstrated
that laser can stimulate tissue with light absorption
characteristics to generate thermal expansion to
induce shear waves. We verified the feasibility of the
method through experiments. By comparing the
experimental results with SSI, it is verified that this
method can perform quantitative elastic imaging
on gelatin phantom. In addition, the frequency of
the shear wave excited by the laser is higher than
that excited by ARF, so higher spatial resolution
can be obtained. Compared to traditional PA elas-
tography, this method can obtain a larger imaging
depth while ensuring imaging resolution, and the
imaging quality is not greatly affected by the dis-
tribution of tissue light absorption characteristics.
It has potential applications in clinical disease
diagnosis requiring noncontact quantitative elasticity.

However, for complex biological tissues with
complex absorption characteristics of absorbers, it
is difficult to accurately distinguish different com-
ponents in shear wave PA elastography excited by
a single wavelength. Therefore, in future work, we
will explore the diversity of elastic information in
various complex biological tissue models and further
optimize the PASWE reconstruction method, more
accurate physiological information will be obtained
by combining ultrasound/PA multimodal imaging.

5. Conclusions

Based on the linear-array PA system, in this paper,
a new laser-excited SWE imaging method PASWE
is proposed to reconstruct Young’s modulus while
combining PA technology with ultrafast ultrasound
imaging. The proposed PASWE implements high-
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frequency excitation of shear waves and noncontact
elastic imaging. We use focused laser to excite shear
wave and use ultrafast ultrasound imaging to track
shear wave propagation. The Young’s modulus of the
tissue is reconstructed throughout the shear wave
propagation region to further evaluate the elastic
information of the tissue. We verified the feasibility of
the method through experiments. By comparing the
experimental results with SSI, it is verified that this
method can perform quantitative elastic imaging on
gelatin phantom. In addition, the frequency of the
shear wave excited by the laser is higher than that
excited by ARF, so higher spatial resolution can be
obtained. Compared to traditional PA elastography,
this method can obtain a larger imaging depth while
ensuring imaging resolution, and the imaging quality
is not greatly affected by the distribution of tissue
light absorption characteristics. It has potential
applications in clinical disease diagnosis requiring
noncontact quantitative elasticity.
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