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The detection of microelastomers in deep tissue has significant biomedical value. However, elastogra-
phy of microelastomers is still limited to superficial tissues. Here, we propose photoacoustic multiacoustic
spectral elastography based on the photoacoustic oscillation effect. After illumination with a pulsed laser, a
light-absorbing elastomer vibrates and emits damped ultrasound waves, i.e., eigenvibro signals, in a short
time. The eigenvibro signals contain elastic information. Our proposed method utilizes a causal damped
wavelet to enhance and decompose the eigenvibro signals. Each wavelet basis corresponds to a distinct
frequency, enabling the wavelet transformation of the photoacoustic signals and their synthesis to gener-
ate frequency-specific images. These individual images collectively form multispectral images, effectively
displaying elastic features at their respective frequencies. Then, the elastogram of microelastomers in the
region of interest is reconstructed and includes the intensity image, peak-frequency image, quality-factor
image, and elasticity-to-viscosity ratio image. Both numerical simulations and phantom experiments val-
idate the suitability of our proposed method, even with interference from inelastic optical absorbers. Our
study has potential biomedical value for the assessment of diseases resulting from the development of
microelastomers.

DOI: 10.1103/PhysRevApplied.20.024035

I. INTRODUCTION

Photoacoustic tomography is a hybrid imaging modality
that combines the rich contrast of optical imaging and the
high spatial resolution of ultrasonic imaging in deep tissue
[1–5]. It has shown great potential in biomedical research
and clinical applications, such as microvascular imaging
[6–8], tumor diagnosis [9,10], osteoarthritis assessment
[11], and drug-delivery monitoring [12].

The elasticity of a biological microstructure is closely
related to pathological states [13–21]. Elastography is any
class of medical imaging modalities that map the elastic
properties and stiffness of soft tissue [22–28]. Elastog-
raphy based on prominent imaging techniques, including
ultrasound elastography, magnetic resonance elastography,
and optical coherence elastography, has been popular in
the last decade. Photoacoustic imaging is also applied to
measure the elastic properties of biological tissue [29–
36]. For example, quantitative photoacoustic elastography
was applied to quantify the Young’s modulus of human
skeletal muscle in vivo [29,30]. However, these methods
face challenges when dealing with irregular objects due to
the requirement of applying uniform pressure to the tar-
get being measured [29,30]. Another approach involves
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the development of photoacoustic viscoelasticity imaging,
which establishes a relationship between the phase delay
of photoacoustic signals and the viscoelasticity of bio-
logical tissue [31]. All-optical noncontact photoacoustic
elastography, on the other hand, determines the bulk elas-
tic modulus of tissue by analyzing the rising time of echo,
without the need for physical contact [32,33]. Addition-
ally, the utilization of a picosecond optoacoustic technique
enables imaging with submicron resolution of complex
longitudinal moduli [34–36]. However, these techniques
are limited to measuring the superficial elastic properties of
tissues, as they rely on objective lens or pump probes [31–
36]. These studies indicated that photoacoustic imaging
could provide feasible methods to measure the elasticity
of biological tissue.

Recently, a photoacoustic oscillation phenomenon was
observed when an elastomer in biological tissue was
exposed to pulsed laser illumination [37–39]. This phe-
nomenon provides an alternative possibility to achieve
elastography for tissue. When a laser pulse illuminates a
light-absorbing elastomer, due to the absorption of laser
energy, the laser causes the optical absorber to expand
and emit broadband ultrasound waves into the surrounding
medium, which is the photoacoustic effect. Our name for
wideband ultrasound waves is laser-forced signals. When
a pulse laser ceases, the elastomer keeps vibrating and
emits ultrasound waves for a short time due to inertia.
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Typically, this signal is observed as a weakly damped tran-
sient wave, and our name for this signal is an eigenvibro
signal, since it is emitted by the eigenvibration of an elas-
tomer. The eigenvibro signal is closely related to mechan-
ical properties such as elasticity and viscosity. Therefore,
the elastic misconstruction can be reconstructed from the
detected eigenvibro signals. The photoacoustic oscillation
phenomenon can facilitate insights into tissue elasticities.

Several studies have been performed to image the elastic
properties of biological tissue by using the photoacoustic
oscillation effect. For example, by analyzing the peak ratio
between the first peak and the second peak of the photoa-
coustic signal, researchers obtained images of the elastic
properties of superficial tissues via point-by-point scan-
ning [39]. Recently, we proposed a photoacoustic holog-
raphy algorithm to extract microelastomers from bright
backgrounds [40].

However, there are still many challenges in imaging
microelastomers in deep tissue using the photoacoustic
oscillation effect. Eigenvibro signals are usually very weak
and sustained for a short time, and they are often mixed
with laser-forced signals. Living tissue always contains
strong optical absorbers, such as blood vessels. These
absorbers generate intense laser-forced signals and over-
whelm the weak eigenvibro signals. Therefore, conven-
tional methods have difficulty in extracting the eigenvibro
signals from the photoacoustic signals. Elastography based
on the photoacoustic oscillation effect is still limited to
imaging superficial tissue or elastomers with strong eigen-
vibro signals. Moreover, it can rely on prior information
related to the spectrum of photoacoustic signals.

Here, we propose a method based on the photoacous-
tic oscillation effect to image microelastomers in deep
tissue. In our method, we initially enhance and decom-
pose eigenvibro signals by using a causal damped wavelet.
Then, we reconstruct a series of multispectral images.
Each image corresponds to a characteristic frequency.
Finally, we extract an elastogram of microelastomers in the
region of interest. Both numerical simulations and phan-
tom experiments are performed to validate our proposed
elastography method.

II. IMAGING THEORY

Under the illumination of a pulse laser, the elastomers
absorb part of the energy and convert it into heat. Non-
ionizing laser pulses force elastomer expansion and ther-
mal stress source, qforce, generation. Then, the transient
thermoelastic expansion can lead to the vibration of the
elastomers. The viscosity of tissue governs the rate of the
vibration decay: greater viscosity leads to faster vibration
decay, causing the vibration to cease after a few cycles.
Assuming spatial variations in the bulk elastic moduli (E)
and viscous moduli (η) of the tissue, along with inde-
pendent vibrations of each elastomer, the laser-induced

vibration of the elastomers can be described by a modified
Kelvin-Voigt model, as follows [41]:

m
∂2u
∂t2

+ η
∂u
∂t

+ Eu − qforce(r, t) = 0, (1)

where m is the mass of the elastomer, E is the elastic mod-
ulus, η is the viscous modulus, qforce(r,t) =α(r)∂I (t)/∂t is a
thermal stress source due to laser absorption, I is a function
of the temporal profile of the laser pulse, α is a coefficient
related to light absorption and thermal expansion proper-
ties, and r is the spatial coordinate of the light absorbers.
Then, the oscillation displacement, u, excited by qforce can
be calculated from Eq. (1) as follows:

u(r, t) =
∫ t

0
qforce(r, τ)× g(t − τ)dτ , (2)

with the use of the following relationship:

g(t) =
exp(−(ω0/2Q)t)sin

(
ω0

√
1 − 1/(4Q2)t

)

mω0
√

1 − 1/(4Q2)
, (3)

where Q = (mE)1/2/η is the quality factor andω0= (E/m)1/2

is the intrinsic frequency.
The vibration of elastomers continues irradiating ultra-

sound waves to the surrounding media. Therefore, the
elastomers can be considered a sound source, qvibro,
which can be related to the displacement, u, by
qvibro(r,t) ∼ ρc∂u(r,t)/∂t, where ρ and c are the density and
speed of sound in the surrounding media, respectively.

Using an ultrasound transducer, the ultrasound waves
generated by the elastomers can be detected at rd, which
is recorded as p(rd,t). In a homogeneous medium, p(rd,t)
can be expressed as follows:

p(rd, t) = 1
4π

∫∫∫
V

q
(

r, t − ||rd − r||
c

)
dr

||rd − r|| . (4)

where rd is the coordinate of the detection position, c is the
speed of sound, and q(r,t) is the pressure source at r.

Clearly, the pressure source, q(r,t), is a combination of
the laser-force vibration, qforce, and elastomer eigenvibra-
tion, qvibro, as follows:

q(r, t) = qforce(r, t)+ qvibro(r, t). (5)

Therefore, the detected signal, p(rd,t), also includes two
components, p force(rd,t) and pvibro(rd,t), where p force and
pvibro come from qforce and qvibro, respectively. p(rd,t) con-
tains not only light-absorption properties (qforce) of the
elastomer but also elastic properties (qvibro) of the source.
Both the optical absorption image and the elastic image of
the sound sources can be reconstructed from the detected
signals, p(rd,t). This is the theoretical basis of photoacous-
tic multiacoustic spectral elastography discussed in the
following.
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(a) (b)

FIG. 1. Temporal and spectral representations of the mother wavelet (ω0= 1 MHz). (a) Temporal representations, the solid line and
the dotted line correspond to the real part and the imaginary part of the mother wavelet, respectively. (b) Spectral representations, the
solid line and the dotted line describe the amplitude and the phase of mother wavelet ψ0, respectively.

A. Enhancement and decomposition of the eigenvibro
signals by using a causal damped wavelet

Generally, the eigenvibro signal, pvibro, induced by a
pulsed laser is very weak in comparison with the laser-
forced component, p force. Considering the natural time-
frequency characteristics of the eigenvibro signals induced
by the laser, as shown in Eq. (2), we use a causal damped
wavelet to decompose the detected signals and enhance
the eigenvibro components. The mother wavelet ψ0 of the
causal damped wavelet is given by [42]

ψ0(t) = H(t)exp
((

− ω0

2Q
+ iω0

)
t
)

+ ω


ω0
H(−t)exp

((
ω


2Q
− iω


)
t
)

, (6)

where H refers to the Heaviside step function, ω0 is the
eigenvibration frequency, Q is the quality factor, and ω

is the spectral resolution of the wavelet. Generally, ω
 is
much lower than ω0.

In the spectral domain, the mother wavelet �0(ω) is
expressed as follows:

�0(ω) = 1
(ω0/2Q)+ i(ω − ω0)

− ω
/ω0

(ω
/2Q)− i(ω
 + ω)
. (7)

Figure 1(a) shows the waveform of the mother wavelet,
which is the damped transient wave. From Fig. 1(b), we
can observe that the phase of the mother wavelet ψ0 is
zero, while the amplitude reaches its maximum at an intrin-
sic frequency, ω0, of 1.0 MHz. The phase also demon-
strates a linear trend around its intrinsic frequency, ω0, of
1.0 MHz.

Figure 2 compares the mother wavelet with the photoa-
coustic signals generated by the elastomer in terms of its

waveform and spectrum. The mother wavelet effectively
matches the eigenvibro signal rather than the laser-forced
signal.

Applying a scale factor, a, to the mother wavelet, we can
obtain a wavelet basis series, as follows:

ψa(t) = 1√
a
ψ0

(
t
a

)
, (8)

= 1√
a

H(t)e(−(ω0/2Q)+iω0)(t/a)

+ ω
√
aω0

H(−t)e((ω
/2Q)−iω
)(t/a). (9)

Each wavelet basis, ψa(t), corresponds to an angular fre-
quency of ωa =ω0/a.

Correlating the detected signal, p(rd,t), with the child
wavelet basis,ψa(t), we can decompose p(rd,t) signals into
a series of components s(rd,t,ωa), as follows:

s(rd, t,ωa) =
∫ +∞

−∞
p(rd, τ)× ψa(τ − t)dτ . (10)

Each component s(rd,t,ωa) corresponds to a frequency of
ωa. As the eigenvibro signal appears and its frequency
coincides with the child wavelet basis, s(rd,t,ωa) has high
amplitude; otherwise, its magnitude is low. Since the
causal damped wavelet has similar time-frequency char-
acteristics to the transient vibro components in the photoa-
coustic signals, the causal damped wavelet can detect and
enhance the eigenvibro components.

B. Reconstruction of the multispectral images from the
eigenvibro signals

The child wavelet, ψa(t), has a linear phase around the
intrinsic frequency, ωa. The phase of s(rd,t,ωa) is consis-
tent with that of p(rd,t) around the intrinsic frequency, ωa,
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(a) (b)

FIG. 2. Temporal and spectral representations of the mother wavelet ψ0 and the photoacoustic signal from microelastomers under
the illumination of a pulse laser. (a) Temporal representations: the black line and the red line correspond to the photoacoustic signal
and the real part of the mother wavelet ψ0, respectively. (b) Spectral representations: the black line and the red line correspond to the
photoacoustic signal and the real part of the mother wavelet ψ0, respectively.

and not consistent away from ωa. Therefore, series images,
A(r,ωa), can be reconstructed from each decomposed sig-
nal, s(rd,t,ωa), through the delay-and-sum method [43–45],
as follows:

A(r,ωa) =
∫
�0

s(rd, t,ωa)
d�
�0

|
t= ||r−rd ||2

c
, (11)

where d� is the solid angle for the detection element at rd
and is defined as follows:

d� = dS
||r − rd||2

ns(r) · (r − rd)

||r − rd|| , (12)

where r represents the coordinate of the pixels in the
image, dS is the surface area of the detection element, and
ns(r) is the ingoing normal vector. The total solid angle is
denoted as �0.

For a two-dimensional situation, the integration of Eq.
(12) is provided as follows:

A(x, y,ωa) =
∑

i

s(xd
i, yd

i, t,ωa)√
(x − xd

i)
2 + (y − yd

i)
2

|
t=

√
(x−xi

d)
2+(y−yi

d)
2
/c

, (13)

where (xd
i, yd

i) is the coordinate of the ith detection point.
Repeating the above process for each decomposed

signal, s(xd,yd,t,ωa), we can obtain an image sequence,
A(x,y,ωa). Each image corresponds to frequency ωa. These
multispectral images show feature images of the region of
interest at their corresponding frequencies. The elastomers
can be highlighted in the images, which correspond to the
eigenvibro frequencies of microelastomers.

C. Extraction of the elastogram from multispectral
images

In the third step, we extract the elastogram from multi-
spectral images. Both microelastomers and inelastic opti-
cal absorbers can be observed in these multispectral
images. In addition, they have different features in these
multispectral images due to time-frequency characteristic
differences of the p forced component and pvibro component.
The laser-forced component, p forced, in a photoacoustic sig-
nal has an extremely broad bandwidth, resulting from the
narrow pulse width of the nanosecond laser. In contrast, the
eigenvibro component has a narrow bandwidth because it
is generated from a damped free-oscillation process.

Their difference is reflected by the multispectral images.
For any given position (x, y) in multispectral images, the
intensity of a pixel, A(x, y, ωa), is a function of ωa. The
same pixel in each multispectral image constructs a curve,
which is similar to a spectral curve. These curves are analo-
gous to the optical spectrum, but they reflect the vibrational
properties of the imaging targets. All spectral curves have a
wide and flat base due to the laser-forced components. For
microelastomers, a narrow peak is located on the flat base,
corresponding to the eigenvibro components. Therefore,
by removing the wide and flat base (laser-forced compo-
nents) from the multispectral images, we can extract the
elastic feature of the region of interest.

Since the laser-forced components dominate the energy
of the detected photoacoustic signals, their spectral char-
acteristics can be approximately estimated as follows:

Iforce(ωa) = 1
S

∫∫
ROI

A(x, y,ωa)A∗(x, y,ωa)dxdy, (14)

where S is the area of the pressure source in the region
of interest and A* is the complex conjugate of A. Then,
removing the laser-forced components from the image
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sequence, A(x,y,ωa), we have the following result:

Ivibro(x, y,ωa) = A(x, y,ωa)A∗(x, y,ωa)− Iforce(ωa),
(15)

where I vibro(x,y,ωa) represents the image that reflects the
elastic characteristics corresponding to ωa.

Finally, four images are extracted from the I vibro(x,y,ωa)
image series. The first one is a total-intensity image, I (x,y),
of the eigenvibration energy, as follows:

I(x, y) =
∑

ωa
Ivibro(x, y,ωa). (16)

The second image is a peak-frequency image, ωP(x,y), the
pixel intensity, ωP(x,y), of which is the frequency value
maximizing I vibro(x,y,ωa), as follows:

ωP(x, y) = arg max
ωa

Ivibro(x, y,ωa). (17)

The causal damped wavelet basis depends on two parame-
ters: the intrinsic frequency, ωa, and the quality factor, Q.
After setting the peak frequency, we extract the quality-
factor image, QP(x,y), as follows:

QP(x, y) = arg max
Q

Ivibro(x, y,ωp). (18)

The quality factor, Q = (mE)1/2/η, and the intrinsic fre-
quency, ω0= (E/m)1/2, have a product of E/η, which is
the ratio of the bulk elastic modulus and viscous modu-
lus of the microstructure [46,47]. Thus, we can define the
elasticity-to-viscosity ratio image, RP(x,y), as follows:

RP(x, y) = ωP(x, y)QP(x, y). (19)

The total-intensity image, I (x,y); the peak-frequency
image, ωP(x,y); the quality-factor image, QP(x,y); and the
elasticity-to-viscosity ratio image, RP(x,y), produce the
elastogram of the region of interest. I (x,y) shows the total
intensity of the eigenvibration energy within the region of
interest, and ωP(x,y) shows the peak-frequency informa-
tion in that region. QP(x,y) serves as an indicator of the
attenuation characteristics of the eigenvibration, provid-
ing information regarding how quickly the eigenvibration
energy decays in the region of interest. RP(x,y) estimates
the ratio of the bulk elastic modulus to the viscous modulus
within the imaging area. Pixels with high-intensity val-
ues on the intensity image, I (x,y), indicate the location of
microelastomers, where the peak frequency is generally the
eigenvibration frequency of these microelastomers. As a
result, these four images collectively show the elastogram
of the tissue, providing comprehensive information about
its elastic properties.

III. NUMERICAL STUDIES AND RESULTS

Numerical studies are performed to explain the imaging
process and verify the feasibility of our proposed method.
Signal generation and propagation are simulated by using
the numerical integral method and the k-space pseudospec-
tral method [48,49] based on the MATLAB toolbox.

A. Image of the elastic point source

In the first numerical experiment, we image nine optical
absorbers with different elastic properties.

The simulation of signal generation and propagation
is based on a homogeneous medium with a speed of
sound of 1500 m/s. The simulation area is a square area
(52 × 52 mm2), as shown in Fig. 3(a). Signals are recorded
by a 256-channel ring array with a diameter of 50 mm,
as shown by the black dashed line in Fig. 3(a). Points
N1–N8 in Fig. 3(b) represent the eight normal point opti-
cal absorbers. In this simulation, microelastomer E1 has a
density of 1 g/cm3, an elastic modulus of 0.395 GPa, and
a viscosity modulus of 31.4 Pa s, which corresponds to an
eigenvibration with a frequency of 1 MHz and quality fac-
tor of 3. When exposed to laser irradiation, points N1–N8
emit only the laser-forced signals; however, point E1 also
generates a weak eigenvibro component with a central fre-
quency of 1 MHz and a quality factor of 3, as shown in
Figs. 3(c) and 3(d).

Figure 4(a) shows one typical p(xd,yd,t) signal detected
by the transducer at detection point D, as shown in
Fig. 3(a). Since point N1 is the signal source closest to
detection point D, the first signal in Fig. 4(a) is prop-
agated from point N1. In the same way, the last signal
in Fig. 4(a) is propagated from E1. The first eight sig-
nals contain only the laser-forced components, and the
last signal contains the laser-forced signal and the eigen-
vibro signal. Correlating the typical signal with the child
wavelet basis, we decompose the signal into a series of
components, s(xd,yd,t,ωa), as shown in Figs. 4(b)–4(f).
The component from the eigenvibro signal is enhanced
by the wavelet transform and reaches its maximum at an
intrinsic frequency, ω0, of 1 MHz, as shown in Fig. 4(c).
Moreover, the components from laser-forced signals are
suppressed.

The eigenvibro signal from a microelastomer appears
later than the laser-forced signal. In Fig. 4(c), M1
contains the component from N1’s laser-forced signal, but
M2 does not. Additionally, M3 contains the component
from E1’s laser-forced signal, and M4 contains the com-
ponent from E1’s eigenvibro signal. Furthermore, the child
wavelet, ψa(t), has a linear phase around intrinsic fre-
quency ωa, and the energy of the eigenvibro signals is
also concentrated around intrinsic frequency ωa, whereas
the energy of the laser-forced signals is distributed over
a wide frequency range. After the wavelet transform,
components s(xd,yd,t,ωa) from the eigenvibro signals
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(a)

(c)

(b)

(d)

FIG. 3. Simulation of signal generation and propagation from nine point targets with different elasticity. (a) Nine point-signal sources
and ring-array transducer. (b) N1–N8 are eight normal point optical absorbers with low elasticity and E1 is an elastomer. (c) Waveforms
of emitted signals; black line is the waveform of the signal emitted by the eight normal point optical absorbers and only contains a
laser-forced signal; red line is the waveform of the signal emitted by the elastomer, which contains both the laser-forced signal and the
eigenvibro signal with a central frequency of 1 MHz and a quality factor of 3. (d) Spectra of the signals from N1-N8 and the signal
from E1.

maintain a linear phase and satisfy spatial coherence at
an intrinsic frequency of ωa, but components s(xd,yd,t,ωa)
from laser-forced signals do not satisfy spatial coherence.
Therefore, using the decomposed signal, s(xd,yd,t,ωa), we
can reconstruct the images that reflect the elastic features
of these point sources.

Based on the following comparison, Fig. 5(a) shows a
conventional photoacoustic image reconstructed from the
detected signals by using a delay-and-sum algorithm; the
image clearly shows the locations of the four sources,
N5, N6, N8, and E1. However, elastomer E1 is the
same as the other normal sources. The abnormal elas-
ticity target cannot be obtained via this conventional
photoacoustic image. Figure 5(b) shows the image recon-
structed from s(rd,t,ωa) with ωa = 1 MHz; since the eigen-
vibro signals emitted from elastomers are enhanced by
the causal damped wavelet transform, point elastomer
E1 is emphasized in comparison with the other normal
sources.

Figure 5(c) plots the pixel intensity of each image as
a function of ωa, where the red curve, black curve, and
blue curve correspond to the imaging pixels of elastomer
E1, normal source N1, and an average intensity of the

whole image, respectively; all curves have a wide and
flat base, corresponding to the laser-forced signals. For
elastomer E1, a narrow peak at a frequency of 1 MHz
is located on the flat base, corresponding to the eigenvi-
bro signal. Therefore, by removing the wide and flat base
from the multispectral images, we can extract the elas-
tic feature of the region of interest. Figure 5(d) shows
the total-intensity image, I (x,y), after extracting the elas-
tic feature of the region of interest; only elastomer E1 is
visible, and other normal sources are not observed. Fig-
ures 5(e) and 5(f) show the peak-frequency image, ωp (x,y),
and quality-factor image, Qp (x,y), of the region of inter-
est. We use the hue-saturation-value (HSV) color space
to encode the peak frequency (quality factor) and inten-
sity in the region of interest. The hue is encoded using
peak-frequency (quality-factor) information. The intensity
is mapped to the value component in HSV. This creates
Figs. 5(e) and 5(f), where color is determined by peak
frequency (quality factor) and brightness by intensity; the
peak frequency of the eigenvibration for elastomer E1 is
approximately 1 MHz, with an associated quality factor of
approximately 3. Figures 5(e) and 5(f) collectively produce
the elastogram of the region of interest. Additionally, we
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(a)

(b)

(c)

(d)

(e)

(f)

FIG. 4. Photoacoustic signals, p(xd,yd,t), detected at D and a series of components, s(xd,yd,t,ωa), at different frequencies via the
wavelet transform. (a) Photoacoustic signal, p(xd,yd,t), detected at detector D. (b)–(f) Decomposed signals, s(xd,yd,t,ωa), after causal
damped wavelet transform with frequencies, ωa, of 0.5, 1, 2, 5, and 10 MHz.

conduct a series of simulations by varying the frequency
or quality factor of E1. In Fig. 5(g), we present the esti-
mated frequency of E1, while keeping the quality factor
fixed at 3 and varying the frequency from 0.5 to 9 MHz.
Furthermore, in Fig. 5(h), we showcase the estimated qual-
ity factor of E1 with a fixed frequency of 1 MHz, while
varying the quality factor from 0.5 to 9. These simulations
provide evidence that our proposed method accurately

estimates the vibration frequency and quality factor of
microelastomers.

B. Image of the elastic part in the blood-vessel network

In the second numerical simulation, we image the abnor-
mal elastic region in the blood vessel network to verify our
proposed method in complex situations.
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(a) (b) (c)

(d) (e)

(g) (h)

(f)

FIG. 5. Images of the elastic point source. (a) Reconstructed image using the delay-and-sum algorithm. (b) Reconstructed image
from signals s(xd,yd,t,ωa) with frequency ωa = 1 MHz. (c) Pixel intensity’s spectral characteristic at point E1, point N1, and I force.
(d) Intensity image, I (x,y), showing the elastic feature of the nine point sources after extracting the intensity image, I (x,y), from the
multispectral images. (e) Peak-frequency image, ωp (x,y), encoded using HSV color space (hue, peak frequency; value, intensity). (f)
Quality-factor image, Qp (x,y), encoded using HSV color space (hue, quality factor; value, intensity). (g) Estimated frequency of E1
with a fixed quality factor of 3 and varying frequency ranging from 0.5 to 9 MHz. (h) Estimated quality factor of E1 with a fixed
frequency of 1 MHz and varying quality factor ranging from 0.5 to 9.

The medium is also homogeneous with a speed of
sound of 1500 m/s. The simulation area is a square area
(52 × 52 mm2), as shown in Fig. 6(a). Signals are recorded
by a 256-channel ring array with a diameter of 50 mm,
as shown by the black dashed line. The gray part in
Fig. 6(a) represents inelastic light absorbers, such as the
blood-vessel network. The red and blue segments represent
two regions with high elasticity, which mimic pathological

tissues in blood vessels. The red microelastomer on the left
has a density of 1 g/cm3, an elastic modulus of 0.253 GPa,
and a viscosity modulus of 16.8 Pa s, which correspond to
a vibration with a frequency of 0.8 MHz, quality factor
of 3, and elasticity-to-viscosity ratio of 15.1 μs−1. Alterna-
tively, the blue microelastomer on the right has a density of
1 g/cm3, elastic modulus of 0.568 GPa, and viscosity mod-
ulus of 37.7 Pa s, which corresponds to a vibration with a
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(a) (b)

(c) (d)

FIG. 6. Numerical simulation of blood-vessel network. (a) Diagram of blood-vessel network and ring-array transducer. (b) Signals
from various parts of the blood vessel. Gray line, signal only containing laser-forced components emitted by the gray part in the vessel
net; red line, signal containing an eigenvibro component with a central frequency of 0.8 MHz and a quality factor of 3 emitted by
the red segment; blue line, signal containing an eigenvibro component with a central frequency of 1.2 MHz and a quality factor of 2
emitted by the blue segment. (c) Spectra of the signals. (d) Waveform of the 256-channel simulated signals.

frequency of 1.2 MHz, quality factor of 2, and elasticity-
to-viscosity ratio of 15.1 μs−1. The signal emitted by the
gray part is assumed to contain only the laser-forced sig-
nal, as shown by the gray line in Fig. 6(b). The signals from
the red and blue segments contain weak eigenvibro com-
ponents with central frequencies of 0.8 and 1.2 MHz and
quality factors of 3 and 2, respectively, as shown by the
red line and blue line in Fig. 6(b). Figure 6(c) shows the
spectrum of these signals; the amplitude of the eigenvibro
components in the signals is much weaker than that of the
laser-forced components. Figure 6(d) shows the waveform
of the 256-channel simulated signals. Because of the irreg-
ularity of the blood-vessel network, the waveform of the
detected photoacoustic signals is very complex, as shown
in Fig. 6(d). Blood vessels generate strong laser-forced
components, which completely overwhelm the eigenvibro
components in the time and frequency domains.

Figure 7 shows the image sequence reconstructed from
s(rd,t,ωa). The two elastomers have different intensities in
the nine images, indicating that the two elastomers have
different elastic characteristics. In Fig. 7(d), frequency ωa
is 0.8 MHz. The strongest intensity in this image cor-
responds to the left elastomer [red region in Fig. 6(a)].
However, frequency ωa in Fig. 7(f) is 1.2 MHz. The
right elastomer [blue region in Fig. 6(a)] has the high-
est intensity in this image. The intensity of the elastomers

significantly decreases in the other images, the frequencies,
ωa, of which deviate from the eigenfrequency. The image
sequence shows the elastic features of the targets over a
wide frequency range.

Figure 8 shows the final elastogram of the blood-
vessel network. Considering the following comparison,
Fig. 8(a) shows a conventional photoacoustic image recon-
structed from the detected signals by using the delay-
and-sum algorithm; the image clearly shows the structure
of the blood-vessel network. However, the pathological
region is the same as the other part of the blood ves-
sel. The abnormal elasticity region cannot be observed
in this conventional photoacoustic image. Figure 8(b)
shows the total-intensity image, I (x,y), reconstructed from
the multispectral images in Fig. 7 using our proposed
method [Eqs. (14) and (15)]. Figures 8(c)–8(e) presents the
peak-frequency image, the quality-factor image, and the
elasticity-to-viscosity ratio image of the blood-vessel net-
work, respectively; these are derived from multispectral
images. Different colors represent different peak frequen-
cies, different quality factors, or different elasticity-to-
viscosity ratios. The peak-frequency image of the blood-
vessel network clearly displays two tiny elastomers in the
region of interest; moreover, the color of the microelas-
tomer on the left is green and represents a peak frequency
of 0.8 MHz, and the color of the microelastomer on the
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

FIG. 7. Image sequence recon-
structed from s(rd,t,ωa). (a)–(i)
Multispectral images with fre-
quencies, ωa, of 0.2, 0.4, 0.6, 0.8,
1.0, 1.2, 1.4, 1.6, and 1.8 MHz,
respectively.

right is blue and represents a peak frequency of 1.2 MHz.
Similarly, the quality-factor image shows that the color of
the microelastomer on the left is blue, and its quality factor

is approximately 3. The color of the microelastomer on
the right is green, and its quality factor is approximately
2. However, in the elasticity-to-viscosity ratio image, both

(a) (b)

(c) (d) (e)

FIG. 8. Images of elastic segments in the blood-vessel network. (a) Reconstructed image using the delay-and-sum method. (b) Total-
intensity image, I (x,y), reconstructed using our proposed method. (c) Peak-frequency image, ωp (x,y), of the region of interest encoded
using HSV color space (hue, peak frequency; value, intensity). (d) Quality-factor image, Qp (x,y), of the region of interest encoded
using HSV color space (hue, quality factor; value, intensity). (e) Elasticity-to-viscosity ratio image, Rp (x,y), of the imaging region
encoded using HSV color space (hue, elasticity-to-viscosity ratio; value, intensity).
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(a)

(c) (d)

(b)

FIG. 9. Experimental setup for phantom and multichannel signals. (a) Schematic diagram of experimental setup. (b) Phantom con-
sisting of dyed leaf and crushed eggshell fragments. (c) Waveform of the 256-channel detected signals. (d) Waveform of a typical
detected signal.

the left and right microelastomers are depicted in green,
indicating that they have similar ratios of elastic modu-
lus to viscous modulus. Generally, the peak frequencies of
elastomers in the elastograms are their eigenfrequencies.
The frequencies, quality factors, and elasticity-to-viscosity
ratios provided in Figs. 8(c)–8(e) are consistent with the
eigenvibro frequencies, quality factors, and elasticity-to-
viscosity ratios of the two microelastomers, correspond-
ingly. This numerical experiment validates our proposed
elastography method.

IV. EXPERIMENTS AND RESULTS

We also perform experiments to further evaluate our
proposed method. We test a phantom, as shown in
Fig. 9(b), consisting of a dyed leaf and crushed eggshell
fragments. The dyed leaf and eggshell fragments are
located in the same plane. The dyed leaf is inelastic,
whereas the blackened eggshell fragments have high elas-
ticity. A schematic of the experimental setup is shown
in Fig. 9(a). A 532-nm Q-switched Nd:YAG laser with a
pulse width of about 8 ns and a repetition rate of 10 Hz
is used to illuminate the phantom. The laser beam has a
pulse energy of approximately 30 mJ and a diameter of
approximately 50 mm. The energy density is 1.53 mJ/cm2,

which is well within the laser safety limit according to
the ANSI standard. A 256-element ring ultrasonic trans-
ducer array is used to collect the signals. The array has
a central frequency of 5 MHz and a relative bandwidth
of more than 60%. The photoacoustic signals are ampli-
fied by 54 dB and sampled with a sampling frequency of
50 MHz. Figure 9(c) shows the waveform of multichan-
nel signals. Figure 9(d) displays the waveform of a typical
signal.

Figure 10 shows the imaging results of the phantom.
Figure 10(a) shows the conventional photoacoustic image
of the phantom reconstructed with the delay-and-sum
algorithm. This image clearly displays the structure of
the leaf and the eggshell fragments. The intensity image,
I (x,y), in Fig. 10(b) is extracted from multispectral images,
A(x,y,ωa). The eggshell fragments have a much higher
intensity than the leaf in image I (x,y), indicating that
the eggshell fragments have stronger elasticity. Figures
10(c)–10(e) show the peak-frequency image, the quality-
factor image, and the elasticity-to-viscosity ratio image
elastograms of the phantom. From Figs. 10(c)–10(e),
eggshell fragments have high intensity, but the leaf is
not observed in the elastogram. The elastic eggshell frag-
ments are clearly shown in the images. The color of
the eggshell fragments is yellow or green in Fig. 10(c),
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(a) (b)

(c) (d) (e)

FIG. 10. Imaging the phantom of the dyed leaf mixed with the crushed eggshell fragments. (a) Conventional photoacoustic image of
the phantom. (b) Intensity image, I (x,y), reconstructed using our proposed method. (c) Peak-frequency image, ωp (x,y), of the phantom
encoded using HSV color space (hue, peak frequency; value, intensity). (d) Quality-factor image, Qp (x,y), of the phantom encoded
using HSV color space (hue, quality factor; value, intensity). (e) Elasticity-to-viscosity ratio image, Rp (x,y), of the phantom encoded
using HSV color space (hue, elasticity-to-viscosity ratio; value, intensity).

indicating that the peak frequency of the eggshell frag-
ments is approximately 1 MHz. Similarly, the color of
the eggshell fragments is green or yellow in Fig. 10(d),
indicating that their quality factors are distributed within
the range of 1.5–3.5. Moreover, in Fig. 10(e), the color
of the eggshell fragments is green or blue, indicating
a distribution of normalized elasticity-to-viscosity ratios
between 0.3 and 0.6. Four typical elastomers, P1–P4, are
evidently displayed in the elastogram. P1–P4 have peak
frequencies of 1.04, 0.85, 1.13, and 1.77 MHz, respec-
tively, and their corresponding quality factors are 1.6,
3.5, 3.2, and 2.3, respectively. The normalized elasticity-
to-viscosity ratios for P1–P4 are 0.27, 0.48, 0.58, and
0.66, respectively. In their elastograms, all eggshell frag-
ments have similar peak frequencies, quality factors, and
elasticity-to-viscosity ratios due to their similar sizes and
hardness. Figure 10 shows that the elastogram obtained
with our proposed method can show the intensity, peak-
frequency, quality-factor, and elasticity-to-viscosity ratio
information of microelastomers in a complex situation.

Figure 11 shows the imaging results of a silicone tube
with an inner diameter of 0.8 mm and an outer diameter of
1.9 mm; the tube is filled with black ink and contains two
pieces of glass capillary tubes with a diameter of 0.5 mm
inserted inside, one located above and the other to the
right of the silicone tube. Figures 11(a) and 11(b) show a
photo of the silicone tube and a conventional photoacoustic
image of the silicone tube reconstructed with the delay and
sum algorithm, respectively. From Fig. 11(b), the black ink
inside the tube is visible, but the capillary tubes are not well
defined. Figures 11(c)–11(f) show the elastogram of the

silicone tube, including the intensity image [I (x,y)], peak-
frequency image [ωp (x,y)], quality-factor image [Qp (x,y)],
and elasticity-to-viscosity ratio image [Rp (x,y)]. The
intensity image [Fig. 11(c)] is obtained from the mul-
tispectral images, A(x,y,ωa), and shows the distribution
of the total intensity of the eigenvibration energy in the
region of interest. The intensity is higher in the upper and
right sides of the tube, where the glass capillary tubes
are inserted, indicating that the glass capillary tubes have
stronger elasticity than the black ink. The distributions
of the peak frequency, quality factor, and elasticity-to-
viscosity ratio within the silicone tube are shown in Figs.
11(d)–11(f), respectively. In Figs. 11(d)–11(f), the color
of the image indicates the value of the peak frequency,
quality factor, or elasticity-to-viscosity ratio. The glass
capillary tube located above the silicone tube has a peak
frequency of 0.83 MHz, a quality factor of 4.5, and a
normalized elasticity-to-viscosity ratio of 0.31, while the
one to the right of the silicone tube has a peak frequency
of 0.59 MHz, a quality factor of 4.9, and a normalized
elasticity-to-viscosity ratio of 0.24. In Figs. 11(g)–11(i),
both the low-elasticity silicone tube and the high-elasticity
glass capillary tubes are appropriately imaged. Com-
paratively, the section without the glass capillary tube
exhibits a lower frequency, a smaller quality factor, and
a diminished elasticity-to-viscosity ratio compared to the
section with the glass capillary tube. Overall, Fig. 11
demonstrates the capability of photoacoustic elastogra-
phy to visualize the distribution of peak frequency and
quality factor inside a small object, such as a silicone
tube.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

FIG. 11. Imaging a silicone tube. (a) Silicone tube with an inner diameter of 0.8 mm and an outer diameter of 1.9 mm, filled with
black ink and containing two pieces of glass capillary tube with a diameter of 0.5 mm inserted inside. (b) Conventional photoacoustic
image of the silicone tube. (c) Intensity image, I (x,y), of the silicone tube. (d) Peak-frequency image, ωp (x,y), of the silicone tube
encoded using HSV color space (hue, peak frequency; value, intensity). (e) Quality-factor image, Qp (x,y), of the silicone tube encoded
using HSV color space (hue, quality factor; value, intensity). (f) Elasticity-to-viscosity ratio image, Rp (x,y), of the silicone tube
encoded using HSV color space (hue, elasticity-to-viscosity ratio; value, intensity). (g) Peak-frequency image, ωp (x,y), of the silicone
tube encoded using HSV color space (hue, peak frequency; value, photoacoustic image). (h) Quality-factor image, Qp (x,y), of the
silicone tube encoded using HSV color space (hue, quality factor; value, photoacoustic image). (i) Elasticity-to-viscosity ratio image,
Rp (x,y), of the phantom encoded using HSV color space (hue, elasticity-to-viscosity ratio; value, photoacoustic image).

V. CONCLUSION

In this study, we proposed photoacoustic multiacoustic
spectral elastography based on the photoacoustic oscilla-
tion effect. After a laser pulse illuminated a light-absorbing
elastomer, the elastomer continued vibrating and emit-
ted ultrasound waves for a short time due to inertia.
Weak damped transient waves emitted by the elastomer
contained the elastic information. Our proposed method
enhanced and decomposed eigenvibro signals by using a
causal damped wavelet. Components from the eigenvibro
signals via wavelet transform maintained spatial coherence
and reached their own maxima at eigenvibration frequen-
cies, and the other components were suppressed. There-
fore, utilizing these components, we could reconstruct the
elastogram of the region of interest. Both numerical simu-
lations and phantom experiments effectively demonstrated
the suitability of our proposed method.

In comparison with other elastography methods, our
proposed elastography method has its own superiority.
Optical coherence elastography can show microelastomers
due to their high optical resolution. However, its imag-
ing depth is only about 1 mm due to the limitation of
strong optical diffusion in tissue. Therefore, optical coher-
ence elastography is usually suitable for superficial tissue
[50,51]. Ultrasound elastography can provide the elastic-
ity of deep tissue, but it is often difficult to find small
elastomers due to the low resolution and strong speckle
[52,53]. However, benefitting from the photoacoustic
effect and photoacoustic oscillation effect, our proposed
elastography can obtain the elastogram of microelastomers
in deep tissue under the interference of inelastic optical
absorbers. Compared to pure optical elastography, our pro-
posed method surpasses the optical diffraction limitation
(∼1 mm), allowing us to image the elastic properties of
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deep tissue. It also has the capability to image microelas-
tomers, which are elastic structures with dimensions com-
parable to or smaller than the wavelength of ultrasound,
setting it apart from pure acoustic elastography.

Elastography for microelastomers in deep tissue can
provide information about the mechanical properties of
tissues, which can be an indicator of disease or injury
[54–56]. Since lesions often develop from small to large
and some diseases have weak early symptoms, tiny elastic
changes can indicate the presence of lesions. Elastogra-
phy for microelastomers in deep tissue can show sub-
tle changes in tissue elasticity and help to differentiate
between healthy and diseased tissue, identify the bound-
aries of tumors or lesions, and monitor the effectiveness
of treatment. Additionally, it can aid in the detection of
early-stage diseases, such as cancer, liver fibrosis, and lung
disease, before they become clinically apparent. Therefore,
our proposed elastography method for microelastomers
in deep tissue has the potential to improve the accuracy
of diagnosis and facilitate early intervention, which can
ultimately lead to better patient outcomes.
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