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A B S T R A C T   

A comprehensive understanding of a tumor is required for accurate diagnosis and effective treatment. However, 
currently, there is no single imaging modality that can provide sufficient information. Photoacoustic (PA) im
aging is a hybrid imaging technique with high spatial resolution and detection sensitivity, which can be com
bined with ultrasound (US) imaging to provide both optical and acoustic contrast. Elastography can 
noninvasively map the elasticity distribution of biological tissue, which reflects pathological conditions. In this 
study, we incorporated PA elastography into a commercial US/PA imaging system to develop a tri-modality 
imaging system, which has been tested for tumor detection using four mice with different physiological condi
tions. The results show that this tri-modality imaging system can provide complementary information on 
acoustic, optical, and mechanical properties. The enabled visualization and dimension estimation of tumors can 
lead to a more comprehensive tissue characterization for diagnosis and treatment.   

1. Introduction 

Cancer remains one of the leading causes of mortality worldwide. As 
cancer advances, it experiences intricate pathological and biological 
changes, which exhibit notable variations among individuals, whose 
diagnosis and treatment need comprehensive information on its 
morphology, molecular composition, and biomechanical properties [1]. 
However, none of the existing standalone biomedical imaging methods 
can offer this extensive range of information. Therefore, hybrid or 
multi-modality approaches are important for precise diagnosis and 
personalized treatments. 

Ultrasound (US) imaging is a widely used medical imaging modality 
that utilizes high-frequency sound waves to create real-time images of 
the internal structures of the body. However, its application in tumor 
detection is constrained by its poor sensitivity [2]. Photoacoustic (PA) 
tomography (PAT) is an emerging imaging technique that can provide 
label-free anatomical and functional contrast arising from intrinsic tis
sue components [3,4]. PAT combines the advantages of optical excita
tion and acoustic detection and overcomes the high degree of optical 

photon scattering in biological tissue by making use of the PA effect, 
which is based on the generation of pressure waves upon absorption of 
optical energy [5,6]. This technique has been used for biomedical ap
plications, including blood oxygenation and hemoglobin monitoring, 
and imaging of tumor angiogenesis [7–9]. Since both US and PA images 
are reconstructed based on the reception of US signals, which can be 
detected by the identical US transducer and receiving system, PA im
aging can be easily integrated with the clinical US imaging system [10, 
11]. Previous studies have established this dual-modality imaging sys
tem and proved its ability to provide complementary information about 
functional optical absorption spectra and acoustical morphological 
structure in biological tissues [11–13]. This compelling feature has 
driven the recent development of several commercial systems [10, 
12–17]. 

The mechanical properties of biological tissues can provide insights 
into pathological conditions [18]. Elastography, an imaging technique 
that is based on existing medical imaging techniques, can map the dis
tribution of mechanical properties in biological tissues [19]. Previous 
studies have integrated ultrasound elastography into US/PA imaging 
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systems, specifically, strain elastography [20,21], shear wave elastog
raphy (SWE) [22,23], and acoustic radiation force impulse (ARFI) im
aging [24]. These studies have proven that diverse imaging modalities 
could complement one another for more comprehensive tissue charac
terization. However, strain elastography is not suitable for some tumor 
detections because it relies on the comparison of US images before and 
after external deformation, and some tumors have low US signals. 
Additionally, SWE and ARFI require specific US transducers to generate 
shear waves (SWE) or emit high-intensity US pulses (ARFI), which are 
not always available. 

PA elastography (PAE), implemented using PAT, is a high-resolution 
strain imaging technique based on the contrast of Young’s modulus. PAE 
can map the mechanical contrast in biological tissue noninvasively 
while maintaining high spatial resolution and excellent penetration 
depth [25]. There have been several PA studies on measuring the elastic 
properties of biological tissue [25–28]. By adding a customized 
compression system, the PAT system can easily be modified to imple
ment PAE, and the measurement of relative elastic properties and ab
solute map of Young’s modulus have both been reported before, which 
proved the ability of PAE in measuring mechanical properties of bio
logical tissues [25,26]. Wang et al. have proposed an approach for 
quantitative PA elasticity imaging, without external compression, by 
analyzing the rise time of the thermoelastic displacement [29], and in
tegrated this method into the US/PA imaging system [30]. However, this 
method is limited to the superficial sample and requires specific US 
transducers equipped with ARFI techniques. 

The primary objective of this paper is to integrate all three modalities 
(US/PA/PAE) based on a commercial US/PA imaging system, and 
investigate its ability in tumor detection. To this end, a tri-modality 
imaging method is proposed, and four mice with different physiolog
ical states are imaged and compared to demonstrate the viability of this 
tri-modality imaging method. The US, PA and PAE images obtained after 
image reconstruction enable the simultaneous assessment of optical 
features, echogenicity, and stiffness of the object, which can benefit 
tumor detection. 

2. Methods 

2.1. Experimental setup 

Fig. 1A shows a schematic of the tri-modality imaging system that we 

developed based on a commercial US/PA imaging system (Acoustic X, 
CYBERDYNE INC., Japan). In this tri-modality system, the major 
component is a linear-array-based PA imaging probe, which consists of a 
linear array US transducer with two optical fiber bundle strips (with a 
35 mm × 1 mm optical window for each) mounted on each side. The 
laser beams coming out of the two optical fiber bundle strips, which 
were bifurcated from a single optical bundle, were symmetrically 
aligned with respect to the US transducer axis both with an incident 
angle of 40 degrees. A tunable optical parametric oscillator (OPO) laser 
(NT352C-20-FWS-SH-H, EKSPLA, Inc.) was coupled for PA excitation. 
The excitation wavelength was set to 700 nm, where the laser system 
provides the highest energy per pulse and optimal optical window to 
achieve deep penetration. The laser pulse width was 3–5 ns and the 
repetition rate was 20 Hz. The fluence on the tissue surface was about 
8.5 mJ/cm2, below the 20 mJ/cm2 safety limit set by the American 
National Standards Institute [31]. The US transducer has 128 individual 
elements, with each element having a transverse aperture of 5 mm and a 
pitch of 0.315 mm. The array has a focal length of 20 mm, a central 
frequency of 7 MHz, and a measured − 6 dB bandwidth of 80 % [32]. The 
raw radiofrequency data from all elements are acquired at sampling 
rates of 20 MHz and 40 MHz for US and PA imaging, respectively, and 
then, transferred to the computer graphical processing unit board and 
reconstructed using a system-integrated Fourier transform analysis 
reconstruction algorithm [33] for real-time display. The lateral and axial 
resolutions of the system are ~309 μm and ~365 μm, respectively, 
which are confirmed by measuring the respective point spread functions 
using a human black hair (Supplementary Figure S1). 

To implement PAE, a customized compression stage was developed 
and incorporated into the system. The compression stage is composed of 
an aluminum plate, a polymethylpentene (TPX) plastic membrane, and a 
translation stage. The aluminum plate, with an imaging window slightly 
larger than the probe, was controlled by the manual translation stage, 
which could induce precise displacements (minimum of 10 μm) along 
the Z-axis for sample compression. A piece of fully stretched TPX plastic 
membrane is attached to the bottom of the compression plate, as shown 
in Fig. 1B, to ensure the compression force applied to the sample is 
normal and uniaxial, and it allows the transmission of both the excita
tion light and the generated PA wave. Above the compression plate, a 
water tank holds water for acoustic coupling. US gel is used for acoustic 
coupling between the compression plate and both the water tank and the 
sample. 

2.2. Animal preparation 

Four BALB/c mice were imaged in this study (healthy, with agarose 
implanted, with a big tumor, and with a small tumor). All studies were 
approved by the Animal Ethics Committee at The Hong Kong University 
of Science and Technology. 

2.2.1. Agarose implanted mouse model 
Carbon powder, with an average diameter of 50 μm, was mixed in the 

1.5 % agarose solution at a concentration of approximately 5 particles 
per mm3 to create the agarose phantom, measuring 5 mm in diameter 
and 4.5 mm in thickness. The implantation of the agarose phantom was 
performed under full anesthesia with ~1.5 % isoflurane mixed with 
oxygen at a flow rate of 0.6 L/min using an endotracheal tube during the 
surgery. A roughly 1 cm incision was made on the dorsal side of the 
mouse, after which a subcutaneous pocket was prepared by blunt 
dissection. Then, the agarose phantom was inserted into the subcu
taneous pocket. Following this, the incision was meticulously closed by 
surgical suture. After a healing period of 3 days, the mouse was used for 
in vivo experiment. 

2.2.2. 4T1 cell allograft mouse model 
The mouse breast cancer 4T1 cell line, obtained from the American 

Type Culture Collection (ATCC, Manassas, VA, USA), was cultivated in 

Fig. 1. Experimental setup. (A) Schematic of the proposed tri-modality imaging 
system. (B) Top view of the compression plate with the imaging window at the 
center. OPO, optical parametric oscillator; US, ultrasound; PC, personal com
puter; and TPX, polymethylpentene. 

S. Wang et al.                                                                                                                                                                                                                                   



Photoacoustics 38 (2024) 100630

3

RPMI 1640 medium supplemented with 10 % fetal bovine serum and 
1 % penicillin-streptomycin solution. The cells were cultured in a 5 % 
carbon dioxide (CO2) incubator at 37◦C. Subconfluent 4T1 cells were 
trypsinated and suspended in phosphate-buffered saline (PBS). A cell 
resuspension with a cell density of 1 × 106 cells/mL was prepared in PBS 
for subsequent injection. 

To establish the 4T1 cell allograft mouse model, female BALB/c mice 
(Bagg Albino Laboratory-bred mice, c strain) aged 6–8 weeks and 
weighing 30–35 g were utilized. The hair surrounding the injection site 
(the left abdominal mammary gland) was removed using clippers. This 
area was then sterilized through three alternating swabs of betadine and 
70 % ethanol. Subsequently, 200 μL of 4T1 cells (2 × 105 cells) was 
subcutaneously injected using a 1 mL tuberculin syringe equipped with 
a 27-gauge needle. After one week, a palpable primary tumor had 
formed and was monitored, referred to a mouse with a small tumor. 
Three to four weeks following the injection of 4T1 cells, the tumor size 
had significantly increased when referred to a mouse with a big tumor. 

2.3. Image acquisition 

The performance of the tri-modality imaging system was investi
gated in all four mice. For each experiment, the mouse was anesthetized 
with ~1.5 % isoflurane mixed with oxygen at a flow rate of 0.6 L/min 
using an endotracheal tube during the imaging. The anesthetized mouse 
was fixed on the object holder in the ventral decubitus position and 
imaged by this tri-modality imaging system. A cross-section of the 
mouse was first imaged right after the compression plate contacted the 
back of the mouse with a minimum load. Since the compression plate 
cannot maintain continuous contact with the whole back of the mouse, 
we only ensure that the compression plate remains in contact with the 
region of interest during the experiment, for example, the agarose 
implanted or tumor. Then, we applied a compression of 200 μm, which 

led to a maximum strain of less than 5 % and thus was considered to be 
within the linear strain response regime. The US and PA images were 
acquired after this compression. 

For mice with tumors, the mice were sacrificed with CO2 narcosis 
and asphyxiation after imaging. The tumor tissues were extracted and 
fixed in 4 % neutral-buffered formalin at room temperature for 
24 hours. After fixation, the extracted tissues were processed for dehy
dration and paraffin infiltration with a tissue processor (Revos, Thermo 
Fisher Scientific, Inc.) for nearly 12 hours. Then, the tissues were 
embedded into paraffin blocks and subsequently sectioned into 5 μm 
thin slices by a microtome. Finally, the sectioned thin slices were 
mounted on glass slides, stained by hematoxylin and eosin (H&E), and 
imaged by a whole-slide scanner (Nanozoomer-SQ C13140, Hamamatsu 
Photonics K.K.) to obtain the histological images of tumor tissues. 

2.4. Strain calculation 

Strain values of the four mice under compression were obtained by 
analyzing the reconstructed B-scan PA images before and after 
compression. Here, cross-correlation was computed between the cross- 
sectional PA images before and after compression using Ncorr [34] to 
find the displacement in the Z-direction. Multiple images were acquired 
within a respiratory interval, and images before and after compression 
captured during similar respiratory phases were selected for the 
cross-correlation. The strain image was then obtained by numerically 
differentiating the displacements, as εz = ∂w

∂z , assuming that the applied 
compression was uniaxial. The normalized strain fields, εznormalized =

εz − εzmin
εzmax − εzmin

, were then masked for the region of interest and averaged at 
each depth. The detailed method and an example of the normalized 
strain calculation are shown in the Supplementary Material. 

Fig. 2. Cross-sectional images by the three imaging modalities of a mouse with agarose implantation. (A) Photograph of the mouse with agarose implantation. The 
red line shows the imaging slice position. (B) Top view and side view of the agarose phantom implanted. (C) US cross-sectional image. (D) PA cross-sectional image. 
(E) Normalized strain measurement by PAE superimposed on the structural PA image. The red dashed line shows the position of agarose in images. (F) Normalized 
strain versus depth. DV: dorsal-ventral; RC: rostral-caudal; RL: right-left. 
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3. Results 

To evaluate the tri-modality imaging performance, a mouse with 
agarose implanted is imaged, as shown in Fig. 2A. Fig. 2C shows the 
cross-sectional US image (the red dashed line shows the position of 
agarose implanted), which is a hypoechoic inclusion and thus forms a 
relatively dark region. Due to the presence of carbon powder mixed in 
the agarose phantom, the PA signals in the corresponding region in the 
PA image can be observed (Fig. 2D). The normalized strain image was 
superimposed on the structural PA image, as shown in Fig. 2E. The re
gion of the agarose phantom with a smaller strain was stiffer than the 
surrounding region of the mouse’s tissue. Near the top and bottom 
boundaries of the agarose phantom, relatively high strain regions were 
observed because a high concentration of strain (or stress) will appear in 
areas where there is a significant change in stiffness. The normalized 
strain field was averaged at each depth, and the abrupt change can be 
observed in Fig. 2F. The size of this stiffer inclusion can be estimated, 
which is about 4.6 mm and aligns with the dimension of the agarose 
phantom (Fig. 2B). 

As a comparative case to confirm the ability of this tri-modality 
imaging method, a healthy mouse without any interventions is 
imaged, as shown in Fig. 3. There is no obvious difference between the 
mouse with and without agarose implantation in the US image (Fig. 3B) 
and the PA image (Fig. 3C). In contrast, the relatively uniform PAE 
image (Fig. 3D) and line profile of averaged normalized strain approx
imating a straight line (Fig. 3E), compared to Fig. 2E and F, respectively, 
proves that PAE, and thus this tri-modality imaging method, has the 
capability to distinguish abnormal inclusion from normal tissues. 

To evaluate the ability of the tri-modality imaging method for tumor 
detection, a mouse with a big tumor is imaged, as shown in Fig. 4. The 
tumor is usually hypoechoic, which is relatively dark in the US image 

(Fig. 4C). Tumors require a blood supply to support their rapid growth, 
as a result, they often have a high density of blood vessels, which 
generate strong PA signals, as shown in Fig. 4D. Similar to the PAE 
image of the mouse with agarose implantation, since the tumor is stiffer 
than the surrounding tissues, there is a small strain region in the pre
dicted position of the tumor, and the high concentration of strain is also 
observed near the top and bottom boundaries of the tumor (Fig. 4E). The 
irregular shape of the normalized strain map was due to incomplete 
contact between the compression plate and the back of the mouse, which 
resulted in the missing estimations of displacement in those areas and 
consequently missing the strain field. The normalized strain field was 
averaged at each depth, and the size of this tumor can be estimated from 
the line profile (Fig. 4F), which is about 4.5 mm. The estimated 
dimension of this tumor is consistent with those measured from the 
H&E-stained image of the dissected tumor (Fig. 4B), with a difference of 
approximately 6 %. 

To further assess the performance of the tri-modality imaging 
method in detecting tumors of various sizes, we imaged another mouse 
with a smaller tumor compared to what is shown in Fig. 4, as illustrated 
in Fig. 5. From the H&E-stained image of the dissected tumor (Fig. 5B), it 
can be observed that this tumor is primarily composed of tissue resem
bling fat, and the degree of malignancy is relatively low. Therefore, no 
obvious structural and mechanical change was expected in this tumor. In 
Fig. 5C, the relatively dark region near the predicted position of the 
tumor can be observed since both fat and tumor are usually hypoechoic. 
There are PA signals near the predicted position of the tumor in Fig. 5D, 
and some relatively weak contrasts can be observed in the PAE image 
(Fig. 5E). The normalized strain field was averaged at each depth. In the 
line profile (Fig. 5F), it can be observed that the strain gradually 
decreased with depth, followed by a gradual increment. However, based 
on the information provided, the size of the tumor cannot be 

Fig. 3. Cross-sectional images by the three imaging modalities of a healthy mouse. (A) Photograph of the mouse. The red line shows the imaging slice position. (B) US 
cross-sectional image. (C) PA cross-sectional image. (D) Normalized strain measurement by PAE superimposed on the structural PA image. (E) Normalized strain 
versus depth. 
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Fig. 4. Cross-sectional images by the three imaging modalities of a mouse with a big tumor. (A) Photograph of the mouse with a big tumor. The red line shows the 
imaging slice position. (B) H&E-stained image of the dissected tumor. (C) US cross-sectional image. (D) PA cross-sectional image. (E) Normalized strain measurement 
by PAE superimposed on the structural PA image. The red dashed line shows the position of the tumor in images. (F) Normalized strain versus depth. 

Fig. 5. Cross-sectional images by the three imaging modalities of a mouse with a small tumor. (A) Photograph of the mouse with a small tumor. The red line shows 
the imaging slice position. (B) H&E-stained image of the dissected tumor. (C) US cross-sectional image. (D) PA cross-sectional image. (E) Normalized strain mea
surement by PAE superimposed on the structural PA image. The red dashed line shows the position of the tumor in images. (F) Normalized strain versus depth. 

S. Wang et al.                                                                                                                                                                                                                                   



Photoacoustics 38 (2024) 100630

6

determined. 

4. Discussion 

By combining US, PA, and PAE, we introduced a tri-modality imag
ing method and assessed its effectiveness in tumor detection. This im
aging method is significantly different from the previous tri-modality 
system [20–24], with respect to imaging mechanisms. Specifically, the 
elastography in our method is obtained based on the PA effect. US and 
PA signals can be acquired in parallel, and US, PA, and PAE data are 
exactly co-registered since they use the same US transducer. We imaged 
four mice with different physiological states: a healthy mouse, a healthy 
mouse with agarose implantation, a mouse with a big tumor, and a 
mouse with a small tumor. When comparing healthy mice with or 
without agarose implantation, noticeable differences were observed, 
especially in the PAE results. This suggests that this tri-modality system 
possesses the capability to identify hard inclusion. Images acquired in 
the mouse with a big tumor also show the efficacy of this tri-modality 
system in the context of tumor detection. The dimension estimation 
difference for the agarose implanted and the big tumor were both about 
6 %, underscoring the relatively high precision of this imaging system. 
However, when imaging the mouse with a small tumor, the results were 
not as ideal as the big tumor for size estimation. The reason is that this 
small tumor is mainly composed of fat, and its degree of malignancy is 
not that high, which makes the changes in tissue properties not pro
nounced and leads to low contrast in images. These results show that, by 
incorporating PAE into the US/PA system, this tri-modality imaging 
method can provide more comprehensive information, which is signif
icant in tumor detection and dimension estimation. 

In addition, we acknowledge several limitations of this study. First, a 
flat compression plate was utilized in this study, which results in 
incomplete contact between the plate and the curved tissue surface, and 
leads to an irregular shape of normalized strain results. In the future, it is 
possible to design a specialized compression system for curved tissue 
surfaces, which can enable us to apply normal uniform compression 
force. A single optical wavelength was used in this study. Future studies 
should also include other wavelengths to provide more structural and 
functional information on different biomolecules. Additionally, only 
cross-sectional images were shown in this study. Volumetric imaging 
can be achieved by using a motorized probe and incorporating a proper 
registration algorithm, which can provide us with more valuable infor
mation in three dimensions. Another limitation of this study is that PAE 
was performed qualitatively with a simple compression plate, where 
only normalized strain maps were obtained to indicate the relative dif
ference within a narrow region. Quantitative PAE can be achieved by 
adding a stress sensor on the compression plate to generate the stiffness 
map, along with a special compression mechanism, which can allow us 
to achieve mapping of the absolute Young’s modulus in vivo. 

5. Conclusion 

To the best of our knowledge, this study is the first one to propose a 
tri-modality imaging method that combines US, PA, and PAE in tumor 
detection in vivo. A tunable OPO laser and a customized compression 
stage were incorporated into a commercial US/PA imaging system to 
build this tri-modality imaging system. Four mice with different physi
ological states were imaged using this system to investigate its ability in 
tumor detection. The current results reveal that this imaging method can 
provide complementary information on optical, acoustic, and mechan
ical properties, which benefits tumor detection and even tumor dimen
sion estimation. These promising results motivate further development 
of this system for clinical applications. 
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