
ISSN 1535-3702 Experimental Biology and Medicine 2022; 247: 551–560

Copyright © 2022 by the Society for Experimental Biology and Medicine

Introduction
Biomedical imaging techniques, such as X-ray computed 
tomography (CT), magnetic resonance imaging (MRI), posi-
tron emission tomography (PET), single-photon emission 
tomography (SPECT), optical imaging, and ultrasound imag-
ing (USI), have been widely used in preclinical and clinical 
studies because visualization is one of the most essential 
methods in investigating the physiological and morphological 
responses of biological systems.1 Among the various imaging 
techniques, photoacoustic imaging (PAI) has gained particu-
lar attention because of its unique advantages in visualizing 
molecular functional information with relatively good resolu-
tion in deep tissue.2 The cost-efficiency, ease of implementa-
tion, and non-ionizing radiation also make PAI favorable for 
clinical use.

The principles of PAI are based on the photoacoustic (PA) 
effect, which describes the energy transformation of light 
to acoustic waves.3 When a short (typically a few nanosec-
onds) pulsed laser beam illuminates the target tissue, optical 
chromophores absorb the light energy. The absorbed light 
energy is converted to heat, which is rapidly dissipated into 
the surrounding tissue. Through thermoelastic expansion, 
rapid heat changes cause rapid expansion and shrinkage of 
molecules, which generate acoustic waves called PA waves. 
The generated PA waves are detected by conventional ultra-
sound (US) transducers and then reconstructed as images 
through digital signal and image processing algorithms.4–8

Regarding the principles of PAI, the data acquisition and 
image reconstruction parts are identical to those used for 
USI. Therefore, it is common to combine the two modalities 
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Impact Statement

Photoacoustic imaging is a promising biomedical imag-
ing modality that can visualize structural, molecular, 
and functional information of the internal body in a real-
time, radiation-free, and non-invasive manner. Owing 
to the inherent similarities between the two modalities, 
most studies on photoacoustic imaging have been 
conducted by integrating it into existing ultrasound 
systems. Because ultrasound imaging is commonly 
used in current clinical practice, bimodal photoacoustic 
and ultrasound imaging systems are expected to have 
relatively lower barriers to clinical translation. However, 
to be approved as a new medical device, its safety 
and effectiveness must be ensured through rigorous 
processes. This review will be helpful in developing a 
clinical photoacoustic system, implementing clinically 
useful features, and designing and evaluating a variety 
of medical diagnostic and therapeutic applications.
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in a single imaging platform.9–12 The overlaid PA and US 
(PAUS) images can provide complementary structural and 
functional information about the targets (Figure 1). USI is 
more advantageous for visualizing morphological structures 
compared to PAI. However, US images suffer from low con-
trast owing to the speckle pattern in soft tissues. In contrast, 
PAI can provide strong optical contrast based on the optical 
absorption characteristics of the targets.13–15 By tuning the 
wavelength, PAI can distinguish different samples based 
on their optical absorption spectra.16–19 Due to the comple-
mentary structural and molecular functional information 
obtained, overlaid PAUS imaging (PAUSI) has been widely 
used for monitoring biological responses in various biomedi-
cal studies.20–24

Several commercial PAUS platforms have been used in 
biomedical applications. Among them, the Vintage series 
(Verasonics, USA) is widely utilized using the program-
mable platform of the system.25,26 The programmable plat-
forms of the Vintage series are the most advanced research 

platforms that can acquire both PA and US data with flex-
ible modifications of the operation sequence. The user can 
easily apply specific algorithms using a MATLAB-based 
software platform. However, the Vintage series is oriented 
to the research platform, not medical imaging applications. 
Therefore, clinical studies using this system might be lim-
ited without additional approval from the United States 
Food and Drug Administration (FDA). The VevoLAZR 
series (FujiFilm VisualSonics, Canada) is another commer-
cial system for PAUSI research.27,28 This system can provide 
real-time cross-sectional PAUS images with a user-friendly 
interface. Spectral analysis can also be performed by tuning 
the laser source. However, the VevoLAZR series is equipped 
with high-frequency (typically a center frequency of 20 MHz) 
US transducers because its major applications are in preclini-
cal small animal studies. High-frequency transducers suf-
fer from a shallow imaging depth, which is not suitable for 
general clinical applications. In addition, the MSOT Acuity 
series (iThera Medical, Germany) also have been developed 

Figure 1. Schematic diagram of the signal and image generation in the US and PA imaging techniques. Conceptual results of three samples with the same 
morphological structure but different optical absorption properties. US: ultrasound; PA: photoacoustic; Tx: transmission; Rx: reception. (A color version of this figure is 
available in the online journal.)



Park et al.   Toward clinical photoacoustic imaging  553

and applied in clinical trials using their dual-modal PAUSI 
capability with an arc-array transducer. This system can 
distinguish different chromophores by using multispectral 
PA responses.29,30 However, the arc-array transducer may 
not be well suited for the large region due to its relatively 
small field of view. Moreover, the system is not suited for 
exploratory studies that require modification of the opera-
tion sequences in the US machine. Therefore, for the practi-
cal clinical translation of PAI, a clinical US platform with a 
programmable platform is required.

Here, we review our results regarding preclinical and 
clinical research using the PAUSI system that we imple-
mented. The system consists of an FDA-cleared US machine 
and a mobile pulsed laser. The programmable platform in 
the US machine enables us to design operation sequences 
for acquiring PAUS images simultaneously. After optimizing 
the system, we conducted various preclinical and clinical 
studies. This review article focuses on the implementation, 
performance benchmarks, and applications of the developed 
PAUSI. From the results, we determined the great potential 
of the system for use in biomedical studies. In particular, 
because the system is based on clinically available machines 
with completely mobile structures, it has a more positive 
outlook in clinical applications, including cancer diagnosis, 
lymph node mapping, and therapy monitoring.

Photoacoustic imaging based on 
commercial clinical US machines

As the initial stage of the clinical PA system, we developed 
a PAUSI system based on a commercial clinical US machine 
(iU22, Phillips Healthcare, Netherlands) and then tested the 
feasibility of the system by applying it to the non-invasive 
detection of sentinel lymph node (SLN) of rats.31,32 In the 
developed system, an Nd:YAG pumped dye laser beam 
was delivered to the imaging probe for PA wave generation 
(Figure 2(a)). The generated PA waves were detected using 
a linear-array US transducer (L8-4, Phillips Healthcare, the 
Netherlands). To demonstrate a clinical scenario, the nee-
dle administration of an agent into the SLN was monitored 
using PA and US images (Figure 2(b)). Because of the metal-
lic substrate, the PAI clearly visualized the position of the 
18-gauge needle. The SLN dyed with methylene blue was 
also visible in the PA images for an excitation wavelength 
of 650 nm and a light fluence of ~5 mJ/cm2. The contrast-
enhanced PA signal at the SLN was detected from PA images 
before and after the injection of the methylene blue solution 
(Figure 2(c)). The maximum detectable penetration depth 
was ~5.2 cm in a chicken breast tissue phantom. To test the 
imaging depth of the system in vivo, chicken breast tissue lay-
ers were stacked over the rats, and PA images were acquired 

Figure 2. PA and US imaging system based on a clinical US machine. (a) Schematic diagram of the system configuration. (b) Demonstration of PA image-guided 
needle administration into SLN. (c) Overlaid PA and US images of SLN in a rat before and after injection of methylene blue solution. PA: photoacoustic; US: 
ultrasound; SLN: sentinel lymph node. The images are reproduced with permission from Kim and colleagues.31,32 (A color version of this figure is available in the 
online journal.)
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during needle insertion. The resulting images showed that 
the position of the needle could be successfully visualized by 
PAI, allowing for guidance in a minimally invasive biopsy 
of the SLN. However, for general clinical research, the sys-
tem suffers from several limitations, such as immobile laser 
and unprogrammable US machine. Therefore, a clinically 
suitable system with a completely mobile design would be 
beneficial for various clinical studies.

Dual-modal PAUSI based on a 
programmable clinical US platform

To overcome the limitations of the previous PAUSI system, 
we developed a clinically applicable PAUSI system that 
has achieved excellent progress with real-time accessibil-
ity at high spatial and temporal resolutions.33 The system 
integrated an FDA-cleared clinical US machine (EC-12R, 
Alpinion Medical Systems, Republic of Korea) and a port-
able pulsed laser (Phocus, OPOTEK, USA) (Figure 3(a)). 
The wavelength-tuned laser was delivered to the target 
sample using a fiber bundle. Then, the generated PA waves 
were detected using a linear-array US transducer (L3-12, 
Alpinion Medical Systems, Republic of Korea). By using 
the programmable platform in the US system, we modified 
the operational sequence to acquire PA and US images in 
real time. In brief, at every pulse illumination, the gener-
ated PA waves were detected by the US transducer and 
processed to reconstruct the images. To acquire US images 
simultaneously, conventional US imaging procedures were 
also conducted between the two PA image acquisition. All 
signal processing and image generation procedures were 
implemented by parallel processing algorithms using a 
graphics processing unit (GPU) in the US machine for real-
time display. By using the fast wavelength-tuning function 
of the laser system, multispectral data can be acquired for 
spectral unmixing, which can assess functional informa-
tion, including the hemoglobin oxygen saturation (sO2) 
level, monitoring of agent administration, and assessment 
of drug delivery. Although the initially developed system 
showed great potential for use in clinical studies, one criti-
cal drawback diminished the clinically applicable area of 
the system. In the initial system, imaging parameters can 
only be modified after halting the image acquisition and 
recompiling the operational sequence.

To overcome the limitations of the initially developed 
system, we updated the system to enable seamless param-
eter modification.34 By bypassing the parameter setting in 
the initialization procedure of the customized operation 
sequence, we developed a MATLAB-based software that 
can adjust all the imaging parameters in real time (Figure 
3(b)). Because the software is equipped with a user-friendly 
graphical user interface (GUI), clinicians who are not famil-
iar with software implementation can also use the system 
for their research. Representative cross-sectional PA and US 
images of the human thyroid region showed complementary 
structural and functional information. The US images clearly 
visualized the morphology of the thyroid and the surround-
ing tissues (gray-scaled image in Figure 3(b)), while the PA 
images (pseudo-colored image in Figure 3(b)) delineated the 
blood vessels based on the optical absorption characteristics.

In addition to the parameter modification platform, we 
updated the imaging probe for more efficient light delivery. 
The optical fluence in biological tissue was evaluated using 
Monte Carlo simulations of photon diffusion. Based on the 
simulation results, we concluded that the distance between 
the laser beam and the imaging plane at the surface of the 
imaging sample (Δd) determines the light delivery efficiency 
rather than the incident angle of the laser. Therefore, we 
updated the adapter for the imaging probe to minimize the 
Δd (Figure 3(c)). Compared to the initial design (Δd = 10 mm), 
the updated design was equipped with a standoff to make 
Δd sufficiently small. More recently, we finalized the probe 
design to be more suitable for handheld operations in clini-
cal settings.35

While the developed system visualizes cross-sectional 
images, the landscape images would provide intuitive infor-
mation, such as the blood vessel network. A typical method 
for acquiring transversal images is the maximum amplitude 
projection (MAP) of signals along the depth direction. For 
MAP, volumetric data with elevational scanning of the lin-
ear-array transducer should be acquired. In response, we 
developed a handheld scanner that operates with a scanning 
range of 38.4 mm (Figure 3(d)).36 The Scotch yoke mechanism, 
which converts rotation into a linear reciprocating motion, 
was implemented. The developed scanner was available for 
handheld operation in a compact size (100 × 80 × 100 mm3) 
and weight (950 g). The distance between the laser beam and 
the imaging plane was minimized by adding a standoff filled 
with water. During the scans, the PA and US data were stored 
in the flash memory of the US machine and then transferred 
to the data processing unit to generate volumetric images. 
In particular, because the entire handheld scanner can be 
positioned in any direction without spilling the water, it can 
be used to acquire volumetric images from various parts of 
the human body, such as the neck, wrist, and thighs (Figure 
3(e)), which are otherwise difficult to image using previously 
developed imaging systems.

Preclinical applications of the PAUSI 
system

To evaluate the capability of the system for biomedical 
research, we explored preclinical small animal studies using 
the developed PAUSI system. In particular, we verified the 
deep-tissue imaging ability of PAI with exogenous contrast 
agents that absorb light in the NIR (NIR-II) window. The 
NIR-II light has advantages for deep-tissue imaging: less 
light scattering and relatively low light absorption. Therefore, 
the NIR-II light can be delivered to a deeper position in bio-
logical tissue than light of shorter wavelengths. Although the 
improved penetration depth is beneficial, the absence of an 
appropriate agent material for absorbing light in the NIR-II 
window had previously been considered an obstacle for fur-
ther studies. In our previous studies, we presented in vivo 
imaging results using nanoparticles that absorb the NIR-II 
light. As a first study, we synthesized Bi2Se3 nanoplates that 
exhibited relatively strong PA signals at 1064 nm.14 The deep-
tissue imaging capability was evaluated by acquiring PA sig-
nals of Bi2Se3 containing a silicone tube buried under stacks of 
chicken breast tissue (Figure 4(a)). The in vitro study showed 
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Figure 3. Clinically available PA and US imaging system based on a programmable clinical US machine. (a) Photograph of the system. (b) Real-time display of 
PA and US images of the human thyroid region in vivo. Inset image shows the real-time parameter control software developed using MATLAB-based software. (c) 
Schematic illustration of the development of the imaging probe. (d) Schematic illustration of the handheld scanner used to acquire volumetric data. (e) Representative 
results of volumetric PA images from various parts of the human body. PA: photoacoustic; US: ultrasound; M: muscle; Th: thyroid; CA: carotid artery; JV: jugular 
vein; RA: radial artery; GSV: great saphenous; Tr: trachea; BV: blood vessel; FB: fiber bundle; TR: transducer; MAP: maximum amplitude projection. The images are 
reproduced with permission from Kim and colleagues.33–36 (A color version of this figure is available in the online journal.)
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an imaging depth of up to 5.3 cm can be acquired with a con-
centration of 15.26 mg/mL. In addition, we assessed the in 
vivo imaging ability of the contrast-enhanced sentinel lymph 
node (SLN), bladder, and gastrointestinal (GI) tract in mice 
(Figure 4(b)). The images were acquired before and after the 
injection of Bi2Se3 solutions through transurethral and oral 
injections for bladder and GI tract imaging, respectively. To 
validate the deep-tissue imaging capability, we stacked lay-
ers of chicken breast tissue on top of the mice. An imaging 
depth of ~1.2 cm with sufficient PA contrast was achieved 
for both in vivo experiments. We conducted a similar study 
with another contrast agent, nickel dithiolene-based poly-
meric nanoparticles (NiPNP), which also absorbs light in the 
NIR-II window (1000–1350 nm).37 Compared with previous 
Bi2Se3 nanoplates, NiPNP has an absorption peak at 1064 nm, 
which is highly favorable for PAI. Similar to the previous 
experiments, the NiPNP-containing tube showed a maxi-
mum measurable depth of ~5.1 cm under the chicken tissue 
layers (Figure 4(c)). The in vivo experiments also verified 
the deep-tissue imaging capability of the SLN, GI tract, and 
bladder of rats, with an imaging depth of ~1.5 cm (Figure 
4(d)). The results show that our developed PAUSI system is 

capable of deep-tissue imaging and is a promising tool for in 
vivo preclinical PAUSI studies.

Clinical applications of the PAUSI 
system

The developed PAUSI system has also been used in clini-
cal studies, especially for detecting cancers using intrin-
sic chromophores, such as melanin, oxy-hemoglobin, and 
deoxy-hemoglobin. Based on the strong melanin contrast, 
PAI can efficiently visualize the boundary of melanoma, 
which is one of the most common skin cancers. To test 
the feasibility of the system for visualizing the melanoma 
region, we acquired ex vivo images of the extracted tissues 
from melanoma patients38 (Figure 5(a)). The results suc-
cessfully delineated PA signals from melanoma and marker 
pen using multiple wavelengths. Although ex vivo imag-
ing showed promising results, in vivo imaging and depth 
assessment are necessary for clinical use. Therefore, we 
developed a handheld 3D imaging probe for the in vivo 
imaging of melanoma.36 The developed probe can generate 
volumetric images using the Scotch yoke mechanism. Using 

Figure 4. Preclinical deep-tissue imaging with the developed PA and US imaging system. (a) In vitro evaluation of imaging depth with PA signals from Bi2Se3 
samples buried in chicken tissue layers. (b) Contrast-enhanced PA MAP and cross-sectional B-mode images of mice in vivo. Images were taken after injection 
of Bi2Se3 nanoplates. (c) PA signal detection from NiPNP samples in chicken tissue layers. (d) PA images of rats in vivo, after injection of NiPNP solutions. PA: 
photoacoustic; US: ultrasound; NiPNP: nickel dithiolene-based polymeric nanoparticle; SNR: signal-to-noise ratio; SLN: sentinel lymph node; BL: bladder; IN: intestine; 
GI: gastrointestinal; MAP: maximum amplitude projection. The images are reproduced with permission from Park and colleagues.14,37 (A color version of this figure is 
available in the online journal.)
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the 3D imaging probe, we acquired in vivo PAUS images 
of melanoma in patients and then assessed the melanoma 
components using spectral unmixing of the multispectral 
PA signals39 (Figure 5(b)). From the cross-sectional images 
(Figure 5(c)), we could measure the depth of the lesion, 

which matched well with the histological results. Because 
it is critical to know the exact boundary of melanoma under 
the skin surface for efficient surgical operation, the PAUSI 
system would serve an important role in determining the 
boundary and deciding on the excision region of melanoma 

Figure 5. Multispectral PA imaging results of cancer region in vivo. (a) Multispectral PA images delineating melanoma and marker pen in excised human tissue. 
(b) Maximum amplitude projection of melanoma signal from the spectral unmixing of the multispectral PA responses in vivo. (c) Cross-sectional PA and US image 
of the position of white dashed line in (b). (d) sO2 distribution in thyroid nodules from the representative benign and PTC patients. (e) Classification result of thyroid 
nodules using a novel ATAP scoring method. Red and blue area denote decision results as PTC and benign, respectively. PA: photoacoustic; US: ultrasound; PTC: 
papillary thyroid cancer; B: benign; sO2: hemoglobin oxygen saturation; CA: carotid artery; TH: thyroid; ND: nodule; ATAP: the American Thyroid Association and the 
photoacoustic probability of PTC; Se: sensitivity; Sp: specificity. The images are reproduced with permission from Kim and colleagues.35,38,39 (A color version of this 
figure is available in the online journal.)
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in vivo. In addition to melanoma, we also applied the PAUSI 
system to triage thyroid nodules by multiparametric analy-
sis of multispectral PA responses in vivo.35 Multispectral PA 
and US images were acquired from the recruited patients 
who had papillary thyroid cancer (PTC) or benign nodules 
at excitation wavelengths of 700, 756, 796, 866, and 900 nm. 
From the multispectral PA response, the sO2 levels in the thy-
roid nodules were visualized (Figure 5(d)). The results show 
that benign patients tend to have higher sO2 values, while 
PTC patients have lower sO2 values. For the multiparametric 
analysis, we quantified three parameters: average sO2 value, 
skew angle in sO2 distribution, and PA spectral gradient. As 
a result, we calculated the probability of PTC based on the 
parameters and then proposed a novel scoring method by 
combining it with the American Thyroid Association guide-
line score, which is a typical method of triaging nodules 
based on US images. The proposed ATAP (P for PA) score 
could classify benign and PTC nodules with a sensitivity of 
83% and a specificity of 93%. The results reported the first 
statistical assessment based on the multiparametric analy-
sis of multispectral PA signals from thyroid cancer patients, 
showing the great potential of our method, which can be 
used as a complementary tool for triaging thyroid nodules 
in clinical settings.

Conclusions

In this article, we review preclinical and clinical studies 
using our PAUSI system. The system is based on an FDA-
cleared general-purpose US machine and a portable laser, 
which can be readily adapted to various clinical scenarios. 
The programmable architecture of the US machine enables 
users to design and optimize PAUS scans for specific pur-
poses. Various functions have been implemented, including 
conventional US B-mode, PA B-mode, functional PA imag-
ing (e.g. sO2 mapping), and motorized volume scanning for 

various applications including image-guided biopsy, SLN 
detection, GI tract, and diagnostic imaging of human mel-
anoma and thyroid nodules. These studies have success-
fully demonstrated the capability of the developed PAUSI 
system for providing complementary PA contrast on top 
of US images, thereby providing clinically relevant bio-
logical information in a radiation-free, non-invasive, and 
real-time manner. One limitation of our previous clinical 
studies that has to be addressed is the lack of diversity in skin 
color. All the subjects we recruited were Asian, especially 
Korean. The skin color may affect the quality of the resulting 
images because the darker skin absorbs more laser power 
and reduces optical fluence compared to the brighter skin. 
Therefore, one of our future studies would be the assessment 
of PA signal quality according to skin colors.

Several studies using the PAUSI system are in progress and 
raise the possibility of extending its clinical applications. The 
feasibility of 3D multistructural imaging of human feet has 
been demonstrated using co-registered PA and US images. 
Various structural information (i.e. skin, bone, and vessel) 
was visualized from US volumes and combined with high-
resolution vasculature and sO2 maps from PA volumes. We 
also demonstrated the potential of the system for real-time 
PA thermometry during high-intensity focused ultrasound 
(HIFU) treatment.40 The PA amplitude was proportional to 
the temperature measured by a thermocouple in both phan-
toms and in vivo tumor-bearing mice. Using a lipid-sensitive 
continuous-wave laser instead of a photoacoustic pulsed 
laser, non-invasive photothermal strain imaging of fatty liver 
was successfully performed through in vivo and ex vivo stud-
ies on rats.41 Table 1 summarizes the studies based on the 
applications of our PAUSI system to date.

In current medical practice, sonography is widely and 
routinely used for diagnosis and therapeutic procedures 
because of its real-time imaging capability, portability, safety, 
non-invasiveness, and so on. As summarized in this review, 

Table 1. Summary of preclinical and clinical studies using PAUSI system based on clinical US machines.

Application US system (manufacturer) Imaging probe (bandwidth) Scanner Imaging target Ref.

Preclinical iU22 (Philips Healthcare) Linear array (4–8 MHz) NA MB delivered SLN in rats Kim et al.31

iU22 (Philips Healthcare) Phased array (1–5 MHz)
Linear array (4–8, 7–15 MHz)

Motorized scanner MB delivered SLN in rats Erpelding et al.32

EC12R
(Alpinion Medical Systems)

Linear array (3–12 MHz) Motorized scanner Bi2Se3 delivered bladders, GI 
tracts, and SLN in mice

Park et al.14

EC12R (Alpinion Medical 
Systems)

Linear array (3–12 MHz) Motorized scanner NiPNP delivered bladders, GI 
tracts, and SLN in rats

Park et al.37

EC12R, VIFU2000 (Alpinion 
Medical Systems)

Linear array (8–17 MHz) NA Xenografted melanoma 
tissues in mice

Kim et al.40

EC12R (Alpinion Medical 
Systems)

Linear array (3–12 MHz) NA Livers in rats Choi et al.41

Clinical EC12R (Alpinion Medical 
Systems)

Linear array (3–12 MHz) NA Thyroid nodules in human Kim et al.35

EC12R (Alpinion Medical 
Systems)

Linear array (3–12 MHz) Motorized scanner Excised melanoma tissues 
from human

Kim et al.38

EC12R (Alpinion Medical 
Systems)

Linear array (3–12 MHz) Motorized handheld 
scanner

Melanoma tissues in human Park et al.39

EC12R (Alpinion Medical 
Systems)

Linear array (3–12 MHz) Motorized scanner Peripheral vasculature in 
human feet

–

PAUSI: photoacoustic and ultrasound imaging; US: ultrasound; NA: not applicable; MB: methylene blue; NiPNP: nickel dithiolene-based polymeric nanoparticle; SLN: 
sentinel lymph node; GI: gastrointestinal.
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the PAUSI system can be used as a conventional ultrasound 
scanner and complement its lack of molecular functional 
information. Therefore, we believe that this system can be 
used to provide new clinical information in diagnostic and 
therapeutic applications in the near future.

From the previous clinical studies, we realized that the 
key issue for the successful clinical translation of the system 
is user-friendly operation, such that clinicians or radiologists 
can use the system by themselves. From the user’s point of 
view, there are several requirements that the current PAUSI 
system should address including (1) real-time quantification 
of the multispectral PA responses, (2) enhanced US B-mode 
image quality, (3) compact, or embedded laser for better 
mobility, and (4) miniaturized imaging probe. By solving 
these issues, the system can be acceptable to be used in the 
clinical world.
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