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Impact statement

Photoacoustic imaging is a promising
biomedical imaging modality that can
visualize both structural and functional
information of biological tissue. Because of
its easiness to be integrated with conven-
tional ultrasound imaging systems,
numerous studies have been conducted to
develop and apply clinical photoacoustic
imaging systems. However, most of the
systems were not suitable for general-
purpose clinical applications due to one of
the following reasons: target specific
design, immobility, inaccessible operation
sequence, and lack of hand-held opera-
tion. This study demonstrates a real-time
clinical photoacoustic and ultrasound
imaging system, which can overcome the
limitations of the previous systems for
successful clinical translation.

Abstract

Photoacoustic imaging is a non-invasive and non-ionizing biomedical technique that has
been investigated widely for various clinical applications. By taking the advantages of con-
ventional ultrasound imaging, hand-held operation with a linear array transducer should be
favorable for successful clinical translation of photoacoustic imaging. In this paper, we
present new key updates contributed to the previously developed real-time clinical photo-
acoustic and ultrasound imaging system for improving the clinical usability of the system.
We developed a seamless image optimization platform, designed a real-time parameter
control software with a user-friendly graphical user interface, performed Monte Carlo
simulation of the optical fluence in the imaging plane, and optimized the geometry of the
imaging probe. The updated system allows optimizing of all imaging parameters while
continuously acquiring the photoacoustic and ultrasound images in real-time. The updated
system has great potential to be used in a variety of clinical applications such as assessing
the malignancy of thyroid cancer, breast cancer, and melanoma.
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Introduction

Photoacoustic (PA) imaging is a non-invasive biomedical
imaging modality that has gained great interest in a variety
of clinical and preclinical applications. The principle of PA
imaging is based on the PA effect, which is energy trans-
duction from light to ultrasound (US) waves.' The strength
of PA imaging is in its ability to visualize the optical absorp-
tion characteristics of biological tissues at US resolution in
relatively deep tissues.>* The PA imaging also provides
as well as molecular information

functional information®®

of biological tissue by using exogenous contrast agents.
Thanks to the combination of optical and US imaging tech-
niques, PA imaging overcomes the associated drawbacks of
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each modality achieving much deeper imaging depth com-
pared to pure optical imaging and enhanced optical con-
trast compared to US imaging.

PA imaging has several unique advantages for clinical
applications: (1) PA imaging can be easily integrated into a
conventional clinical US machine because the signal
receiving and image generation procedure of these two
modalities are similar."®** The dual-modal PA/US images
provide complementary information for accurate diagnoses.
(2) PA imaging enables visualization of a vasculature network
because the hemoglobin in the blood vessel is a strong optical
absorber.™! Compared to conventional angiographic tech-
niques such as X-ray computed tomography (CT) and
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magnetic resonance imaging (MRI), PA imaging does not
require any exogenous contrast agent, thus avoiding the
side effects of contrast agents.>* (3) By analyzing multispectral
PA images, the chemical composition of biological tissues can
be described using the spectral unmixing method. >
Exploiting the advantages described above, various clinical
studies using PA imaging systems have been conducted.”*™*¢

We previously developed a real-time clinical PA and US
imaging system based on a general-purpose US machine.
The main feature of this system is the programmable archi-
tecture, which allows the user to modify the operation
sequence of the system.””>° By modifying the operation
sequence of the US machine, we were able to display PA,
US, and overlaid PAUS images in real-time. The system
showed great potential as a research tool for various clinical
applications with several advantages, including real-time
imaging capability, intuitive user interface, hand-held
operation, and portability. Two important features not
addressed in the previous system were: optimal probe
design to deliver light efficiently for better signal-to-noise
ratio (SNR) and the general-purpose clinical tool to allow
real-time modification of the imaging parameters.

Here, we present our new clinical PA and US imaging
system. The updated system provides seamless optimiza-
tion of imaging parameters during real-time visualization
of PA and US images. The design of the integrated PA and
US imaging probe is also updated for efficient light deliv-
ery. Since our system is based upon an FDA-cleared gener-
al-purpose US machine, the system can be used readily in
the clinical field. In addition, the programmability of the US
machine enables the system to be applied in a variety of
clinical and preclinical studies.

Real-time clinical photoacoustic and ultrasound
imaging system

Previously, we developed a real-time clinical PA and US
imaging system by synchronizing a tunable mobile laser

(Phocus Mobile, OPOTEK, USA) with a programmable
US machine (EC12R, Alpinion Medical Systems, Republic
of Korea) (Figure 1). In brief, an optical parametric oscilla-
tor (OPO) laser pumped by an Nd:YAG laser generates a
wavelength-tunable pulsed laser beam, which is delivered
by a bifurcated fiber bundle integrated with a linear array
US transducer (L3-12, Alpinion Medical Systems, Republic
of Korea). The design of the bifurcated fiber bundles is
shown in Figure S1. Each branch of fiber bundle has one
layer of 248 fibers (core diameter of 176 pm). The fibers are
uniformly distributed over a line of 50 mm along the lateral
axis of the transducer. The US and PA signals are received
by the data acquisition (DAQ) module and corresponding
images are reconstructed using parallel computing
available through the graphics processing unit (GPU).
The overlaid PA and US images are displayed on the
screen in real-time. The system also exports the acquired
raw data for further processing.

Modified operation sequence for seamless
optimization of imaging parameters

Although the previously developed PA and US imaging
system has been used successfully for clinical research
but has limitations. The imaging parameters cannot be
changed during real-time imaging experiments while
using this system (Figure 2(a)). To make any changes in
imaging parameters, the image acquisition needs to be ter-
minated, and the operation sequence of the system should
be recompiled with the modified parameters. The imaging
is then resumed with the modified parameter file.
These series of processes take several minutes, which is
not practical for clinical studies. For successful clinical out-
comes, the seamless modification of the imaging parame-
ters is essential. This limitation in the parameter
modification is mainly due to the parameter loading mech-
anism of the imaging software. The system loads all the
imaging parameters in the initialization step, then uses
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Figure 1. Schematic and photograph of the real-time PA and US imaging system and the integrated imaging probe. The inset is a photograph of the imaging probe.
PA: photoacoustic; US: ultrasound; OPO: optical parametric oscillator; DAQ: data acquisition; GPU: graphics processing unit; TR: transducer; FB: fiber bundle.

(A color version of this figure is available in the online journal.)
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Figure 2. Previous (a) and updated (b) operation sequence for parameter modification in the ultrasound machine. Green boxes denote real-time operations.
IDE: independent development environment; Tx: transmission; Rx: reception; GUI: graphical user interface. (A color version of this figure is available in

the online journal.)

them for the subsequent imaging process. To accommodate
seamless parameter modification, we modify the operation
sequence to bypass the parameter initialization procedure
(Figure 2(b)). Instead of storing all the parameters in a
single file, we separate the transmitting and receiving
parameters (Tx-Rx) from imaging parameters and save
them as external binary files. In the new format, only
Tx-Rx operation is determined in the initialization step,
which is similar to the previous operation. The rest of the
parameters used for image optimizations are updated at
every image acquisition. The main controller of seamless
parameter update is custom-made in Matlab (Figure 3).
The software receives the modified imaging parameters
through a graphical user interface (GUI) and saves
the parameters as a series of external binary files.
These binary files are loaded repeatedly by the imaging
software during the real-time operation (Figure S2).
The imaging parameter is divided into five sections based
on the functionality (red inset in Figure 3): (1) time gain
compensation (TGC) coefficients, (2) beamforming param-
eters including beamforming method, windowing method,
speed of sound, and delay offset, (3) frequency demodula-
tion parameters including demodulation method, center
frequency, and cut-off frequency, (4) dynamic range for
log compression, and (5) display options. We implement
these functional blocks on the GPU for real-time imaging.
We can easily compare the generated image quality in real-
time and select the best imaging parameter, similar to the
optimization process of conventional real-time US imaging
systems. Our system also allows switching various

beamformers such as delay-and-sum, delay-multiply-and-
sum, p-th root compression, and Fourier reconstruction.
The software can also modify the Tx-Rx operation by
using an additional GUI (blue inset in Figure 3).
However, we have to restart the imaging software to
apply the modified Tx-Rx operation since the Tx-Rx oper-
ation of US machine can only be updated in the initializa-
tion step. For post-processing, the raw data of PA and US
images are saved in the preset folder, whose data path is set
in the control software (green inset in Figure 3). With the
modified operation sequence, we can easily optimize the
images by constantly monitoring the resulting images via
parameter modification.

Improved hand-held probe for photoacoustic and
ultrasound imaging

To acquire the PA and US images with the hand-held
device, we have designed an adapter to integrate the US
transducer and fiber bundle (Figure 1). Before designing
the adapter, we simulated the optical fluence in biological
tissues using the Monte Carlo simulation tool under vari-
ous conditions of the laser beam (Figure 4(a)).”"** The laser
beam distribution was set to mimic the fiber bundle that we
used in the system (one layer of 248 fibers in 50 mm for each
branch). We controlled two parameters for simulation: inci-
dence angle of the laser beam (0) and the distance between
the laser beam and the imaging plane (i.e. the center axis) at
the surface of the imaging sample (Ad). In the Monte Carlo
simulation, we generated and tracked one million photon
packets in the biological tissue with an absorption
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Figure 3. Real-time parameter control software based on the MATLAB platform. (A color version of this figure is available in the online journal.)

coefficient of 0.1cm™}, a scattering coefficient of 100 cm™ Y a
refractive index of 1.37, and anisotropy of 0.9. We visual-
ized the optical fluence at the imaging plane (Figure S3).
By comparing the simulation results from various 0

(Figure 4(b)) and various Ad (Figure 4(c)), we found that
Ad is the dominant parameter for determining the optical
fluence in the imaging plane. Contrary to our initial
assumption, the incident angle of the laser beam does not
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Figure 4. Monte Carlo simulation of light propagation in biological tissues. (a) The illustration of the imaging plane and the incident laser beam. Monte Carlo simulation
of optical fluence in biological tissues with the fixed distance (b) and fixed angle (c) of the two incident laser beam. (d) Optical fluence at the imaging plane with a fixed
distance (5 mm) and various incident angles. (e) Percentile difference in optical fluence at each angle compared to optical fluence at the normal incident (6 = 0).

(f), Optical fluence at the imaging plane with a fixed angle (15°) and various distances. (g) Optical fluence at the depth of 20 mm with the various distances between the
laser beams. 0: the incident angle of the laser beam; Ad: the distance between two laser beams at the imaging surface; OF: optical fluence. (A color version of this figure

is available in the online journal.)

affect the direction of the propagation in deep tissue
(Figure 4(d)). Compared to the normal incidence, the per-
centile difference in optical fluence at each angle is less than
0.1% (Figure 4(e)). In contrast, the optical fluence signifi-
cantly decreases as the Ad increases (Figure 4(f)). At the
imaging depth of 20mm, which is the typical imaging
depth of human tissue, the optical fluences at the center
of the imaging plane are compared with various Ad
(Figure 4(g)). The optical fluence with Ad =0mm is ~5dB
higher than the optical fluence with Ad=10mm, which
was used in the previous imaging probe (Figure S4).
Based on the findings from simulation, we designed the
adapter to bring the laser beam as close as possible to the

sample surface. The adapter was designed using a 3D
design software (Inventor, Autodesk, USA) and imple-
mented using a 3D printer (ProJet MJP 2500, 3D
SYSTEMS, USA). To shorten the Ad, we added a stand-off
between the US transducer and the sample due to the thick-
ness of the fiber bundle. With the stand-off, reflection arti-
facts originated from the PA waves at the transducer
surface were present at twice the distance of the gap
(Figure S5). To avoid the reflection artifacts, we set the
thickness of the stand-off as 30 mm, which is more than
the PA imaging depth in human tissues. We sealed the inte-
grated imaging probe using a membrane (Safety Lock,
Eraesi, Republic of Korea) and used water as the medium
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of transmission. The transparency of the US membrane is
certified since it is used conventionally in clinical US imag-
ing during surgical operations. The same membrane is also
available for PA imaging due to its optical transparency of
~95% (Figure S6).

In vitro phantom experiments

We compared the previously designed and the currently
updated imaging probe by quantifying PA and US signals
of the phantom in vitro. We prepared chicken breast tissues
and inserted a carbon rod as an imaging target (Figure 5(a)).
To match the acoustic impedance between the imaging
probe and the phantom, we applied a conventional US
gel (Ecosonic, SANIPIA, Republic of Korea) at the region
of imaging. The carbon rod is detectable in the PA images
from both imaging probes (previous and current) since the
color of the carbon rod is black (Figure 5(b)). The US images
are displayed in grayscale, and the PA images are displayed
in pseudo-color. There are two major differences between
the previous and the updated design of the probe (Figure
S3): the first is the Ad (10 mm in the previous design, and
~0mm in the updated design) and the second is the dis-
tance between the transducer and the sample surface (0 mm
in the previous design and 30 mm in the updated design).
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The previous Monte Carlo simulation results indicate that
the PA SNR would be enhanced with the updated imaging
probe, while the US signals might be slightly degraded due
to the increased imaging distance. Encouragingly, the in
vitro results follow our readout (Figure 5(c)). The PA SNR
acquired with the updated probe is enhanced by ~7dB
compared to the previous probe, which matches with the
Monte Carlo simulation results. The US SNR is slightly
decreased, but the difference is minimal. We can also note
that the PA SNR is much higher than the US SNR
because there is no background signal in the PA images,
while the US images have speckle patterns from the back-
ground tissues.

Parameter-optimized real-time photoacoustic and
ultrasound imaging of a human volunteer

To evaluate the updated system in vivo, we acquired PA and
US images of a human volunteer (Figure 6). We recruited a
volunteer and acquired images in the neck area. All the
recruiting and data acquisition followed the protocol that
is approved by the institutional review board of Pohang
University of Science and Technology (POSTECH).
During the image acquisition, we were able to modify the
imaging parameters to optimize the image by using the

MIN

MAX
US intensity [a.u.]

57.8

MINIIE" T MAX
PA amplitude [a.u.]

[ Previous probe
[ Updated probe

PA

Figure 5. PA and US imaging of a phantom with the integrated imaging probe. (a) The schematic and a photograph of the phantom. (b) Overlaid PA and US images of
the phantom by using the previous and the updated imaging probes. (c) Quantification results of the SNR from the PA and US signals of the imaging target. PA:
photoacoustic; US: ultrasound; TR: transducer; SNR: signal-to-noise ratio. (A color version of this figure is available in the online journal.)
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PAUS image

Figure 6. Captured PA and US image from the US machine during real-time imaging of human in vivo. PA: photoacoustic; US: ultrasound; M: muscle; CA: carotid
artery; Th: thyroid; Tr: Trachea; BV: blood vessel. (A color version of this figure is available in the online journal.)

parameter control software without pausing the imaging
operation (Movie S1). Similar to conventional US imaging
machines, we can adjust time gain compensation coeffi-
cients and dynamic range for image optimization. We can
also modify the beamforming options (beamforming
method, apodization window type, and speed of sound)
and the demodulation frequencies (center frequency,
cutoff frequency, and filter size) to optimize images. In
addition, various display options including colormap selec-
tion, axis visualization, and single/dual display mode
make the system easy to use by users who are familiar
with conventional US machines. In the US images, internal
structures including carotid artery, thyroid lobe, trachea,
and neck muscles are visible. On the other hand, the PA
images display the optical absorption characteristics of tis-
sues. Since we did not inject any contrast agent, most of
the PA signals are generated from blood vessels due to
the strong optical absorption of the hemoglobin. In addition
to the carotid artery, which generates strong PA signals,
small superficial blood vessels are also visible in the PA
images (Red arrows in Figure 6).

Discussion and conclusion

In this paper, we demonstrate a novel clinical PA and US
imaging system, which supports real-time parameter mod-
ification during imaging. Using the parameter control plat-
form, the user can easily modify parameters for optimizing
real-time images. We also optimized laser delivery to
achieve better PA SNR and developed an adapter to
attach the fiber bundle to the hand-held PA and US imaging
probe. Table S1 shows the quantitative comparison
between the previously reported and currently updated
systems. Compared to the previously reported system,

the currently updated system allows the user to modify
imaging parameters without terminating the operation.
The user-friendly GUI also helps the user to optimize the
images. The updated imaging probe is slightly bigger than
the previous one but produces better PA SNR while main-
taining US SNR. The updated system is highly translatable
to the clinical field because (1) the US machine is cleared
by FDA, (2) the sequence-programming and parameter-
optimization platform enable the clinician to use the
system for any clinical application, (3) all the data acquisi-
tion and image generation processes are performed in real-
time, and (4) the entire system is portable. The developed
system can be used to provide new biological information
in diagnostic fields such as thyroid cancer, breast cancer,
and skin cancer. In addition, due to the system’s
excellent ability to visualize blood vessel networks without
injecting any contrast agent, it can also be used for assess-
ing peripheral vasculature disease, monitoring angiogene-
sis, and measuring inflammation. Thus, our system
advances PA imaging one more step towards the transla-
tion clinical use.
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