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Photoacoustic imaging (PAI) with a handheld linear ultrasound (US) probe is widely used owing to its convenient and inher-
ent dual modality capability. However, the limited length of the linear probe makes PAI suffer from the limited view. In this
study, we present a simple method to substantially increase the view angle aided by two US reflectors. Both phantom and
in vivo animal study results have demonstrated that the imaging quality can be greatly improved with the reflector without
sacrificing the imaging speed.
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1. Introduction

Photoacoustic (PA) imaging (PAI) uniquely combines the opti-
cal absorption contrast with ultrasound (US) detection. Owing
to themuch weaker US scattering by soft tissue than optical scat-
tering, PAI has successfully broken the barrier in the imaging
depth of high-resolution optical imaging[1–3]. Over past decades,
PAI has been widely used in pre-clinical studies and is under
rapid pace into clinical implementations[4–7]. Among various
PAI systems, the linear handheld probe-based system is one
of themost commonly used, which is not only because of its sim-
plicity and convenience, but also for its inherent capability to
perform US imaging simultaneously. Therefore, PA/US dual
modality with a linear handheld probe gained much attention
in both research and clinical studies[8–12].
In general, the quality of the PA image reconstruction

increases with more PA signals acquired from a wider view
angle. However, the short length of the probe strictly limits
the view of the handheld probe. For instance, a typical clinical
handheld probe is about 4 cm long, so the maximum acquisition
angle for a central target at the 2 cm depth under the probe is
45 deg. The limited view not only causes image artefacts, but also
leads to failure in reconstruction of features due to the
unavailability to detect PA signals out of the view[13]. Several
methods have been explored to alleviate this problem.

Scanning the linear probe over the imaged target (or equiva-
lently rotating the target) is one of the easy ways to increase
the view angle, at the expense of longer imaging time.
Sophisticated reconstruction algorithms have also been devel-
oped to suppress the image artefacts and improve the overall
quality[14–16]. More recently, several methods employ artificial
intelligence (AI), especially deep learning, to help the PA image
reconstruction[17,18]. But, those studies based on advanced
reconstruction algorithms are not good at recovering lost fea-
tures due to the lack of PA signals in the out of view region.
Acoustic waves can be reflected at the boundary like other

waves, so the acoustic reflector can redirect the undetected
PA signal back to the linear probe. Therefore, several previously
reported works discussed this way to compensate the limited
view[19–22]. However, only phantom and simple thin tissues have
been imaged, and no studies of imaging complicated deep living
tissues, such as the trunk of the mouse, have been reported. In
this work, we developed an imaging system with two acoustic
reflectors that can increase the total view angle to almost
180 deg. Besides, the system also performs simultaneous US im-
aging, achieving dual modal imaging. In addition to phantom
study, we also imaged an in vivo animal body. Our results dem-
onstrated that acoustic reflectors can substantially help linear
handheld probe-based PAI to retrieve lost features and improve
the imaging quality.
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2. Experimental Setup and Results

The imaging system is presented in Fig. 1(a), where the acoustic
reflector setup is composed of two right angle prisms with a
width of 5 cm and a length of 10 cm. Two prisms were closely
contacted, and their hypotenuse surfaces serve as two US reflec-
tors. To support the imaged target, part of the “V-shape” dip
between the two reflectors is filled with a transparent agarose
platform, which is both acoustically and optically transparent.
The real US probe with two mirror virtual probes is shown in
Fig. 1(b). The overall system design is similar to the previously
reported work[22], while we used two acoustic reflectors at 45 deg
instead of 30 deg. To accurately locate the surface location, we
marked a series of black dots along the straight line onto the two
surfaces of the reflectors, which can be easily reconstructed. The
PA image was reconstructed by a filtered back-projection
algorithm[23].
A clinical US system (Resona7, Mindray Bio-Medical

Electronics, Shenzhen, China), which is connected to a 192-
element linear probe with a central frequency of about 5 MHz,
was modified to perform US/PA dual modality imaging. The
laser source is an optical parameter oscillation (OPO) laser
(SpitLight EVO 200, InnoLas Laser GmbH, Krailling, Germany)
with a repetition rate of 10Hz. In our study, 750 nmwas used for
PAI with pulse energy of 50 mJ, and the fluence rate onto the
tissue body is less than 10mJ=cm2. More details of the PA/US
system are described in Ref. [10]. The laser was delivered via
a one-two fiber bundle, and the two bundle terminals were
mounted on two sides of the acoustic reflectors to illuminate
the target.
We first did a phantom imaging study. Two carbon rods with

a diameter of 0.3 mm were glued to form a cross and buried in a
optically scattering wax phantom, which is composed of gel wax
and TiO2

[24]. Figure 2 shows the dual modality imaging setup
and results of the phantom study, in which Fig. 2(a) is the sche-
matic of the setup, and a photograph is provided in Fig. 2(b).
Two fused results were presented in Figs. 2(c) and 2(d) for
PA image reconstruction without and with two US reflectors,
respectively.
As shown in Fig. 2(c), only the horizontal rod is effectively

reconstructed, while the vertical rod is missing due to the lack
of PA signals from the vertical rod, which predominately trav-
eled along the horizontal direction. However, after using the vir-
tual probes, those missed signals were retrieved, and the cross

was completely reconstructed, as shown in Fig. 2(d). Our phan-
tom result is consistent with previously reported results. The
“split” pattern in reconstructed PA images is caused by the lim-
ited bandwidth of the clinical US probe.
Then, we did in vivo imaging of a BALB/C nude mouse of

19 g, which was anesthetized by intraperitoneal injection with
Avertin at 2.5 mg/10 g. Figure 3(a) is the schematic of the im-
aging setup, in which we first inserted the mouse into a
“U-shape” groove in an agarose phantom, so the mouse bottom
and two sides closely touched the phantom, thenUS coupling gel
was applied on top of the mouse to fill any air gaps, and another

Fig. 1. Schematic mechanism of acoustic reflectors for PAI. (a) System setup;
(b) the original probe has two virtual probes corresponding to two reflectors.

Fig. 2. Phantom experiment. (a) The schematic of the imaging setup; (b) a
photograph of the imaging setup; (c) and (d) PA results without and with
reflectors, respectively.

Fig. 3. In vivo animal experiment. (a) The schematic of the imaging setup; (b) a
photograph of the imaging setup; (c) and (d) fused PA/US results recon-
structed without and with two reflectors, respectively. L, left; R, right.
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transparent gel pad was put on top of the gel. To keep the mouse
body temperature, an infrared (IR) light shone onto the mouse
during the experiment, as shown in Fig. 3(b). All animal proce-
dures complied with protocols approved by the Institutional
Animal Care and Use Committee of Peking University.
Compared with Fig. 3(c), the reconstructed result with PA sig-

nals reflected by two reflectors contains many more features, as
shown in Fig. 3(d). It is obvious that one large region on the left
(marked as L) of the mouse has a strong PA value after using PA
signals from the reflectors. We suspected this region is part of
the liver or spleen after comparing with that previously reported
in Ref. [25], in which the outer layer of both the liver and spleen
generated strong PA signal (due to the blood rich characteristic).
Because the mouse in this experiment is closely “packed” in the
“U-shape” groove, the liver or spleen organ boundary becomes
vertically flattened. In addition, an “organ-like” feature on the
right side of the mouse is co-registered with more PA recon-
structed features. Unfortunately, we only had access to a clinical
US probe aimed for breast imaging in this study, whose spatial
resolution is not suitable for small mouse study. So, it was hard
for us to distinguish and tell the organ type.

3. Discussion and Summary

In this study, we demonstrated that the acoustic reflector can
help PA image reconstruction of complicated deep living tissues.
According to our phantom and in vivo animal study results, the
acoustic reflector is a simple way to effectively retrieve those lost
PA signals that cannot be detected by a traditional linear probe
and thus substantially improve the PA image reconstruction. It
is worth noting that the US reflector could not only help PAI, but
also help US imaging itself, since the mirrored US images also
exist. Since PA signals reflected from the acoustic reflector
may undergo a round-trip through the animal body, the differ-
ence in the sound speed between the tissue and surrounding
medium could cause image artefact, which needs more studies.
In addition, as discussed in Ref. [22], this study neglected the
complexity of considering the amplitude and phase change
via reflection. We would replace the glass reflector with a thin
membrane, forming a water/air boundary to guarantee total
reflection without phase change in the future. Other future sys-
tem improvements include the replacement of the US probe
with a wider bandwidth to increase the spatial resolution and
the optimization of the illumination design to achieve a more
uniform PA excitation, such as a multi-angle ring illumination
mode. Finally, the proposed method also has clinical implemen-
tation potentials, including PAI of fingers, arms, and legs.
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