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Laparoscopic Photoacoustic Imaging System
Based on Side-Illumination Diffusing Fibers
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Abstract—Objective: To develop a flexible miniaturized
photoacoustic (PA) imaging probe for detecting anatomi-
cal structures during laparoscopic surgery. The proposed
probe aimed to facilitate intraoperative detection of blood
vessels and nerve bundles embedded in tissue not directly
visible to the operating physician to preserve these delicate
and vital structures. Methods: We modified a commercially
available ultrasound laparoscopic probe by incorporating
custom-fabricated side-illumination diffusing fibers that il-
luminate the probe’s field of view. The probe geometry,
including the position and orientation of the fibers and the
emission angle, was determined using computational mod-
els of light propagation in the simulation and subsequently
validated through experimental studies. Results: In wire
phantom studies within an optical scattering medium, the
probe achieved an imaging resolution of 0.43 ± 0.09 mm
and a signal-to-noise ratio of 31.2 ± 1.84 dB. We also con-
ducted an ex vivo study using a rat model, demonstrat-
ing the successful detection of blood vessels and nerves.
Conclusion: Our results indicate the viability of a side-
illumination diffusing fiber PA imaging system for guid-
ance during laparoscopic surgery. Significance: The poten-
tial clinical translation of this technology could enhance
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the preservation of critical vascular structures and nerves,
thereby minimizing post-operative complications.

Index Terms—Photoacoustic imaging, laparoscopy,
image-guided intervention, diffusing fiber, side illumina-
tion.

I. INTRODUCTION

LAPAROSCOPY is a minimally invasive surgical technique
frequently employed for abdominal and pelvic surgeries

such as prostatectomy and hysterectomy. In contrast to tradi-
tional open surgery, laparoscopy utilizes an endoscopic cam-
era and specialized tools introduced through small incisions.
The benefits of laparoscopy encompass reduced blood loss,
expedited recovery, and overall enhanced functional outcomes
(e.g., improved post-operative urinary continence and erectile
function after prostate removal [1]). Laparoscopic surgery can
be performed either manually or using a robotic surgical system.
Commercially available laparoscopic robotic systems include
the da Vinci Surgical System (Intuitive Surgical, USA) [2], the
Senhance System (Asensus Surgical, USA) [3], and the Hugo
System (Medtronic, USA) [4].

Despite its numerous advantages, laparoscopic surgery carries
a significant risk of injury to the underlying anatomy, which
may not be directly visible to the operating physician and could
contain vital structures. Vascular injuries are not uncommon
[5], [6] and can be life-threatening [7], [8], [9], [10]. In the
most severe hemorrhage control cases, surgeons must rapidly
adapt their approach and convert to open surgery [11], [12]. The
prevalence of nerve damage is also high, often stemming from
patient malpositioning on the surgical table or endopelvic dam-
age during surgery, particularly in robot-assisted laparoscopic
prostatectomy [13], [14]. We hypothesize that refining methods
to intraoperatively localize underlying anatomical structures will
reduce complication rates for laparoscopic surgery.

Intraoperative guidance frequently employs ultrasound (US)
imaging. Previous studies have explored the use of laparo-
scopic US guidance for adrenalectomy [15], [16] and proce-
dures involving the liver [17], [18] and pancreas [19]. However,
this imaging method does not offer sufficient differentiation
between vessels, nerves, and the surrounding soft tissue. Al-
though doppler imaging can facilitate vascular mapping, detect-
ing nerves embedded in the tissue remains challenging. This
article investigates photoacoustic (PA) imaging, an emerging
biomedical imaging modality based on laser-generated US [20].
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Fig. 1. Proposed laparoscopic photoacoustic imaging system based
on dual side-illumination diffusing fibers.

Compared to conventional US, PA imaging can differentiate soft
tissue by selectively targeting various chromophores (absorbing
substances present in the tissue) by applying multiple laser
wavelengths. PA imaging has been successfully applied in neu-
rovascular mapping [20], [21], [22], [23], [24], [25], [26], [27],
monitoring ablation treatment [28], [29], catheter localization
[30], [31], and tumor detection [32], [33], [34].

The device we propose in this article, depicted in Fig. 1,
consists of an off-the-shelf US probe retrofitted with custom-
designed laser-emission diffusing fibers. This design aligns the
illumination field with the transducer imaging region without
requiring a focusing mechanism. To maximize the illumina-
tion energy at the desired imaging depth and enhance imaging
contrast, we modeled the illumination field of our customized
fiber and conducted simulation analyses to calculate the optimal
angles between the two fibers. The proposed system also features
two degrees of freedom (DoF), allowing the tip rotation to adjust
the imaging angle and maintain manipulability.

Section II of the manuscript discusses related work and
summarizes the contributions of this article. Section III intro-
duces the methodology for preparing side-illumination diffusing
fibers and the algorithm for detecting neurovascular anatomy.
Section IV details the simulation-based design optimization,
drawing on the measured fiber illumination model and evalu-
ating the device’s working range. Section V presents phantom
study results and ex vivo validation using a rat model to assess
the imaging performance and functionality of the device in
highlighting vessels and nerves. Finally, Section VI discusses
the study’s findings and limitations. A preliminary version of
this work has been reported [35].

II. RELATED WORKS AND CONTRIBUTIONS

A typical PA imaging probe comprises optical fibers for laser
energy delivery and a US transducer. Although acoustic signals
can penetrate longer distances in tissue, significant optical at-
tenuation reduces illumination energy in deeper tissue, thereby
limiting PA imaging’s utility for surgical guidance. Previous
research has explored various approaches to introduce the light

delivery system through an invasive incision for close illumina-
tion of the surgical area. Wiacek et al. described PA guidance
in laparoscopic hysterectomy procedures by separating the light
delivery fiber from the US transducer. The fiber was attached
to the laparoscopic tool, illuminating the operating field while
the endo-vaginal probe received the PA signal [36]. Despite
achieving a high PA signal contrast, the illuminated region was
narrow and prone to going off-plane due to alignment difficul-
ties. Similarly, Song et al. used a separate light delivery system
and transrectal US transducer, introducing PA marker technique
for image alignment [37]; however, the PA illumination region
remained narrow. Ai et al. integrated diffusing fibers with a
transrectal US probe, inserting the fiber into the urethra channel
and shaping the illumination using a mirror to direct the light
as needed [38]. Li et al. employed an incisional diffusing fiber
to illuminate the region of interest (ROI) while receiving the
signal via a linear transducer on the skin surface [39]. Although
the diffusing fiber illuminated a wider area, the imaging quality
heavily relied on the alignment between fiber and transducers.

An integrated minimally invasive PA imaging device with illu-
mination aligned with the transducer imaging plane is expected
to deliver superior images for surgical guidance. In laparoscopic
procedures, the remote center of motion (RCM) mechanism
mechanically constrains the body entry point’s position in the
operating space, thus minimizing patient trauma [40]. A device
with a smaller diameter creates less trauma for the patient and
allows for field angle adjustments in a narrow operational field
within the abdomen, which the RCM also constrains.

The literature has reported several miniaturized integrated PA
imaging devices. Basij et al. utilized customized angled tips fiber
for side-illumination to reduce the diameter compared to bulky
fiber bundles, which either necessitate multiple fibers or offer
a limited illumination region [41]. Additionally, alignment be-
tween multiple fibers can limit the imaging device’s flexibility to
adjust the imaging angle. A more straightforward light-delivery
mechanism should be explored. The setup should employ fewer
fibers while providing adequate illumination, enabling minia-
turization of the probe’s diameter and maximizing its motion
flexibility. While illumination from the optical fiber tip is com-
mon practice, fiber processing techniques, such as core etching
[38] and tapered tips [42], [43], can diffuse light or create a
larger illuminated area. Diffusing fibers can illuminate a broader
region than the same number of angled-tip side-illumination
fibers. Utilizing diffusing fibers for PA excitation could reduce
the device diameter and simplify the design. An integrated
laparoscopic PA imaging device with a miniaturized diameter
and a streamlined alignment mechanism is necessary to provide
intraoperative guidance with a flexible imaging angle.

Our contributions can be delineated into two aspects. First,
we introduced an integrated laparoscopic PA system outfitted
with a miniaturized light illumination method. This method
incorporated two directional-diffusing side-illumination fibers
affixed to the side of the US array, enabling the delivery of
laser energy in alignment with the transducer imaging region
without necessitating a focusing mechanism. Second, we per-
formed simulation-based design optimization to maximize the
illumination energy emanating from the diffusing fiber at the
desired imaging depth, enhancing PA imaging contrast.
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Fig. 2. The system architecture of the proposed laparoscopic photoa-
coustic system.

Fig. 3. Schematic of the diffusing fiber with side-illumination.

III. MATERIALS AND METHODS

A. System Architecture

The proposed side-imaging laparoscopic PA imaging system
is depicted in Fig. 2. A side-imaging US transducer probe
(Philips ATL Lap L9-5, Philips, Netherlands) serves as a signal-
sensing device. Processed diffusing optical fibers (FT600EMT,
Thorlabs, USA) were mounted on the probe via a custom 3D-
printed component. The fiber features a diameter of 1,040 μm
and a core diameter of 600 μm. The Verasonics Vantage system
(Vantage 128, Verasonics, USA) functions as a data acquisition
device. A Q-switched Nd:YAG laser (Q-smart 450, Quantel,
USA) equipped with an optical parametric oscillator (OPO)
(MagicPRISM, OPOTEK, USA) is utilized, capable of generat-
ing wavelengths in the range of 690–950 nm at a repetition rate
of 20 Hz and a pulse duration of 5 ns.

B. Diffusing Fiber Preparation

The customized diffusing fiber underwent processing to facili-
tate directional side-illumination. The optical fiber (FT600EMT,
Thorlabs, USA) implemented in this system is a multimode
fiber designed for tip illumination. This fiber consists of a
pure silica core (600 μm in diameter) with a polymer cladding
(30 μm thickness), as depicted in Fig. 3. A customized diffusing
process was applied to illuminate a more extensive area from
each fiber’s sidewall. Specifically, part of the fiber cladding was
modified according to established methods [38]. Initially, a fiber
stripper removed the fiber buffer, exposing the fiber cladding.

The cladding on one tangent plane of the fiber’s side surface
was eliminated to reveal the fiber core, as illustrated in Fig. 3.
Subsequently, the processed fiber was etched with glass etching
cream (Armour Etch, Armour Product, USA) for two hours and
rinsed with water. As the cladding remained unreactive to the
cream, only the exposed portion of the fiber core was etched,
resulting in light emission in the desired azimuthal direction.

C. Spectroscopic Decomposition

Biomedical materials each possess a unique PA spectrum
that can be leveraged to identify their material composition.
The measured PA signals contain absorptions from multiple
chromophores and contrast agents. The process of extracting
contrasts from each source is called spectral decomposition
or spectral unmixing. This technology has been explored in
applications such as blood oxygenation mapping [44], contrast
agent-enhanced imaging [32], and intraoperative monitoring for
radiofrequency ablation [28]. Under the assumption that the
PA spectrum received from the tissue is a linear combination
of multiple signal sources, the contribution from each contrast
can be calculated using (1). In the equation, p represents the
measured PA spectrum, i denotes the contrast source number,M
signifies the number of absorbers, μa is the absorption spectrum
of contrast source i at wavelength w, and W indicates the
number of wavelengths used. The variable m is the estimated
composition of the contrast source.

argmin
m1,2, ..., M

∥∥∥∥∥∥
W∑

w=1

(
pw −

M∑
i=1

miμa(i,w)

)2
∥∥∥∥∥∥ (1)

In the proposed work, the same approach is implemented to
differentiate the contributions of hemoglobin and lipids, which
represent vessel and nerve tissue, respectively. By utilizing the
hemoglobin and lipid PA spectra as inputs for the algorithm, this
equation can map the contributions of these tissue spectra.

IV. EVALUATION

A. Diffusing Fiber Evaluation and Alignment
Optimization

1) Fiber Illumination Measurement: The limited energy
emitted from the diffusing fiber necessitates maximizing illu-
mination at the desired depth range to enhance the quality of the
resulting PA image. Consequently, we conducted a simulation-
based design optimization to investigate the angular alignment
between the two diffusing fibers and the US transducer. We ini-
tially performed an experimental assessment of the optical inten-
sity distribution of light emissions from our specially designed
diffusing fiber to evaluate the optical capabilities. This result was
employed to simulate the light beam from the diffusing fiber. We
utilized the setup depicted in Fig. 4, featuring a linear translation
actuator capable of precisely moving the imaging screen along
the light propagation axis. With the fiber secured, the illumina-
tion screen–measuring 10 by 10 mm2–moved in 10 mm incre-
ments within the 0 to 300 mm range. A Q-switched Nd: YAG
laser (Q-smart 450, Quantel, USA) with an optical parametric
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Fig. 4. Experimental setup to map the optical field of the fiber side-
illumination.

oscillator (OPO) (MagicPRISM, OPOTEK, USA) generated a
laser at the wavelength of 700 nm, which was coupled into the
other end of the fiber to facilitate emission. A camera (C920 HD
PRO, Logitech, Switzerland) captured photographs with fixed
parameters, including sensitivity and exposure time at each step.
The three-dimensional (3D) distribution of the light illuminated
by the fiber was subsequently reconstructed from the camera
images. The setup was positioned in a dark room to minimize
the noise captured on the target image screen.

We employ (2) and (3) as our analytical model for describing
the Gaussian beam performance:

CI(x) = aexp
−(x−10) (2)

IW (x) = kexp · x (3)

CI denotes the center line illumination intensity, and IW
represents the illumination region full width at half maximum
(FWHM) at a distance of x, with x= 0 mm at the fiber sidewall
surface. Variable a describes the on-axis optical intensity, while
k indicates the spot size measured by the FWHM. Both a and k
depend on the screen’s position, x.

2) Finite Element Method (FEM) Optical Simulation: We
conducted a single light source propagation simulation (optical
simulation) of light propagation from the sidewall of a diffusing
fiber using Valo MC [45], which is based on the finite element
method (FEM) and the Monte Carlo method. Our objective was
to construct an accurate numerical FEM model that described the
experimentally measured light propagation mentioned in previ-
ous subsection. In our optical simulation, a two-dimensional
simulation was performed on the axial-elevational (Y-Z) plane
to understand the experimentally measured optical performance
of the diffusing fiber. Due to computational limitations, a grid
size of 1 mm was defined in the FEM. Although the experi-
mental sidewall emission exhibited numerous optical modes in
addition to the TEM00 mode (fundamental Gaussian beam), we
considered only the latter in the optical simulation for simplicity.

Similar to the experimental data, we identified the values of
a and k in the analytical model ((2) and (3)) that best fit the
optical simulation results of optical propagation. We conducted
a parametric study in optical simulation by changing the input
parameter, which defines the Gaussian distribution of the initial

light angle until the values of a and k from the optical simulation
were within a 5% difference compared to aexp and kexp. We
employed this optimized optical simulation model to investigate
the subsequent PA simulation, which is described in further
detail in the following section.

3) Angular Alignment Simulation: After simulating the
light propagation of side-illumination diffusion, two identical
light sources were placed in the simulation environment (PA
simulation) in the axial-elevational plane to replicate the design
of the proposed imaging device. The interaction of two light
beams and the PA response of targets at different depths can be
studied to determine the optimized angular alignment between
the light emission and the US transducer to maximize PA imag-
ing quality. The K-wave [46] was implemented and connected
with the optical simulation to compute the PA response. The PA
signal amplitude generated by a material is proportional to its
absorption coefficient. Compared to the surrounding simulated
air medium, a single-pixel point with a high absorption coeffi-
cient setting was placed in the PA simulation environment as a
point PA target. One point target was placed in each simulation
condition, at a depth within the range of interest (0–300 mm
with 10 mm steps).

At each target depth, various angular alignments were sim-
ulated between the centerlines of the two light emissions and
the axial direction of the US transducer imaging plane. In this
work, we selected an angular range of 0–10 degrees with an
intermediate step of 0.5 degrees. The width between the two
light sources was set to be identical to the width of our US
transducer-sensing array to achieve a miniaturized design. A
single-point US detector was placed in the center of the two light
sources to simulate the transducer element. With PA excitation
from two light beams, the point detector detected the PA signal
of the point target. The intensity of this PA signal was recorded,
along with the angular alignment setup and the target depth.

B. Device Working Range Evaluation

This system’s original side-imaging US transducer features
two DoF on the imaging array rotation, controlled by a pair of
handle knobs. This design enables sufficient device flexibility
for imaging at desired positions and orientations within the
abdomen. Our proposed system attaches optical fibers and their
holder components to the US transducer. To assess the impact of
these additional attachments on the probe’s tip rotation manipu-
lability, we measured the working range limits of the proposed
imaging system on both axes with the optical parts attached and
compared them to the original off-the-shelf transducer range.

C. Photoacoustic Imaging Evaluation

1) Phantom Study: We initially validated the PA imaging
capability of the proposed dual-fiber side-imaging laparoscopic
PA system through a phantom study to evaluate the system’s
imaging quality. Nylon fish wire, serving as an imaging target,
was mounted on a 3D-printed wire holder. The phantom com-
prises five vertically aligned wires and four horizontally aligned
wires, facilitating a comparison of PA imaging quality along
both the axial and lateral axes. The study setup is presented in
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Fig. 5. Phantom study target setup. The black points in the image
indicate the location of the target wires.

Fig. 5. The vertical wires are situated at 6.5, 11.5, 16.5, 21.5,
and 26.5 mm depths from the transducer surface, while the four
horizontal wires are positioned at a depth of 16.5 mm. The wire
features a diameter of 0.2 mm. To more accurately simulate
imaging performance in an optical scattering environment, we
used a 2% concentration by volume of diluted milk as the
imaging medium, introducing optical scattering into the study.
The acquired PA signal was beamformed using Delay-and-Sum
(DAS) algorithms [47]. We measured the FWHM of the PA
signal profile to evaluate the spatial resolution of the acquired
data. The image contrast was quantified using the signal-to-noise
ratio (SNR), mathematically defined as follows:

SNR = 20log10
|Ppeak|
σnoise

[unit:dB] (4)

Here, Ppeak represents the PA signal amplitude, and σnoise

denotes the standard deviation of background noise. The noise
region was selected at the same depth as the peak signal pre-
sented and more than 1 mm away from each peak’s lateral
direction.

2) Ex vivo Study: In addition to phantom evaluation, an ex
vivo study was conducted to more effectively demonstrate the
functionality of the proposed laparoscopic PA imaging device
in detecting functional structures for surgical guidance. Spec-
troscopic PA (sPA) imaging was performed on ex vivo tissue to
visualize the vessels and nerves beneath the tissue surface. The
proposed laparoscopic PA system was employed to image the
thigh of a female Sprague Dawley rat cadaver, euthanized during
a surgery class at our institution and imaged within two hours
post-euthanasia. The subject’s thigh was scanned, as shown in
Fig. 6, with the skin removed before scanning to simulate the
laparoscopic surgical setup, exposing the underlying muscular
layer for imaging. A neurovascular bundle was clearly visible
in the center of the targeted thigh region. The spectroscopic
decomposition algorithm utilized the spectra of oxygenated
hemoglobin (HbO2), deoxyhemoglobin (HbR) [48], and lipid
[49] to identify the PA signals generated by vessels and nerves,
respectively. A total of 26 wavelengths were selected for PA

Fig. 6. (a) Ex vivo study sample setup sketch, and (b) the scanned rat
thigh with a white dashed line indicating the scanning plane.

excitation, ranging from 700 to 950 nm with a 10-nm step size,
encompassing the local peaks of both hemoglobin and lipid
spectra. An averaging filter with a sample size of 64 frames
per wavelength was implemented to enhance the contrast of the
sPA images. A DAS algorithm was applied for beamforming the
acquired sPA data. A US image was also obtained at the same
location for reference.

V. RESULTS

A. Diffusing Fiber Evaluation and Alignment
Optimization

1) Experimental Measurements of Light Propagation
from Fiber Sidewall Emissions: The optical performance of
the diffusing fibers was experimentally measured to simulate
their light distribution. The diffusing illumination pattern from
the fiber sidewall was measured at various distances. Fig. 7(a–e)
displays the experimentally measured light distribution results.
The Y-Z plane in Fig. 7(f) is defined as the x position indicated
by the white line in Fig. 7(a–e), where maximum energy is
measured along the x-axis. The intensity distribution along each
z position in Fig. 7(f) follows a Gaussian profile that fits the
raw intensity measurements obtained from the experiment at
the corresponding z position. The beam intensity attenuates
exponentially along the illumination distance, while a larger area
is illuminated due to optical divergence. We observed that the
experimental measurements could be well represented by the
analytical model ((2) and (3)) when aexp = 1.017 and kexp =
0.156, as plotted in the white lines in Fig. 7(f).

The output laser energy from the diffusing fiber was quantified
using an energy meter (PE50BF-C, Ophir Optronics, Israel) to
measure illumination intensity. At a wavelength of 700 nm, the
laser output energy from the dual-diffusing fiber was measured
to be 0.945± 0.052 mJ during 1,100 illumination cycles. The
diffusing energy efficiency was approximately 45.2% in a sep-
arate measurement during 1,000 illumination cycles.

2) Understanding Experimentally Measured Light Prop-
agation through FEM-based Optical Field Simulation: The
diffusing light distribution was replicated in the optical simula-
tion. A diffusing light beam was simulated, as shown in Fig. 7(g).
The light source size in the optical simulation was 1 mm, limited
by the simulation grid size of 1 mm, although it was larger than
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Fig. 7. Fiber illumination measurement. (a)–(e) Measured illumination distribution using our proposed experimental setup at various depths. The
white dashed line indicates the location of the Y–Z plane display. (f) Measured Y–Z plane light distribution. (g) Simulated light beam illumination.
(h) Illuminated region width under different lateral Gaussian distribution settings. (i) Normalized centerline intensity.

the fiber diameter of 660 μm. The simulated beam was fitted
by the same analytical model ((2) and (3)) and compute the
corresponding variables a and k. With the light source Gaussian
distribution parameter tuned, the changes in the analytical model
are demonstrated in Fig. 7(h) and (i), which plotted the light
beam width and center line intensity, respectively. The simulated
light beam with a and k within a 5% difference compared to aexp
and kexp was selected to represent the experimentally measured
light beam in the alignment study.

3) Simulation-based Optimization of Angular Alignment
between Light Emissions and US Transducer: Using the
same diffusing light distribution model to mimic the diffusing
fiber, two identical diffusing light sources were placed in the
simulation environment (PA simulation) following the design
of the proposed imaging device as shown in Fig. 8(a). The PA
response across the depth axis was recorded during light beam
interaction angle changes. The optimized angular alignment
between the interaction of two light beams to maximize the PA
response at each depth was studied. The relationship between the
PA intensity of the target at various depths under different angu-
lar alignments between light emission and the US transducer is
exhibited in Fig. 8(b). As the figure demonstrates, when the fiber
rotation is at 10 degrees, a shorter depth range (0 to 3 mm) is
highlighted, indicating strong PA excitation. The PA intensity in
the deeper region is enhanced as the fibers become more parallel
to one another. The focus range ceases to extend any further when
the alignment angle is less than 2 degrees.

B. Device Working Range Evaluation

The proposed PA device’s rotational working range was mea-
sured and displayed in Fig. 9. The assignment of Cartesian

Fig. 8. (a) Simulation of dual-fiber photoacoustic (PA) excitation, and
(b) simulated PA intensity at target depths for various light beam in-
teraction angles. The white line highlights the angle with maximum PA
intensity at different depths.

coordinates is shown in Fig. 9(a). The X-axis is aligned with the
centerline of the laparoscopic device, while the Z-axis points in
the imaging direction when the probe is in its neutral rotational
position. The rotational limit of the Z-axis ranges from −60 to
90 degrees, and the rotation of the Y-axis extends from −75 to
90 degrees. This measured working range corresponds precisely
to that of the original off-the-shelf US laparoscopic transducer,
as illustrated in Fig. 9(b) and (c).

C. Photoacoustic Imaging Evaluation

1) Quantitative Evaluation of PA Imaging Quality: A
phantom study was conducted to quantitatively validate the
imaging capability of the proposed system before scanning
biological tissue. The results of the wire phantom study are
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TABLE I
QUANTIFIED IMAGE RESOLUTION AND SIGNAL-TO-NOISE RATIO (SNR) FROM PHANTOM STUDY

Fig. 9. Evaluation of the working range for the proposed photoacoustic
(PA) laparoscope. (a) Assignment of the Cartesian coordinate frame.
(b) Z-axis rotation working range for the original probe. (c) Y-axis rotation
working range for the original probe. (d) and (e) Working range of the
customized PA probe in the Z-axis and Y-axis, respectively.

Fig. 10. Scanned wire phantom with (a) ultrasound (US) and (b) pho-
toacoustic (PA) imaging.

displayed in Fig. 10. The US scanning of the phantom setup
is shown in Fig. 10(a), which serves as the baseline for imaging,
while Fig. 10(b) presents the beamformed PA image. The PA
image was averaged over 64 frames before beamforming to
enhance the contrast of the target signal. All eight wires, located
from 6.5 to 26.5 mm in depth and left to right along the transducer
array, were clearly visible and focused after beamforming. The
target locations correspond to their positions in the US image.
The PA image quality was quantitatively evaluated for each
target wire. The image resolution (FWHM) and SNR were
calculated and are listed in Table I. An average target lateral
resolution of 0.43± 0.09 mm and SNR of 31.2± 1.84 dB were

TABLE II
QUANTIFIED IMAGE SIGNAL-TO-NOISE RATIO (SNR) FROM EX VIVO STUDY

achieved in an optical scattering scanning medium across all
eight wires with a dimension of 0.2 mm. The average axial
resolution was 0.43± 0.18 mm.

2) Validation of Neurovascular Anatomy Detection: The
ex vivo functional structure detection results are displayed in
Fig. 11. The US image obtained at the imaging location is
shown in Fig. 11(a), revealing the anatomy of the subject’s thigh.
Fig. 11(b) presents the corresponding sPA image of the same
location with a selected wavelength of 700 nm. Averaging filter
with a sample size of 64 frames per wavelength was implemented
to improve the contrast of the sPA images. The PA scanning
results were consistent with those of the US scanning. The
sample tissue boundary was accurately captured and aligned
with the location of the US-scanned sample surface. The PA
image captured several subsurface features, such as vessels. The
vessel can be clearly visualized at a depth of 13.27 mm from the
transducer. The SNR of the deeper region tissue was evaluated,
as shown in Table II, where three ROIs of the ex vivo tissue R1
to R3 were illustrated, as demonstrated in Fig. 11(b) with the
background region selected as R4.

Spectroscopic decomposition was applied to the acquired
sPA images to map the distribution of each contrast source
corresponding to the vessels and nerves. Hemoglobin (Hb) was
computed as the total decomposed HbO2 and HbR intensity.
A significant quantity of Hb was detected within the tissue
(Fig. 11(c)). A large vessel was identified 8.69 mm beneath
the tissue surface. The lipid distribution map (Fig. 11(d)) high-
lighted a portion of the tissue surface where the targeted neu-
rovascular bundle was located.

VI. DISCUSSION

The present study introduces an integrated miniaturized la-
paroscopic PA imaging system for neurovascular detection in
surgical guidance, employing side-illumination diffusing fibers.
The optical intensity distribution of the customized diffusing
fiber was experimentally measured, revealing that the beam
intensity attenuates exponentially along the illumination dis-
tance. The experimentally measured optical field was accurately
represented and replicated in the simulation. The PA simulation
subsequently utilized this field profile to comprehend the tar-
gets’ light interaction and PA response at varying depths. The
simulation study results successfully demonstrated the impact
of fiber angular alignment on PA depth penetration. Intuitively,
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Fig. 11. Illustrates the scanned ex vivo rat thigh using (a) ultrasound
(US) and (b) spectroscopic photoacoustic (sPA) imaging at 700 nm. The
dotted section was selected to measure the signal-to-noise ratio (SNR).
The white dashed line marks the tissue boundary. The distribution maps
of (c) hemoglobin (Hb) and (d) lipid contrasts are shown. (e) An overlaid
image of different contrast distributions mapped onto the US images.

a larger interaction beam angle yields high light illumination in
shallow-depth regions, thereby resulting in high PA intensity at
shorter depth distances. As the alignment angle decreases, the
light beam focuses on deeper regions, providing homogeneous
illumination across the axial direction. Based on the simulation
results, a 2–3 degree alignment angle was preferred for the
proposed system to maximize the PA signal quality within the
depth range of 15–20 mm while maintaining high illumination
intensity at depth. Although assuming a Gaussian lateral beam
intensity in practice may be idealized, the quantified beam

profile suggests that the simulated beam profile aligns with the
measurement.

The wire phantom study assessed the PA system’s imaging
capability and quality. The target within the optically scattered
medium was successfully illuminated and imaged, confirming
that dual side-illumination diffusing fibers generate adequate
illumination for PA imaging excitation. No significant imaging
quality degradation was observed for wire #8, located at the
tip (far end in the X-axis) of the probe setup when comparing
phantom targets at the same depth (wire #3, #6, #7, and #8).
This evaluation confirmed that the optical energy does not
substantially decrease along the length of the diffusing fiber
utilized in this work. Although the target FWHM (0.5542 mm)
was larger than wire #3 (0.4559 mm) and #7 (0.3138 mm), the
FWHM of wire #6 (0.5046 mm) was comparable. This FWHM
degradation resulted from the edge of the image, which impeded
the beamforming algorithm from applying the full aperture.

The ex vivo imaging demonstrated the efficacy of the proposed
imaging system for surgical guidance in a realistic setting. The
tissue surface was captured and aligned with the US image
scanned at the same location. The PA image captured the
subsurface anatomy, verifying the side-illumination diffusing
fibers’ effectiveness and the proposed system’s functionality.
Spectroscopic decomposition is an inverse problem, and using
multiwavelengths more than the number of absorbers makes it
overdetermined. The received PA spectral signals are affected by
not only chromophore absorption but also random noises gener-
ated by the environment and imaging system. The spectroscopic
decomposition assumes the problem to be a linear combination
of chromophore absorption [50] and performs linear unmixing
of multiple chromophores. The use of a limited number of wave-
lengths (e.g. the same as the number of chromophores) is prone
to be affected by noise-originated estimation errors. Therefore,
using more wavelengths than the number of chromophores
minimizes the influence of noises by solving the overdetermined
inverse problem via least squares optimization [51], [52]. Note
that the scanning speed is compromised compared to illumi-
nating less number of wavelengths. Using sPA imaging, we
were able to detect and highlight nerves and vessels located
several millimeters beneath the tissue surface. The quantitative
measurement exhibited a strong signal intensity from subsurface
anatomy, with a 46.66 dB SNR compared to the background
signal at the same depth. Although the signal intensity at the
tissue boundary (R3) was lower than that in the vascular region
(R1) in the PA image, the boundary was accentuated in the Hb
distribution map. This result demonstrates the potential of this
imaging system to be integrated into laparoscopic surgery for
image-based guidance, preventing damage to major vascular
structures and nerves during procedures.

Fiber integration does not alter the working range of the
proposed PA imaging system compared to the original US probe.
The modified device operates similarly to the original probe,
maintaining its ability to reach all desired angles as originally
designed.

Despite successfully demonstrating the proposed laparo-
scopic PA imaging system, we acknowledge several limitations
of the current results and methods. First, the diffusing light
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beam was experimentally measured based on the scattering
effect in air, followed by a simulation that replicated the same
optical performance. Optical attenuation is expected to be more
pronounced in tissue and less uniformly distributed due to
complex anatomical structures. Accurately acquiring the optical
distribution profile in the tissue environment poses a challenge.
However, the simulation effectively describes the light source
parameter of the diffusing fiber, where the simulation would
behave similarly to reality in a complex optical scattering envi-
ronment, given the availability of an accurate optical model.
Second, the averaging filter is currently required to improve
imaging quality due to the relatively low contrast of single-frame
PA images. As a trade-off, the imaging frame rate of the system
is limited, hindering its application in the real-time imaging
feedback desired for surgical guidance. A laser system with a
higher pulse repetition frequency could improve the system in
this aspect. Additionally, the fiber’s diffusing energy efficiency
is relatively low with the current design, with a portion of the
optical energy being lost from the fiber tip, resulting in a decrease
in the imaged tissue fluence. Although the ex vivo study success-
fully imaged the target anatomy with sufficient illumination, it
is necessary to investigate the higher diffusing efficiency of the
optical fiber to achieve higher local fluence, reducing frame av-
eraging and fastening scanning frame rates. Finally, the current
ex vivo study was conducted in a water medium without tissue
motion caused by heartbeat and respiration. Acoustic coupling in
the clinical laparoscopy environment presents a challenge and
should be investigated in future work. Moreover, the current
design exhibits a discrepancy in the bending radius between the
US transducer and the fiber, leading to a gap between the two
components that could potentially entrap tissues during clinical
procedures. Consequently, future work should integrate a design
that accommodates a more flexible bending fiber to ensure a safe
and effective clinical application.

VII. CONCLUSION

This work introduces a laparoscopic PA imaging system uti-
lizing only two side-illumination diffusing fibers. The system
miniaturizes the light-delivery mechanism while maintaining
sufficient illumination to penetrate the tissue at the centimeter
level. Phantom and ex vivo evaluation results demonstrate the
delivery of adequate energy using diffusing fibers, effectively
miniaturizing the dimensions of the laparoscopic PA imaging
device. With sPA imaging, nerves and blood vessels are reliably
detected using this device. These results suggest that the pro-
posed system is viable for laparoscopic surgery guidance. The
potential clinical translation of the technology could enhance the
preservation of critical vascular structures and nerves, reducing
post-operative complications.
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