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ABSTRACT

Carotid plaque rupture causes most ischemic strokes, yet
current diagnostics focus on arterial stenosis, overlooking
80-90% of vulnerable plaques. This highlights the need
for affordable, precise, and non-invasive imaging to as-
sess plaque vulnerability. To address this, we developed a
low-cost, dual Ultrasound/Photoacoustic system integrat-
ing a Vermon L7.5-MHz ultrasound probe, a 128-channel
programmable phased array Ultrasound scanner (Dasel,
Spain), and pannels of pulsed semiconductor lasers diodes
of 5W emitting 100 ns pulses at 447 nm. Synchroniza-
tion was managed via external pulse generators, with laser
light delivered through optical fibers. Validation utilised
phantoms of black nylon threads. GPU-accelerated delay-
and-sum beamforming was used for image recontruction.
The system achieved 530 pum lateral and 360 pum ax-
ial resolution. This system offers a cost-effective, non-
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invasive approach for high-resolution multiparametric tis-
sue characterization. Future aims will be to improve in
vivo assessment of plaque vulnerability.
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1. INTRODUCTION

Stroke causes over 11.6% of all deaths, with ischaemic
stroke alone responsible for more than 6 million deaths
annually, making it the second leading cause of death
worldwide. It is primarily triggered by plaques in the
carotid artery—mainly composed of lipids, blood, and
collagen—that obstruct blood flow and rupture suddenly.
While our understanding of plaque evolution has ad-
vanced, current diagnostics still focus mainly on detect-
ing arterial stenosis. This approach only identifies 10-
20% of cases, thereby missing crucial indicators of plaque
vulnerability [1]. Consequently, there is an urgent need
for non-invasive, simple, and low-cost imaging techniques
that can assess carotid plaques’ composition, stability and
vulnerability.
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Photoacoustic imaging (PAI) is a promising technique
that combines the contrast and spectral benefits of op-
tical imaging with the deep penetration and high spa-
tial resolution of ultrasound, taking advantage of the low
scattering of ultrasound in biological tissue and relying
on the photoacoustic (PA) effect [2]. This effect is pro-
duced by illuminating the tissue with pulsed light of very
short duration (around a few nanoseconds), which causes
the molecules present, whether endogenous or exogenous
(such as haemoglobin or melanin), to absorb the incident
energy. This absorption generates a local increase in tem-
perature and pressure, which in turn causes a thermoelas-
tic expansion of the tissue, giving rise to acoustic waves
that propagate and are picked up by ultrasound transduc-
ers. In this way, the technique complements ultrasound in-
formation by providing functional data on tissue oxygena-
tion and vascular dynamics. The study aims to character-
ize a low-cost, portable ultrasound-photoacoustic system
using semiconductor laser diodes, which are more afford-
able and portable than traditional lasers.

2. METHODOLOGY
2.1 System description

We developed a low-cost, non-invasive dual Ultra-
sound/Photoacoustic system. This system consists of a
clinical ultrasound probe (Vermon L7.5 MHz) with 128
elements, a centre frequency of 7.5 MHz and a bandwidth
of 60%. For the photoacoustic part, the system consists
of two panels of five pulsed semiconductor laser diodes
(SLD) with a wavelength of 447 nm and 5W of power,
placed on each side of the clinical probe. The illumination
from each diode is delivered uniformly to the transducer’s
acquisition plane via optical fibers attached to each diode
on the panels (Fig. 1). The delivered pulse width is 100 ns
with a pulse repetition rate of 1 kHz. This pulse generated
by the diodes is regulated by an Arduino signal genera-
tor (Arduino Uno) and a controller (SLD Picolas LDP-V
240-100 V3.3 Driver) that is responsible for activating and
synchronising the illumination and ultrasound detection.
The images are acquired by a programmable ultrasound
scanner provided by the company Dasel (Spain), with a
sampling frequency of 62.5 MHz and 128 transmission
and reception channels. This scanner can perform mul-
tiple acquisitions, allowing the use of different types of
averaging to minimise the noise characteristic of photoa-
coustic images. The acquired photoacoustic images have
a depth of 20 mm, since this depth marks the practical
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limit of imaging in the current photoacoustic configura-
tion, since from that point the intensity of the fluence is
20% lower than its maximum value.

Arrays SLD of 5W and 447nm

24

Optical fibers Optical fibe[s \

US probe LA 7.5/128 (Vermon)

Figure 1. Photoacoustic system that combines a clin-
ical ultrasound probe with two arrays of five SW SLD
(447 nm). These diodes are attached to the sides of
the probe, and their light is delivered to the trans-
ducer’s acquisition plane through optical fibers.

2.2 Image reconstruction

After the photoacoustic signal is captured by the ultra-
sound detectors, reconstruction algorithms are employed
to convert the temporal variations in pressure into final
photoacoustic images. Numerous reconstruction methods
are now available to achieve this, and the GPU-accelerated
delay and summation (DAS) method was used in this
study [3].

2.3 Lateral and axial resolution

To evaluate spatial resolution, a home-made phantom of
0.26 mm diameter black nylon threads spaced 4 mm apart
both laterally and axially (Fig 3A.), immersed in water,
was scanned with our experimental setup. The following
expressions were used to calculate the theoretical and lat-
eral resolution [4]:

il —0.88. 0
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with ¢q the velocity of sound in the medium, NA is
the numerical acoustic aperture, fo and A f the centre fre-
quency and bandwidth of the transducer signal, respec-
tively. To characterise the spatial resolution of our system
we reconstructed the image of a point target, in this case
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the black nylon thread, and used the Point Spread Func-
tion (PSF) method [4]. The Full Width at Half Maximum
(FWHM) of the PSF determines our experimental spatial
resolution.

2.4 Signal-to-noise ratio (SNR) and amplitude
correction map

Several photoacoustic image acquisitions were performed
to test the dependence of signal-to-noise ratio (SNR) on
the number of averaged signals. Finally, an amplitude cor-
rection of the reconstructed PA image with DAS of the
black nylon phantom was performed. For this purpose,
the reconstructed image was divided into blocks and, for
each block, the maximum amplitude value is extracted.
This generates a ‘correction map’ representing the local
variation of the signal in the image. This map is used
to normalise the original image by dividing the recon-
structed image by the correction map, thus compensating
for acoustic and optical attenuations and local variations
in amplitude, resulting in a more homogeneous represen-
tation of the signal. Finally, a median filter was applied,
reducing residual noise and improving the visual quality
of the corrected image.

3. RESULTS
3.1 Lateral and axial resolution evaluation

The theoretical lateral and axial resolution of the sys-
tem were obtained to be 0.23 mm and 0.29 mm, respec-
tively. However, these theoretical resolutions are not tak-
ing into account in their expressions the characteristics of
the piezoelectric elements of the transducer such as kerf or
pitch. On the other hand, Fig. 2B shows the photoacous-
tic image reconstructed with the delay-and-sum algorithm
of the black nylon thread (Fig. 2A) immersed in water.
From the PSF method, we extracted the FWHM of the re-
constructed signal, previously performing a Gaussian fit
to it and establishing that if the signal did not exceed a
threshold of -6 dB then the system is not able to correctly
resolve the point object. By analysing both the lateral and
axial profiles of the signal, we obtained a lateral resolution
of R;, = 0.53 mm and an axial resolution of R4 = 0.36
mm (Fig. 2C).

3.2 SNR vs number of signal averages and correction
amplitude of the reconstructed images

To determine the optimal number of image averages for
our acquisitions, we analyzed the SNR as a function of
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Figure 2. A) A phantom with 0.26 mm diameter
black nylon threads spaced 4 mm apart laterally and
axially. B) A PA image of the threads is recon-
structed using DAS to assess the lateral and axial
signal profiles. C) The lateral and axial resolutions
are determined via the PSF method, using a -6 dB
threshold as the resolvability limit.

the number of averaged frames. As shown in Fig. 3, the
SNR progressively improves with the number of acqui-
sitions. A noticeable increase is observed around 3000
averages, where the SNR reaches approximately 54%, in-
dicating a significant enhancement in signal clarity. At
5000 and 10000 averages, the SNR further improves by
roughly 30%. Based on these results, we selected 5000
averages as a suitable trade-off, providing a robust SNR
of 72% while keeping the acquisition time within 5 sec-
onds, making the system more suitable for time-sensitive
applications.

Finally, a photoacoustic image of the phantom com-
posed of black nylon threads was reconstructed using
the DAS algorithm (Fig. 4A). An amplitude correction
was subsequently applied to account for signal attenua-
tion with depth and laterally (Fig. 4B). As illustrated
in Fig. 4C, the corresponding amplitude profiles show
a marked improvement, exhibiting a more homogeneous
signal distribution across all the image. This indicates that
the amplitude correction effectively compensates for in-
tensity decay, enhancing the overall image uniformity and
interpretability.
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Figure 3. Normalised Signal-to-noise ratio (SNR)
as a function of the number of signal averages. The
red circle indicates the averaged signal number we
chose to perform the rest of the measurements, since
it represents 0.72 SNR, indicating a good signal-to-
noise ratio.
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Figure 4. A) Normalized PA image of the black ny-
lon threads phantom reconstructed with DAS. B) The
image after amplitude correction. C) Amplitude pro-
files showing the original image in blue and the cor-
rected image in red, with the dotted line indicating
the DAS-extracted profile.

4. CONCLUSIONS AND FUTURE WORK

We developed a low-cost, non-invasive dual ultra-
sound/photoacoustic imaging system capable of deliver-
ing high-quality imaging performance, validated using
black-wire phantom experiments. The system achieved
a lateral resolution of 0.53 mm and an axial resolution
of 0.36 mm, with a signal-to-noise ratio (SNR) of 0.72
obtained from 5000 averaged acquisitions. These results
confirm the system’s robustness and suitability for high-
contrast, depth-resolved imaging.

Future work will focus on the ex vivo characteriza-
tion of resected human atherosclerotic plaques under the
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ethical approval PI-6157 (La Paz University Hospital of
Madrid, Spain). This next step aims to assess the sys-
tem’s ability to differentiate plaque composition and sup-
port the identification of features related to vulnerabil-
ity, ultimately advancing its potential for clinical vascular
imaging applications.
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