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Introduction
Vascular occlusion occurs when a vascular system becomes 
restricted or obstructed.1 According to the World Health 
Organization, vascular occlusion of the heart is one of 
the second major causes of death, accounting for 633,842 
annual fatalities in the United States, while 17.7 million 
deaths refer to the global burden of cardiovascular disease 
reported by the World Health Organization (WHO).2 
Vascular occlusion is the first stage of cardiovascular 
illness.3 While clinical examinations can reliably diagnose 
this condition,3,4 the potential of photoacoustic imaging 
(PAI) for assessing vascular occlusion remains largely 
unexplored.

Vascular occlusion, a rather common condition in the 
general population, is primarily caused by modifiable risk 
factors such as a poor diet, physical inactivity, tobacco 
use, and excessive alcohol consumption.5 These factors 

contribute to the formation of atherosclerotic plaque—
composed of fat, cholesterol, and other substances—
along the arterial walls.6 This buildup narrows the vessels, 
reducing the blood flow to vital organs and other parts of 
the body.7 If untreated, the impaired circulation can cause 
major complications, including heart attacks, strokes, and 
other cardiovascular diseases.1,3,4,6

Vascular occlusion is currently detected using techniques 
such as X-ray angiography, computed tomography 
angiography, magnetic resonance angiography, and 
Doppler ultrasonography.8–11 Despite their widespread use, 
they have limitations such as inadequate soft tissue contrast 
for vascular imaging,8,9 exposure to ionizing radiation, the 
need for iodine-based contrast agents, high cost, motion 
sensitivity, poor spatial resolution, and the fundamental 
limitation of measuring blood flow without yielding optical 
or molecular data.12
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Abstract
Introduction: Vascular occlusion is a chronic condition that impairs blood flow to vital organs. 
This study developed a novel, low-cost photoacoustic imaging (PAI) system that utilizes phantom 
modeling to detect this condition. In this study, vascular occlusion was modeled using polyvinyl 
chloride–dioctyl terephthalate phantoms, which were categorized into healthy and occluded 
types.
Methods: The PAI system comprised an 808-nm laser diode as the radiation source, a condenser 
microphone as the detector, and a mechanical stage for sample scanning. The PAI system 
utilized a modulated continuous-wave diode laser, operating at a frequency of 14 kHz and a 
50% duty cycle.
Results: Acoustic intensity analysis revealed that healthy vasculature consistently generated more 
intense signals than occluded vasculature. At a depth of 1 mm, the average intensities were 76.3 
dB (healthy) and 65.2 dB (occluded), which decreased to 46.2 dB and 22.1 dB, respectively, at 
a 5-mm depth. Because of these differences, the contrast ratio between healthy and occluded 
regions ranged from 1.4 to 6.6 dB. Furthermore, the signal-to-noise ratio in healthy samples was 
measured at 16.1 dB (1 mm depth) and 3.2 dB (5 mm depth).
Conclusion: This study demonstrates that a simple PAI system can distinguish between healthy 
and occluded vasculature.
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doi:10.34172/jlms.51117

https://doi.org/10.34172/jlms.51117
https://crossmark.crossref.org/dialog/?doi=10.34172/jlms.51117&domain=pdf
https://orcid.org/0009-0003-4652-9970
https://orcid.org/0000-0002-2867-6702
https://orcid.org/0000-0002-2684-7950
http://journals.sbmu.ac.ir/jlms
mailto:mitrayana@ugm.ac.id
https://doi.org/10.34172/jlms.51117


Vulgira et al

Journal of Lasers in Medical Sciences 2026;172

PAI is a hybrid modality that generates high-resolution 
images based on the optical laser-light absorption by 
biological tissues to generate acoustic waves.13 In this 
technique, the absorption of modulated continuous-
wave (CW) laser light by tissues causes harmonic thermal 
expansion, generating acoustic signals that are detected to 
form detailed vascular images.14,15

The photoacoustic (PA) effect, also referred to as the 
optoacoustic effect, occurs when a material absorbs 
modulated electromagnetic light and consequently 
generates sound waves.16,17. This phenomenon was first 
documented by Alexander Graham Bell in the late 19th 
century. Bell discovered that light absorption induced 
sound in solids via thermal expansion caused by localized 
heating.18 Although its practical utility remained unrealized 
for decades, the later development of sophisticated laser 
and ultrasound detectors laid the foundation for PAI. Since 
the early 2000s, PAI has matured into a popular biomedical 
imaging technique owing to its unique capacity to merge 
the high resolution of ultrasound with the superior optical 
contrast of biological tissues.19

PAI is based on the principle of converting light energy 
into acoustic signals through optical absorption and 
thermoelastic expansion.18 First, a modulated continuous-
wave (CW) laser, typically in the infrared range, 
illuminates biological tissues. Chromophores (or natural 
photoabsorbers) within the tissues absorb this light energy, 
inducing a rapid, localized temperature rise.20 This heating 
triggers thermoelastic expansion, generating broadband 
ultrasonic waves (pressure waves).18 These waves propagate 
through the tissue and are detected by an acoustic sensor, 
such as an ultrasonic transducer.21 In this study, a point-
by-point X-Y raster scanning approach is implemented to 
acquire photoacoustic data. Instead of using complex and 
time-consuming tomographic reconstruction algorithms, 
straightforward Maximum Amplitude Projection (MAP) 
mapping is utilized to generate high-contrast 2D vascular 
occlusion profiles in real-time.

PAI is highly advantageous for medical imaging owing 
to its sensitivity to key chromophores in biological tissues, 
such as hemoglobin, water, lipids, and melanin, which 
have high optical absorption coefficients.22 When light 
interacts with tissues, it undergoes absorption, scattering, 
and reflection.23 Among these mechanisms, absorption is 
the most critical one for PAI—the absorbed light energy is 
converted into heat, which subsequently generates acoustic 
waves through thermoelastic expansion.24 This principle 
enables PAI to noninvasively detect physiological changes—
such as blood oxygenation, vascular density, and lesions or 
obstructions—with high sensitivity and in real time.25

The primary advantage of PAI is its noninvasive nature 
and high spatial resolution, which enable the detailed 
visualization of vasculature without using ionizing 
radiation.26 Furthermore, PAI provides rich optical 
absorption information for assessing the tissue state, is 
cost-effective and efficient, and has no aftereffects.4,27–29 
Consequently, PAI holds much promise for detecting 
cardiovascular disease both before and after the onset of 

clinical symptoms.13

Phantoms serve as a crucial tool for testing and validating 
PAI systems before their clinical deployment.30 These 
models are often made of polymers with tissue-mimicking 
acoustic and optical properties. They allow researchers to 
simulate pathological conditions such as atherosclerosis 
and verify whether a technique or device performs as 
intended, yielding reliable data.31,32 Numerous studies 
have established a strong correlation between consistent 
phantom testing results and a system’s accuracy in in vivo 
experiments, highlighting the pivotal role of the phantom 
in transitioning a technology from the lab stage to the 
clinical stage.31,33

Current medical vascular occlusion detection methods 
have several limitations, including the need for ionizing 
radiation (which may damage healthy cells), the need for 
contrast agents (which can induce allergic reactions in 
patients), high cost, and sensitivity to movement.8–11 Against 
this backdrop, PAI can help to overcome the limitations 
of current vascular occlusion detection methods. PAI has 
several advantages, including the use of biologically safe, 
nonionizing radiation, the absence of contrast chemicals, 
low cost, and noninvasive quality.4,27–29

Nd: YAG lasers are commonly used in existing PAI 
systems.34,35 Nd: YAG laser generators on a research scale 
are often huge and heavy, and they need a significant 
amount of laboratory space. This limits the portability 
of photoacoustic systems for clinical applications at the 
patient’s bedside.36 Unlike high-cost pulsed laser systems 
(e.g., Nd: YAG), the modulated CW diode laser significantly 
reduces the overall instrumentation cost, making it highly 
accessible for clinical settings. The compact size of diode 
lasers enables the development of a portable, bedside-
friendly photoacoustic imaging device. By avoiding the 
high peak power of pulsed lasers, the CW system minimizes 
the risk of thermal damage to biological tissues, adhering 
strictly to safety thresholds. As a result, the PAI system 
created employs a diode laser, which is significantly more 
compact, affordable, and portable. Therefore, this study 
aims to develop a tissue-mimicking phantom model and 
investigate the feasibility of continuous-wave diode laser 
photoacoustic imaging to enhance vascular occlusion 
detection.

Materials and Methods
Tissue-mimicking phantoms made of polyvinyl chloride–
dioctyl terephthalate (PVC-DOTP) were used to model 
biological tissues, particularly soft tissues such as muscle 
and blood vessels. The choice of PVC-DOTP was motivated 
by its favorable characteristics: stable physical properties, 
an elastic yet dense structure, ease of shaping, and tunable 
optical properties achieved by incorporating dyes or 
light-absorbing particles.37 Owing to these features, the 
phantom’s absorption coefficient can be customized for 
specific wavelengths.

The phantom fabrication process involved several steps. 
First, a 1:5 PVC: DOTP mixture was homogenized using 
a magnetic stirrer at 200°C. Once uniform, the solution 
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was transferred to a petri dish to cool and solidify at room 
temperature (25°C). Prior to the complete hardening of 
the mixture, a plastic tube was inserted to form a channel 
resembling a blood vessel. To replicate vascular occlusion, 
molten wax was first injected into the channel to create 
a blockage; subsequently, artificial blood was perfused 
to simulate circulation. This approach yielded a realistic 
biological model for validating the capability of the PAI 
system to identify vascular occlusions. The artificial blood 
mimic consisted of a commercial water-soluble food-grade 
red dye formulation (primarily composed of purified water 
and red colorant agents). Although its optical absorption 
coefficient is lower at the 808-nm wavelength compared to 
the visible spectrum, the concentration utilized provided 
a stable and detectable photoacoustic response under the 
system’s 14 kHz modulation protocol. The photoacoustic 
imaging process is shown in Figure 1.

The PAI setup (Figure 2) consisted of a diode laser (M5-
808-0500-0XX, Sunshine-Electronics, China) operated 
at 808 nm with a maximum power of 500 mW and a 
condenser microphone (ECM8000, Behringer, Germany) 
as the acoustic detector. Both components were mounted 
on a computer numerical control (CNC) platform driven 
by a NEMA 17 stepper motor (Zhongshan Shengyang 
Motor Co., Ltd., China), which facilitated raster scanning 

along the x and y axes. An Arduino Uno microcontroller 
(ATmega328P, Arduino.cc, Italy) modulated the laser, 
while the CNC (Chinese CNC Machine, China) controlled 
the stage movement. The laser beam was focused onto the 
sample via a convex lens. The sample was placed under 
the laser and detector, and it generated a PA signal upon 
absorption of the laser light. This signal was captured by 
the microphone, processed, and subsequently displayed on 
a personal computer using LabVIEW software (National 
Instruments, USA).

System components such as the laser, microphone, 
and stepper motor were calibrated. Laser calibration was 
performed in two stages: First, the proportional relationship 
between the duty cycle and laser power intensity was 
established. The modulation frequency was maintained 
constant while the duty cycle was varied from 10% to 90%, 
and an optical power meter measured the corresponding 
output power at each interval. These data were used to plot 
a linear graph of duty cycle versus laser power. Second, 
the temporal stability of the laser output was assessed. 
At a constant modulation frequency, the laser power was 
monitored at 5-minute intervals over 150 minutes for 30%, 
40%, and 50% duty cycles. The results of this stability test 
were plotted as laser power over time.

The microphone was calibrated by comparing its 

Figure 1. Workflow of photoacoustic imaging (PAI)

Figure 2. PAI system setup

http://Arduino.cc
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output against a set of reference frequencies. The detected 
frequencies of the microphone were recorded and plotted 
against the reference values on a linear graph to evaluate 
the consistency of its frequency response. To mitigate the 
acoustic impedance mismatch and minimize insertion loss 
at the phantom-air interface, the condenser microphone 
was positioned as close as possible to the phantom 
surface without physical contact. This optimal proximity 
minimized acoustic attenuation through the air gap, while 
the 14 kHz modulation ensured a high signal-to-noise ratio.

The displacement accuracy of the stepper motor was 
characterized by comparing its measured travel distance 
against the commanded values. After determining the 
step size of the motor, the displacement was tested by 
commanding a range of 10–50 steps. The actual distance 
moved by the system was physically measured for each 
command set. This calibration procedure was performed 
separately for the x and y axes. Finally, a linear graph of 
the average measured displacement was plotted against the 
ideal displacement to quantify the accuracy.

The data processing protocol did not involve formal 
tomographic reconstruction. To generate the 2D images, 
the maximum peak-to-peak amplitude of the 14 kHz 
modulated photoacoustic signal was extracted at each 
(X, Y) coordinate. These raw amplitude values were then 
linearly mapped into a matrix to construct a 2D Maximum 
Amplitude Projection (MAP) plot representing the 
structural layout of the vascular phantom.

Five phantom models were developed to represent 
healthy and obstructed vessels. Each phantom contained 
vessels at five depths: 1, 2, 3, 4, and 5 mm. These depth 
variations were introduced to simulate diverse imaging 
conditions and to evaluate system performance at different 
penetration levels. The acquired images were subsequently 
analyzed by examining the cross-sectional amplitude 
profiles and the average acoustic intensity of the healthy 
and occluded vascular models. To ensure data reliability 
and reduce noise, image acquisition for each sample was 
repeated five times, and the average values were utilized 
for final analysis.

Results
Figure 3a shows the relationship between duty cycle and 
laser power. The results indicate a direct correlation 
between laser radiation power and duty cycle: an increase 
in duty cycle leads to a proportional increase in the amount 
of light energy delivered to the object. Figure 3b shows the 
relationship between laser radiation power and time. At a 
50% duty cycle, the laser output remains stable within the 
range of 0.161–0.162 W. The effective maximum working 
beam density was maintained at 20 mJ/cm2, which is 
considerably lower than the safety threshold of 100 mJ/
cm2.38 The graph further demonstrates that the laser output 
power remains generally stable throughout the 150-minute 
operation, confirming that the system delivers consistent 
performance.

Figure 3c shows the relationship between the reference 
frequency and the frequency detected by the microphone. 

The process of frequency detection by the microphone is 
illustrated using LabVIEW. The results confirm that the 
employed microphone accurately detects and distinguishes 
sound frequency magnitudes.

Figures 3d and 3e present the shift stability of the sample 
table along the x and y axes, respectively. Calibration 
in both directions is considered satisfactory when the 
mapping data reveal a strong linear correlation between the 
average measured displacement and the ideal displacement 
on both axes. Satisfactory calibration implies that the motor 
movement is both precise and accurate, as expected from 
the CNC control program. Stepper motor calibration was 
performed, achieving a single shift step of 0.2 mm. These 
results confirm that no part of the sample was scanned 
more than once, if at all.

The laser duty cycle was characterized at a modulation 
frequency of 14 kHz with values of 10%, 20%, 30%, 40%, 
50%, 60%, 70%, 80%, and 90%. The highest acoustic 
intensity was observed at a 50% duty cycle, with a value 
of −0.00005 dB (Figure 3f). This optimal duty cycle was 
selected to ensure the efficient absorption of laser energy in 
the sample. The raw acoustic voltage signal was converted 
to a relative logarithmic decibel (dB) scale using the 
equation 1020 log

ref

VdB
V
 

=   
 

 39, where refV  represents the baseline 
peak voltage obtained during system calibration. The 
relative acoustic intensity values close to zero (-0.000005 
to -0.000009 dB) indicate that the detected signals across 
various duty cycles maintained high proximity to the 
calibrated baseline level.

Figure 4 shows the results of PAI for both healthy 
and occluded vascular phantoms. Figure 5 shows the 
cross-sectional amplitude profile analysis along with the 
average acoustic intensity. As shown in Figure 5, occluded 
vasculature consistently exhibited lower PA emission 
amplitudes than healthy vessels and empty tubes. This trend 
was evident across all depths, from shallow vessels (1 mm) 
to deeper vessels (5 mm). The cross-sectional amplitude 
profiles at different depths revealed oscillations in the PA 
signal range. These fluctuations were most likely caused 
by surface irregularities of the phantom, which create an 
uneven signal distribution, as well as by the reflection or 
diffraction of acoustic waves within the phantom medium, 
resulting in interference patterns that are manifested as 
variations in the recorded signal.

Figure 6 shows the average acoustic intensity across 
the five phantom depths. The results show a consistent 
decrease in signal strength for both healthy and obstructed 
vessels as depth increases. At a depth of 1 mm, the average 
acoustic intensity was 76.3 dB for healthy vessels and 65.2 
dB for obstructed vessels. At a depth of 5 mm, the intensity 
decreased to 46.2 and 22.1 dB in healthy and occluded 
vessels, respectively. The contrast ratio between healthy 
and obstructed vessels was in the range of 1.4–6.6 dB. In 
addition, the signal-to-noise ratios of healthy samples were 
16.1 dB at 1 mm depth and 3.2 dB at 5 mm depth.

Discussion
This study developed a PAI method for visualizing vascular 
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occlusion based on acoustic intensity measurements. The 
system employed nonionizing radiation and utilized an 
808-nm laser, a condenser microphone detector, and an 
x–y axis scanning device. Each component was calibrated 
in advance to ensure proper operation.

In previous studies, the laser and the detector were kept 
stationary while the test sample was moved along the x–y 
axes.28,40 This approach can lead to undesirable sample 
shifts. To address this problem, the present system was 
designed to achieve greater stability by keeping the test 
sample static while the laser and microphone performed 

the scanning. The PAI system developed in this study was 
a PA microscopy (PAM) device with minimal components, 
capable of imaging polymer phantoms.

PAI is based on the PA effect41—the generation of 
sound waves induced by modulated radiation interacting 
with biological materials 16. Hemoglobin, a natural 
photoabsorber or chromophore present in biological 
tissues—particularly within blood vessels—plays a key role 
in PAI.42 This chromophore interacts with the incoming 
radiation, and its absorption coefficient at an 808-nm laser 
wavelength is 8.0 cm−1.43 Irradiation of biological tissues by 

Figure 3. Calibration of the PAI system. (a) Calibration of laser radiation power characteristics as a function of duty cycle. (b) Relationship between laser radiation 
output and operating time. (c) Correlation between the acoustic signal frequency detected by the microphone and the reference frequency of the generator. 
(d) Average displacement per step along the x-axis. (e) Average displacement per step along the y-axis. (f) Acoustic intensity level under a 14 kHz duty cycle

(a) (b) 

(c) (d) 

(e) (f) 
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modulated radiation induces localized heating; the heat 
subsequently diffuses into the surrounding tissue. This 
thermal effect produces temperature variations that cause 
pressure changes, which propagate as acoustic waves.18 
These acoustic signals are reconstructed into images,44 and 
the resulting sound intensity is used to differentiate healthy 
from occluded vasculature.

Changes in the pressure of a medium in which acoustic 
waves are generated can be expressed, as shown in Equation 
(1).25

2

0 . .a a
p

cp F F
C
βµ µ= Γ =  				    (1)

where 0p  is the pressure change; aµ  is the absorption 
coefficient (cm−1 ) ; Γ  is Grüneisen’s coefficient and is 
expressed as 

2

p

c
C
β

Γ = , indicating the thermal and mechanical 
properties of the tissue; F  is the fluence (J/cm2).27,43

A PAI system employing a diode laser was used to 
detect vascular occlusion. Analysis of the average acoustic 
intensity across different depths revealed that the deeper 
the signal source, the lower the measured acoustic intensity. 
This variation was caused by light attenuation within the 
phantom material and damping of the acoustic wave 
before it reached the microphone. At all depths, healthy 
vasculature consistently produced stronger signals than 
obstructed vessels, demonstrating the capability of the 
system to differentiate the optoacoustic properties of 
the two conditions. Normal flow of blood, a strong 
chromophore, generates a more intense signal than blood 
flow hindered by obstructions such as wax.

Vascular occlusion in clinical settings can be detected by 
various methods (e.g., angiography, electrocardiography, 
and magnetic resonance angiography) that rely on X-rays, 
contrast agents, or magnetic fields to visualize vascular 
conditions.8–11 These approaches are considered the gold 
standard for assessing vascular occlusion.45 However, 
such techniques often require ionizing radiation, which 
may damage healthy surrounding tissues. In addition, 
contrast agents can trigger allergic reactions in certain 
individuals,46 while the use of strong magnetic fields 
may cause discomfort in patients, particularly those with 
claustrophobia.47

The study identified acoustic intensity values that can be 
used to distinguish healthy and occluded vasculature. The 
findings suggest that the PAI system has the potential to be 
developed into a noninvasive, low-cost tool for detecting 
arterial occlusions in clinical settings. However, the PA 
system employed in this study was built using relatively 
simple components. Therefore, further refinement and 
optimization are required before it can be applied in clinical 
practice.

Medical researchers previously investigated ultrasound-
based PAI (PA-US).20 This imaging approach typically 
requires a large and costly laser; in contrast, the present 
study utilized a compact and inexpensive diode laser. 
Future research should address the challenges associated 
with implementing PAI in clinical settings, with a focus on 
developing patient-friendly systems that utilize portable 
detectors.

This study demonstrates the capability of a PAI system 
to distinguish obstructed and healthy arteries. An increase 
in imaging depth results in a reduced acoustic intensity 
and image quality, primarily because of light attenuation 
and acoustic wave damping within the phantom medium. 
However, this study has limitations as it was conducted 
on a polymer phantom, and further comparisons with 
other imaging modalities are necessary to fully evaluate 
the effectiveness of PAI in detecting arterial occlusion.

Conclusion
This study aimed to demonstrate a noninvasive, low-cost 

Figure 4. Vascular phantom samples at depths of (a-1) 1 mm, (a-2) 2 mm, (a-
3) 3 mm, (a-4) 4 mm, and (a-5) 5 mm. PA images of the vascular phantoms 
at depths of (b-1) 1 mm, (b-2) 2 mm, (b-3) 3 mm, (b-4) 4 mm, and (b-5) 5 mm

Sample PA Image 

  
(a-1) (b-1) 

  
(a-2) (b-2) 

  
(a-3) (b-3) 

  
(a-4) (b-4) 

  
(a-5) (b-5) 
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imaging system for identifying arterial occlusion. The 
primary components of the PAI system—including a diode 
laser, a condenser microphone, and an x–y axis mechanical 
scanning system—were calibrated to ensure efficient sample 
scanning. The laser duty cycle and modulation frequency 

were set at 50% and 14 kHz, respectively. The results 
revealed that healthy vasculature consistently exhibited 
higher acoustic intensity than obstructed vessels—the PA 
images were clear even at a depth of 5 mm. These findings 
confirmed the effectiveness of this low-cost system for the 

Figure 5. Cross-sectional amplitude profiles of the PA signal at different vascular depths: (a) 1 mm, (b) 2 mm, (c) 3 mm, (d) 4 mm, and (e) 5 mm

 
(a) 

 
(b) 

 
(c) 

 
(d) 
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noninvasive detection of arterial occlusions and highlighted 
its potential as a simple, affordable imaging technique 
for early vascular disease screening. Moreover, this basic 
PAI system can be further developed into a tomographic 
imaging platform that employs only portable components 
and is capable of real-time scanning.
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