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A B S T R A C T

Photoacoustic imaging of the arteries can provide valuable functional information to diagnose and classify athero-
sclerotic plaques. When combined with ultrasound for anatomical information, photoacoustic imaging holds
promise for routine monitoring and for treatment decisions. However, utilizing conventional ultrasound systems
for combined photoacoustic and ultrasound imaging has not been successful for this application. In this study, we
imaged two major arteries susceptible to atherosclerosis—the carotid artery and the femoral artery—using a lin-
ear array-based system. Our results demonstrate the feasibility of imaging the carotid artery at depths of up to
10 mm and the femoral arteries at up to 20 mm. The average success rates for imaging the carotid, common femo-
ral and superficial femoral arteries in healthy volunteers were 75%, 100% and 33.3%, respectively, demonstrating
potential for future studies.
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Introduction

Atherosclerosis is a systemic disease of the arteries that affects mil-
lions of people worldwide. It can cause cardiovascular events, such as
limb ischemia, myocardial infarction and stroke [1]. Accurate diagnosis
of atherosclerosis is crucial for timely treatment and effective manage-
ment. Imaging modalities, such as Doppler ultrasound (US) and mag-
netic resonance angiography, provide information on stenosis and blood
flow but have limitations in quantifying plaque composition to identify
plaque risk [2,3]. Non-invasive photoacoustic (PA) imaging of athero-
sclerosis, used in combination with conventional US assessment of the
vasculature, adds contrast to pathophysiology, as revealed in plaque tis-
sue composition.

Femoral plaque formation can limit blood flow to the leg, causing
intermittent claudication. This form of peripheral artery disease can
eventually cause critical limb ischemia, leading to necrosis and possibly
amputation. If exercise therapy is unsuccessful, revascularization by
minimally invasive or surgical plaque removal (atherectomy), or bypass
surgery, may be necessary [4]. Currently, only morphological parame-
ters, such as diameter or area stenosis and lesion length, are considered
in treatment decisions. Plaque composition may be predictive of the
long-term success of atherectomy, and could support the choice between
a minimally invasive approach and surgery. In addition, studies have
shown that intima-media thickness in the femoral artery can be an early
indicator of cardiovascular disease [3,5−7]. Refinement of this metric
with plaque composition could support the development of precision
cardiovascular risk assessment based on non-invasive femoral plaque
imaging.

In the carotid artery, endarterectomy is a surgical procedure in which
plaque is removed from the artery, and symptomatic patients with
severe carotid artery disease are eligible for this treatment [8,9]. How-
ever, the current patient-selection protocol depends only on the degree
of arterial stenosis, while the hallmarks of plaque vulnerability are not
taken into account [10]. In this context, combined US and PA imaging
can be valuable for routine imaging, evaluating both stenosis and plaque
composition for vulnerability tests and in treatment planning [11].

Imaging of the carotid artery has previously been explored, primarily
utilizing custom-developed handheld probes. The early feasibility of
non-invasive carotid imaging using a concave US transducer was demon-
strated in human volunteers [12]. Ivankovic et al. used a handheld mul-
tispectral optoacoustic tomography volumetric scanner from iThera
Medical (Munich, Germany) to demonstrate real-time anatomical and
functional imaging of the carotid bifurcation [13]. Karlas et al. applied
spectral unmixing, differentiating lipid and hemoglobin content to
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distinguish healthy from atherosclerotic carotid arteries [14]. Intraoper-
ative imaging using a linear array US transducer and a laser diode as the
light source was investigated by Muller et al., who improved the signal-
to-noise ratio by compensating for motion artifacts during plaque imag-
ing [15]. Steinkamp et al. further advanced PA imaging using molecular
contrast agents targeting vascular endothelial growth factor to visualize
atherosclerotic plaques [16]. Preliminary results demonstrated PA imag-
ing of the jugular vein using a linear array US transducer integrated into
a commercial Philips US system [17]. These studies highlight the poten-
tial of combined US and PA imaging for carotid artery pathology. How-
ever, the femoral artery has not been imaged before using PA
techniques, in spite of being an important target for the early indication
of atherosclerosis. Optimizing conventional US systems for PA imaging
of peripheral arteries also remains a challenge. Factors such as receiver
sensitivity and signal-to-noise ratio, which in turn affect the imaging
depth, are important considerations.

In this work, we demonstrated the use of a linear array-based system
optimized for imaging major arteries of the peripheral circulation and
demonstrated PA imaging of the femoral and carotid arteries in four
healthy volunteers. This study shows real-time handheld imaging of
major arteries situated at a depth of 10−20 mm, paving the way for clin-
ical studies of tissue composition in peripheral artery atherosclerotic dis-
ease. These advances are enabled by the use of a new programmable US
platform with a high-impedance front end and adjustable gain.

Materials and methods

Combined PA and US imaging was performed using a Verasonics
Vantage NXT 256 HF system (Kirkland, WA, USA). The system has a 16-
bit analog-to-digital converter resolution and a sampling rate of
125 MHz. A receive gain of 48 dB (low-noise
amplifier + programmable amplifier gain) was set on the system during
Figure 1. Carotid artery imaging. (a) Longitudinal ultrasound (US) image of the comm
top of the US image. (c) Cross-sectional US image showing the sternocleidomastoid (S
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passive reception, along with an active termination of 1500 Ω and a
receive filter bandwidth of 100%, centered around the transducer fre-
quency. The system was synchronized with a Photosonus X100 laser
source (Ekspla, Lithuania) operating at a repetition rate of 100 Hz,
which triggered the NXT system upon each laser pulse. We employed
single-wavelength illumination at 870 nm, targeting oxygenated hemo-
globin within the artery, to demonstrate the feasibility. The laser output
was coupled to a bifurcated slit fiber positioned at an angle of 37 degrees
to the transducer, ensuring that the beams intersected at a distance of
15 mm from the probe in free space. A custom-printed holder was used
to align and secure the transducer and slit fibers together as a handheld
probe. In this study, the laser pulse energy was adjusted to maintain an
output fluence of 4.6 mJ/cm2 at the skin surface in contact with the
transducer, which is below the maximum permissible exposure defined
by IEC 60825-1 standards. We employed a L12-3v US transducer that
has 192 elements and operates at a center frequency of 7.54 MHz. This
transducer requires a MUXed dual-aperture acquisition when used in
combination with a 128-channel connector of the NXT system. There-
fore, two laser pulses are needed per acquisition, resulting in a maxi-
mum achievable frame rate of 50 Hz. A total of 50 image frames were
acquired during each experiment from one volunteer. Each frame con-
tained a set of B-mode US and PA data. B-mode US images were acquired
using plane wave compounding with five steered angles.

Four healthy volunteers, aged between 25 and 36 years, participated
in the in vivo experiments after providing informed consent under study
protocol MEC-2014-611. Both longitudinal and cross-sectional images
of the common carotid artery (CCA) and common femoral artery (CFA),
and longitudinal images of the superficial femoral artery (SFA), were
acquired. For carotid artery imaging, volunteers were placed in a sitting
position to minimize the diameter of the jugular vein. After identifica-
tion of the carotid artery using US imaging, volunteers were instructed
to tilt their heads to displace the sternocleidomastoid muscle superiorly,
on carotid artery (CCA) and (b) corresponding photoacoustic image overlaid on
CM) muscle and the CCA and (d) overlaid photoacoustic image. SCM.



Table 1
Analysis of imaging showing depth achieved and signal-to-noise ratio.

Volunteer CCA CFA

No. Age (years) Sex Depth range (mm) SNR range (dB) Depth range (mm) SNR range (dB)

1 34 F 8−10 6−17 15−20 11−19
2 36 M ND ND 7−18 15−20
3 27 F 5−8 12−20 6−15 12−19
4 36 F 6.5−10 8−13 NA NA

CCA, common carotid artery; CFA, common femoral artery; NA, not applicable; ND, not detected.
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optimizing light delivery to the artery. Once the optimal position was
established, the light source was activated using a foot pedal switch,
and simultaneous PA and US images were recorded. For femoral artery
imaging, volunteers were positioned supine on an examination bed. Fol-
lowing identification with US imaging, combined PA and US images of
CFA and SFA were acquired.
Figure 2. Femoral artery imaging. (a) Longitudinal ultrasound (US) image of the com
Cross-section of the CFA (c) US image and (d) overlaid PA image. (e) Longitudinal
image.
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Results and discussion

Figure 1 shows US and PA images of the CCA obtained from Volun-
teer 1 (Fig. 1a, 1b) and Volunteer 3 (Fig. 1c, 1d). Figure 1 (a, b) presents
longitudinal views of the CCA, while Figure 1 (c, d) shows cross-sec-
tional views. The carotid lumen appears hypoechoic in US imaging,
mon femoral artery (CFA) and (b) corresponding overlaid photoacoustic image.
US image of the superficial femoral artery (SFA) and (f) overlaid photoacoustic
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while PA signals originating from blood are primarily visible near the
vessel boundaries due to the limited bandwidth of the transducer. Near-
field clutter was observed in the PA images, being more prominent in
cross-sectional views compared with longitudinal views. This difference
may result from reduced interference from superficial structures, such as
the sternocleidomastoid muscle, and better illumination conditions in
the longitudinal imaging orientation. In this study, the carotid artery
was successfully imaged up to a maximum depth of 10 mm, achieving a
signal-to-noise ratio (SNR) greater than 6 dB. Table 1 provides
details on age, sex, the depth range at which the artery is found
when imaging the artery from different locations and the SNR range
of targets for images acquired in different trials for a particular vol-
unteer. PA imaging of the CCA was successful in three out of four
volunteers (success rate of 75%), with one case unsuccessful due to
limitations in imaging depth. Several factors influenced imaging suc-
cess, including artery depth, anatomical obstacles (such as muscle
tissue or the jugular vein), and skin pigmentation, as higher melanin
levels reduced fluence and increased noise.

Figure 2 shows US and PA images of the femoral artery of Volunteer
2. Figure 2 (a, b) illustrates longitudinal views of the CFA, while Figure 2
(c, d) displays cross-sectional views of the CFA. Figure 2 (e, f) depicts
longitudinal views of the SFA. The top boundary of the CFA was clearly
visible (Fig. 2a, 2b), and a portion of its bottom edge at approximately
17 mm depth was also detected. Figure 2d demonstrates the CFA posi-
tioned between 15 and 20 mm depth, showing detectable PA signals
from its upper boundary. Only three volunteers participated in the femo-
ral artery imaging study and the CFA was located between 6 and 20 mm
below the skin surface. More details of the CFA imaging of volunteers
can be found in Table 1. These results confirm that PA signals can be
obtained in vivo from the CFA at depths up to 20 mm with an SNR
greater than 11 dB. PA images were successfully obtained in all three
volunteers, achieving a success rate of 100%.

Imaging the SFA proved more challenging compared with the CFA
due to interference from the sartorius muscle located anterior to the
artery. Nevertheless, measurable PA signals from the SFA were detected
in Volunteer 2, with the upper boundary of the artery identified at a
depth of 16 mm and its lower boundary at 22 mm (Fig. 2e, 2f).

Beyond 22 mm, increased background noise prevented the extraction
of useful information; thus, SFA imaging was not successful in the other
two volunteers for this reason.

Clutter, notably in the cross-sectional PA images, indicates that
factors such as skin melanin concentration, illumination angle and
superficial anatomy substantially affected image quality. Thus, opti-
mizing probe design, imaging protocols and developing clutter-
removal techniques are essential. Hardware enhancements, such as
optimizing the orientation of the fiber optic bundle relative to the
US transducer, have been shown to improve both penetration depth
and SNR [18]. Multi-wavelength imaging can further aid clutter
reduction by leveraging the distinct spectral signatures of different
tissue components [19]. In addition, advanced imaging protocols
such as localized vibration tagging and deformation-compensated
averaging [20,21], and several post processing techniques [22,23],
have been explored as promising methods for further clutter sup-
pression in photoacoustic imaging.

Additionally, previous studies have demonstrated that multi-wave-
length photoacoustic imaging can identify lipid deposits and intra-pla-
que hemorrhage, both of which are markers of plaque vulnerability
[14,24]. While not explored in this study, it should be considered for
plaque assessment. The PA signals observed originate from the blood
pool within the arterial lumen and appear exclusively at the blood
−artery wall interface. This artifact arises due to the limited low-fre-
quency response of the US transducer and significant optical attenuation
in blood. Enhancing the transducer’s low-frequency bandwidth could
improve image fidelity [25]. Additionally, heterogeneity of atheroscle-
rotic plaques, the primary imaging target, results in increased high-fre-
quency signal generation [26].
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Conclusion

This study successfully demonstrates the potential of combined US
and photoacoustic imaging for imaging peripheral arteries, potentially
detecting vulnerable atherosclerotic plaques in the carotid and femoral
arteries. Further technical advancements in probe optimization and clut-
ter removal could result in the clinical utility of this combined imaging
approach.
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