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1 | INTRODUCTION

Atherosclerosis is the major form of cardiovascular dis-
ease and the leading cause of morbidity and mortality
throughout the world. The acute coronary syndrome is
caused by a thrombus, 60%-70% of which originates from

| Ji-Xin Cheng'?’

Abstract

Intravascular  photoacoustic/ultra-
sound (IVPA/US) is an emerging
hybrid imaging modality that pro-
vides specific lipid detection and
localization, while maintaining co-

registered artery morphology, for
diagnosis of vulnerable plaque in cardiovascular disease. However, current
IVPA/US approaches based on a single-element transducer exhibit com-
promised performance for lipid detection due to the relatively low contrast of
lipid absorption and conflicting detection bands for photoacoustic and ultra-
sound signals. Here, we present a dual-frequency IVPA/US catheter for highly
sensitive detection and precision localization of lipids. The low-frequency
transducer provides enhanced photoacoustic sensitivity, while the high-
frequency transducer maintains state-of-the-art spatial resolution for ultra-
sound imaging. The boosted capability of IVPA/US imaging enables a multi-
scale analysis of lipid distribution in swine with coronary atherosclerosis. The
dual-frequency IVPA/US catheter has a diameter of 1 mm and flexibility to
easily adapt to current catheterization procedures and is a significant step
toward clinical diagnosis of vulnerable plaque.
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plaque rupture in atherosclerotic lesions.!! This kind of
vulnerable plaque is called thin cap fibroatheroma, which
is characterized by a lipid-rich necrotic core covered by a
thin fibrous cap (<65 pm), with numerous macrophages
and inflammation.!”! Rupture and thrombosis can occur
in lesions that are not critical, flow-limiting to require
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coronary interventions, such as angioplasty or stenting.
Therefore, quantification of the lipid and depth in this
vulnerable plaque could prompt coronary interventions to
prevent the acute coronary syndrome. Currently, the most
common approach used in clinical diagnosis of atheroscle-
rosis is x-ray angiography.”! However, it only provides
information on critical stenosis of the artery. Intravascular
ultrasound is another commonly used method to identify
the vulnerable plaque.'! Recently, acoustic radiation force-
based intravascular ultrasound elastography with dual-
frequency transducer was developed for the characteriza-
tion of coronary plaque.! However, these ultrasound-based
modalities lack useful chemical information. Intravascular
optical coherence tomography attracts special attention due
to its exceptional spatial resolution to identify the thickness
of the thin cap.!®’ However, the insufficient imaging depth
(~1-2 mm) and the requirement of blood clearance or bal-
loon occlusion limit its extensive application. Other recently
developed intravascular imaging tools,”! such as near-
infrared spectroscopy,!® near-infrared fluorescence,® and
fluorescence lifetime imaging"”! can provide useful molecu-
lar information of the arterial wall. Nevertheless, they lack
depth resolution to evaluate the entire arterial wall.

Intravascular photoacoustic/ultrasound (IVPA/US)
imaging is a hybrid imaging modality that combines
molecular  information through photoacoustically
induced ultrasound generation with artery morphology
via conventional ultrasound.""! With nanosecond pulsed
laser wavelength falling in the overtone absorption range
of C-H bond at 1.2 or 1.7 pm, specific lipid distribution
can be resolved from the arterial wall.l'?! Over the last
decade, almost all the IVPA catheter designs are based on
a single element transducer for both photoacoustic and
ultrasound detection, through collinear™® 3! or cross
overlap!™® '* between optical and ultrasound paths.
However, due to relatively weak absorption of endoge-
nous lipid at these wavelengths compared to other strong
absorbers such as blood at visible range!’® and contrast
agents in the infrared range,'® the contrast of photo-
acoustic signal based on this configuration is not suffi-
cient to accurately detect arterial lipid content. This
insufficient sensitivity is more evident under in vivo con-
ditions due to attenuation in blood and sheath mate-
rial.l'”! Thus, improving the sensitivity for lipid detection
without sacrificing the quality of ultrasound is important
for the translation of IVPA technology.

By investigating the spectral performance of photo-
acoustic signals of lipid, it was found that the central fre-
quency of detected lipid signals falls in a much lower
frequency range (usually <10 MHz), instead of near that of
the ultrasound transducer (~40 MHz) used in IVPA cathe-
ters."® This indicated that photoacoustic detection in
reported IVPA catheter designs can be further optimized

by using a lower frequency transducer. However, to ensure
suitable IVUS resolution for precision localization, a higher
frequency transducer for ultrasound imaging is also neces-
sary. Based on these requirements, we developed a dual-
frequency IVPA/US catheter, with its low-frequency trans-
ducer assigned for photoacoustic detection, while a high-
frequency transducer is used for the conventional ultra-
sound to provide high-resolution of morphology. The imag-
ing catheter was evaluated for ex vivo imaging of an
atherosclerotic pig coronary artery to assess its potential for
in vivo preclinical and clinical applications.

2 | MATERIALS AND METHODS

2.1 | Configuration of imaging system
The schematic of our dual-frequency IVPA/US imaging
system is depicted in Figure 1. Nanosecond optical pulses
at 1725nm from an optical parametric oscillator light
source with a repetition rate of 500 Hz was employed for
photoacoustic excitation."'*! The laser pulses were coupled
to the imaging catheter through an optical fiber and a self-
built fiber-optic rotary joint. Co-registered photoacoustic
and ultrasound images were obtained separately at the tip
of a dual-frequency catheter through a motorized helical
scanning of the catheter. The optical pulse energy output
from the catheter tip is kept at 100 pJ, or ~ 0.3 J/cm?,
which is much less than the ANSI laser safety standard of
1.0 J/cm® at this wavelength. A dual-channel slip ring
(JINPAT Electronics, China) was used to transmit the elec-
tric signal to/from the transducers. A pulser/receiver
(5073PR, Olympus, Inc.) together with a delay generator
(9512, Quantum Composers, Inc.) was used to send/detect
ultrasound signals. The trigger of the laser pulse was
obtained via a fast photodetector (DET10A, Thorlabs, Inc.)
and used as a reference for ultrasound emission and data
acquisition. Real-time data acquisition and image
processing were implemented through a high-speed DAQ
card (ATS9462 PCI express digitizer, 180 MS/s, 16 bit,
AlazerTech, Canada) and a self-programmed LabVIEW
(National Instruments Corp.) interface.

2.2 | Dual-frequency IVPA/US catheter

To optimize the photoacoustic detection while maintaining
a suitable ultrasound spatial resolution for precision locali-
zation, we proposed a dual-frequency IVPA/US catheter
design as in Figure 2A. Laser pulses were delivered within
a multimode fiber (FG200LEA, 200 pm core, 0.22 NA,
Thorlabs, Inc.). Side firing was implemented by total inter-
nal reflection at an uncoated micro-prism (0.3 mm leg,
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FIGURE 1 Schematic of
dual-frequency IVPA/US
imaging. FORJ: fiber-optic
rotary joint. IVPA/US,
intravascular photoacoustic/

ultrasound
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FIGURE 2 Dual-frequency IVPA/US catheter design and optimization. A, Design of a dual-frequency IVPA/US catheter; B,
photograph of fabricated catheter tip; C, entire catheter; D, optimization of optical firing angle from the catheter tip, with the upper inset
showing a zoom-in at small depth, and the lower inset depicting the geometrical relationship between fiber tip and 23 MHz transducer; E,
optimization of tilted angle of 23 MHz transducer with light firing angle of 15° to the vertical direction, the green area showing the effective
detection region and acceptance angle of the transducer. IVPA/US, intravascular photoacoustic/ultrasound

Precision Optics Corp.) attached to the fiber end and
enclosed in a glass capillary. This configuration can avoid
the issue of low optical damage threshold in commonly
used metal-coated prisms, while preventing the optical
beam distortion induced by lensing effect in angle-polished
fiber end reflection (see inset in Figure 2C). Considering
the catheter dimension limitations (usually ~1 mm in
diameter), a low-frequency transducer (23 MHz, 60% band-
width, Blatek, Inc.) was placed next to the fiber tip for

photoacoustic signal detection, while another high-
frequency transducer (42 MHz, 50% bandwidth, Blatek,
Inc.) was placed further for conventional ultrasound puls-
ing/receiving with satisfactory axial resolution. The optical
components and transducers were well-aligned and
enclosed in stainless steel housing. A torque coil (Asahi
Intecc, Inc.) was used to transmit the torque to the catheter
tip and provide the necessary robustness and flexibility of
the catheter.
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The angle-dependent sensitivity of the transducer and
noncollinear overlap between optics and acoustics
requires a specific combination of light firing angle and
transducer tilted angle in the catheter. Considering a sep-
aration distance of 1 mm between 23 MHz transducer
and emission point of optical beam (1 as shown in the
inset of Figure 2D), the measured depth (d’) at each
corresponding actual depth (d) was calculated for differ-
ent light emission angles as shown in Figure 2D. To
ensure a resolvable depth close to the catheter and effi-
cient overlap between optics and ultrasound, we selected
an optical firing angle of 15° regard to the vertical direc-
tion. This was realized by introducing a polished angle of
7.5° at the fiber tip (Figure 2D). Based on this illumina-
tion angle, the photoacoustic detection angle to the nor-
mal direction of the low-transducer surface (04.) was
calculated for different transducer tilted angles (Byy) as
shown in Figure 2E. Usually, the acceptance angle of
a ~ MHz PZT transducer falls within +20° considering the
enlarged optical beam size in tissue.!"! Therefore, within
an effective depth range of 1 to 3 mm, an optimized titled
angle of 25° was selected to allow a sensitive photoacoustic
detection within this depth range (Figure 2E). The high-
frequency transducer was tilted by 10° as usual to avoid
ultrasound artifact from the sheath. With these optimized

angles, we fabricated a dual-frequency IVPA/US catheter
with an outer diameter of 1 mm as shown in Figure 2B,C.
Please be noted that due to the separation distance between
the photoacoustic excitation and high-frequency ultra-
sound detection along the catheter, an approximate offset
of 1.2 mm between photoacoustic and ultrasound images
was compensated to ensure coregistration between these
two imaging modalities.

2.3 | Fiber-optic rotary joint and time
sequence design

A section of the same type of optical fiber was butt con-
nected to the coupling fiber and light delivering fiber in
the catheter at both ends. Precision mechanics were
designed and machined to provide a highly efficient light
coupling during rotation and stable driving of the imag-
ing catheter (Figure 3A). A laser beam at target wave-
length was launched into the rotary joint, and
transmitted light intensity from the other end was moni-
tored during continuous rotary rotation and is displayed
in Figure 3B. A power variation of 3.48% and insertion
loss of <2 dB was observed for the rotational light cou-
pling. A dual channel slip ring was used to transmit the
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signals from both transducers. A stepper motor and lin-
ear stage combination were used to control the helical
scanning of the catheter.

In each optical pulse cycle, the photoacoustic signal
from the low-frequency transducer was acquired to form
a photoacoustic image of lipid. A delayed ultrasound sig-
nal was fired to the arterial wall and its echo was col-
lected by a high-frequency transducer to generate the
ultrasound image as shown in Figure 3C.
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24 | Preparation of pig coronary artery
and implementation of ex vivo IVPA/US
imaging

The right coronary artery of an Ossawbaw miniature
swine was harvested for validating our catheter for imag-
ing of atherosclerotic plaque. The swine were fed a hyp-
ercaloric, atherogenic diet for 23 months to mimic the
development

natural of human coronary artery
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FIGURE 4 Comparison between 23 and 42 MHz transducers for detection of lipid deposit in artery using a collinear catheter design. A,
B, Normalized photoacoustic images with zoom-in display of selected regions; C,D, A-line signal and amplitude along the yellow line in, A,
B; E, F, frequency response of photoacoustic signals in, C, D. The black lines in, E, F, are responsivity of transducers characterized by
measuring the ultrasound echo from a rigid surface, the blue lines are frequency domain expression of measured signal, while the red lines
are their normalized result to the responsivity. A,C,E, correspond to 23 MHz catheter, and, B,D,F, are for 42 MHz transducer
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disease.”®! The fresh artery was excised and fixed in 10%
neutral buffered formalin for further use.

To perform ex vivo imaging, the fixed artery was placed
in 1x phosphate-buffered saline solution, and then our
dual-frequency catheter was inserted into the lumen of the
artery and helical scanning was performed to obtain 3D
images of the entire artery. To avoid artifact due to water
absorption and reduce light intensity loss when passing the
lumen, the lumen of the artery was flushed with D,O dur-
ing imaging due to its much smaller absorption strength at
1725 nm. A rotational speed of 1 revolution per second and
pullback speed of 0.1 mm per second was used for imaging.
Images acquired at 1 frame per second were displayed and
saved in real time via a LabVIEW interface.

2.5 | Histopathology validation

The fixed artery sample was cut into 2-mm-long seg-
ments. For each segment, representative slices from the
paraffin-embedded artery was stained with hematoxylin
and eosin to show the morphology of the artery.

(D)

Histology slides at each corresponding position were
compared with IVPA/US imaging results to validate the
performance of our imaging catheter.

3 | RESULTS
3.1 | Comparison of lipid detection at
different frequencies

To determine the effective frequency range for photo-
acoustic detection, we designed a comparison experiment
by measuring a lipid sample from an artery. Two collin-
ear IVPA catheters!’® with single element transducer
design were employed for imaging, one with a 23 MHz
transducer and the other with a 42 MHz transducer. The
two catheters were used for IVPA imaging of a pig artery
at the same location under the same conditions. The
reconstructed photoacoustic images from these two cath-
eters are shown in Figure 4A and B with normalization
to their peak intensities, respectively. Two corresponding
regions were highlighted to better indicate the difference

FIGURE 5 Representative
imaging results and histology
validation. A, Ultrasound, B,

S . photoacoustic, C, their overlaid
resulting image at a
representative cross-sectional
location of the pig artery. The
region between the blue line and
green line indicates a thickened
intima, that is, atherosclerotic
plaque; D, hematoxylin and
eosin histology result at the
same artery location. The blue
line indicates lipid core, while
the yellow lines denotes its
early-stage lipid deposits. Scale
bar of 1 mm applies to all the
panels
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between these two images. As can be seen, the two
images have a very similar pattern, except that the
23 MHz image shows much stronger photoacoustic inten-
sity and more details at different depth due to its high
sensitivity. A representative A-line signal and its ampli-
tude along the same direction indicated by the yellow
line was plotted in Figure 4C,D for both catheters. For
the corresponding lipid region, the averaged peak photo-
acoustic amplitude for 23 MHz catheter is found to be
~3.3 times larger than that by the 42 MHz catheter. The
background noise level far away from the absorbers was
measured to be comparable for these two catheters (11.4
for 23 MHz vs 10.3 vs 42 MHz). Therefore, the 23 MHz
catheter exhibit a three times stronger single-to-noise
ratio than that of 42 MHz catheter at the same condition,
indicating the 23 MHz transducer is not only sensitive for
large lipid core detection but also capable for deep lipid
components mapping. We further investigated the fre-
quency domain performance of these two transducers.
Photoacoustic signals in Figure 4C,D were expressed in
the frequency domain as shown in Figure 4E,F in blue
lines. After normalization to the responsivity of the trans-
ducers (black lines), we found in both cases the detected

PHOTONICS

photoacoustic signals from lipid fall in a spectral range
centered at ~10 MHz, which agrees with our previously
reported results.'®! This suggests a lower frequency
(here 23 MHz) transducer is more suitable for photo-
acoustic detection of lipid in the arterial wall. This also
forms the foundation of our dual-frequency IVPA/US
catheter design.

3.2 |
ex vivo

Imaging of pig coronary artery

Our dual-frequency IVPA/US catheter was evaluated by
intravascular imaging of a pig coronary artery ex vivo.
Representative ultrasound, photoacoustic, and their over-
laid images at a specific position is displayed in
Figure 5A-C. For validation purposes, histology slides
with hematoxylin and eosin staining at the corresponding
position are provided in Figure 5D. Excessive plaque bur-
den can be identified from the ultrasound image
(highlighted region between blue and green lines in
Figure 5C) and corroborated by histology (Figure 5D).
The photoacoustic image indicates both abundant

FIGURE 6 Photoacoustic (PA), ultrasound (US), and their overlaid images at representative positions along a pig coronary artery. Scale bar of

1 mm (right column) applies to all the panels. The blue line denotes the boundary of lumen and the green line indicates the boundary of the neo-

intima layer (boundary of initial lumen). The yellow arrowed line in III indicates the acoustic shadowing behind an echogenic calcium nodule
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perivascular fat and lipid deposits in the plaque region in
Figure 5C. This was confirmed by the morphology of
perivascular adipose tissue and lipid cores in hematoxylin
and eosin stain. The blue line shows lipid-rich necrotic
core, while the yellow line suggests early-stage lipid
deposits. This agreement of lipid mapping throughout
the depth between imaging result and histology indicates
a unique strength of IVPA/US in detecting both lipid-rich
plaque and perivascular fat tissue. We showed previously
that we were able to quantify and localize the lipid in
these lipid core lesions using IVPA/US, but not with
near-infrared spectroscopy coupled with IVUS.!?!)

More imaging results at different locations of the
artery were displayed in Figure 6 to show different
plaque types of the pig artery. It reveals that plaques with
intima thickening (region between blue and green pro-
files) from moderate level (II) to advanced levels (I, III,
IV) of plaque burden were observed in this piece of
artery, and mixed fibrous/calcified plaque (IIT) was also
identified from the shadowed region denoted by a yellow
double arrow line in the ultrasound image. In photo-
acoustic images, besides the abundant lipid detected in
the perivascular adipose tissue as expected, lipid area in
the plaque region (between blue and green curves) shows
a positive correlation with the thickness of the plaque,

FIGURE 7 2Dand3D
overlaid photoacoustic/
ultrasound images over the
pullback of the IVPA/US
transducer through 32 mm
length of artery. A, B, Overlaid
photoacoustic/ultrasound
images in yz and xz planes,
respectively, C, 3D
photoacoustic/ultrasound
images of the artery with a
24 mm section length and a
quarter cutaway for better
visualization. IVPA/US,
intravascular photoacoustic/
ultrasound

indicating its potential to evaluate the plaque vulnerabil-
ity. The photoacoustic signal in the lumen of Figure 6
(IV) is an artifact due to the contamination of
catheter tip.

The cutaway photoacoustic/ultrasound images in two
perpendicular directions along the axis of the artery are
displayed in Figure 7A,B to show the lipid distribution
and artery morphology variation in a larger view. The co-
registration of photoacoustic and ultrasound is further
confirmed from these views. Overall, the lipid is found to
be mainly from the perivascular fat tissue, with minor
distribution in the arterial wall plaque region, agreeing
with previous cross-sectional images. Figure 7C gives a
more comprehensive view of lipid distribution in a 3D
manner. It reveals that perivascular fat does not uni-
formly cover the arterial wall; instead, it varies
dramatically.!??!

4 | DISCUSSION

Early-stage plaque identification and staging under
in vivo conditions is a long-standing challenge, but of
high importance for the diagnosis of lipid-laden, vulnera-
ble plaque development. Dual-modal IVPA/US provides
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unique advantages in artery morphology measurement
and lipid mapping with depth resolution. However, the
intrinsic limitations of currently used transducers in
IVPA imaging prevent the sensitive photoacoustic signal
collection and high-resolution ultrasound imaging at the
same time due to the narrow bandwidth of piezoelectric
transducers. This limitation has greatly hindered progress
toward clinical translation of IVPA imaging. Our dual-
frequency IVPA catheter makes a major step in overcom-
ing this limitation by using two transducers at different
frequencies for separate photoacoustic and ultrasound
detection. We showed much enhanced photoacoustic
sensitivity and high-quality ultrasound imaging is
enabled by this catheter design. This improvement in
photoacoustic sensitivity could make a big impact during
in vivo imaging, where photoacoustic contrast from
plaque is hindered by blood scattering and water absorp-
tion. Another major advance of our dual-frequency cathe-
ter is the boosted photoacoustic signal from perivascular
adipose tissue, which could enable the study of the ath-
erogenic effect of perivascular lipid in vivo.!?

Considering the independent detection of photo-
acoustic and ultrasound, the axial resolution of ultrasound
imaging can be further improved by using an ultra-high
frequency transducer to be comparable with that of optical
coherence tomography.m] Therefore, a fully upgraded
dual-frequency IVPA/US catheter can potentially be able
to detect the lipid core and thin fibrous cap at the same
time without blood flushing or occlusion. This would
enable IVPA/US to differentiate vulnerable plaque from
other types of plaques because the volume of the lipid core
and the thickness of the fibrous cap are both determinants
of plaque vulnerability.!"!

The dual-frequency catheter design presented in this
work is not the final form of an IVPA catheter. Further,
engineering strategies can be adapted to optimize its
design, such as using a shorter metallic housing to reduce
the length of the rigid part, applying dielectric coated
mirror on the fiber end for light redirection to reduce the
catheter diameter, and so on. Although the dual trans-
ducers increase the complexity and expense of the cathe-
ter, which could affect its clinical translation, it provides
a possibility and future direction of the IVPA/US catheter
development, that is, a single element transducer with
extremely broadband coverage in the low frequency for
photoacoustic detection and high frequency for high spa-
tial resolution ultrasound mapping.

5 | CONCLUSION

IVPA imaging provides both artery morphology measure-
ment and depth-resolved lipid mapping in vulnerable

PHOTONICS

plaque identification. A dual-frequency IVPA/US cathe-
ter is developed to address the long-standing limitations
in single-element-transducer catheter design. With a
diameter of 1 mm, the new catheter exhibits enhanced
photoacoustic sensitivity, while maintaining state-of-the-
art ultrasound characterization of arterial morphology.
Imaging of an Ossabaw miniature swine coronary artery
that superbly mimics human coronary atherosclerosis
demonstrated that this catheter provides superior lipid
detection and localization in both perivascular tissue and
plaque region. These data promise a great opportunity for
IVPA/US imaging technology in accurate diagnosis of
vulnerable plaque in the clinic.
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