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1 | INTRODUCTION

Atherosclerosis is a chronic inflammatory disease [1, 2],
which is mainly characterized by plaques [3, 4] and
inflammation [5, 6] developed inside the arterial wall.
Rupture of vulnerable plaque in atherosclerosis is the lead-
ing cause of acute cardiovascular events [7]. Early detec-
tion and identification of vulnerable plaque are crucial to
prevent acute coronary syndromes [8-10]. Previously,
research efforts focused on the imaging of artery intima
where the plaque and inflammation generated. Some
recent work revealed that the situation of inflammatory
cells in the adventitia correlates with the severity of ath-
erosclerotic plaques [11-13]. In addition, the formation of
adventitial tertiary lymphatic organs (ATLOs), which are
well-organized structures with areas of T cells, B cells and
antigen-presenting cells, has been associated with athero-
sclerosis in mice [13, 14]. It has been proven that ATLOs
are able to establish an artery-brain circuit, which can help
to slow down disease progression and improve plaque sta-
bility [15]. Thus, the information in the tunica adventitia
is important for diagnosis and remedy of atherosclerosis.

Intravascular photoacoustic imaging has been proven as
one of effective tools for the assessment of plaque [16-19].
Various designs of photoacoustic catheters were developed
[20-23], in which most reported catheters induced a limited
overlap area to image with either oblique illumination and
side-view detection or oblique detection and side-illumina-
tion, providing the effective excitation and detection in
artery intima. The imaging results of lipid in the preadventi-
tia were reported [24-26]. However, the noncoaxial design
used a big fiber core to irradiate the target, causing lower
optical fluence and demanding higher energy.

An alternative design is coaxial optical excitation and
ultrasound detection [27-31]. The first coaxial photoa-
coustic endoscopic probe was reported in 2011, in which
a hollow ultrasound transducer was with an outer diame-
ter of 2.2 mm [27]. In 2014, another coaxial probe with a
2.9 mm-diameter transducer was developed for a high-
speed photoacoustic system [28]. In 2016, a hollow struc-
tured lens-focused transducer with an outer diameter of
7 mm was developed [29]. All aforementioned endo-
scopic probes were with good performance in photoa-
coustic imaging. However, these probes were too bulky
for use in tiny cardio vessels. In 2016, a multimode fiber
with a 45° polished distal end was designed to irradiate
the laser and reflect the photoacoustic signals [30, 31].
The diameter of this probe was down to 1 mm, but the
photoacoustic signal collection depended on the surface
of a 400 pm-diameter optical fiber. The miniature aper-
ture of the fiber could not cover the aperture of the ultra-
sound transducer, leading to weak detection and low
signal-to-noise ratio (SNR).

The diameter of human coronary arteries is in the
range of 1.5-5.6 mm [32]. To ensure passing through the
intravascular vessel, the clinical intravascular catheter
dimension is limited to be <1 mm. In this study, a minia-
ture 0.9 mm-diameter catheter employing coaxial optical
illumination and ultrasonic detection was developed,
which promised a large imaging depth from the intima to
the adventitia. A 0.6 mm x 0.6 mm x 0.4 mm PZT-5H-
based hollow ultrasound transducer with an ~0.18 mm-
diameter orifice was successfully fabricated. A multimode
fiber with a 0.105 mm-diameter core was inserted through
the orifice, forming the coaxial design. A rod mirror was
employed for reflecting laser and photoacoustic waves,
which was with the area of ~4 times larger than the previ-
ous fiber core, fully covering the transducer aperture. The
catheter performance was evaluated by imaging tungsten
wires, which showed that the coaxial configuration
acquired better imaging depth when compared with the
noncoaxial design of our previous work [33]. Moreover,
the ex vivo imaging of nanoprobes, mimicking the targeted
cells at the adventitia of porcine coronary artery, was
acquired using the developed miniature catheter to dem-
onstrate the imaging capability for future clinical research.

2 | METHODS AND MATERIALS

2.1 | Preparation of hollow ultrasound
transducer

Ultrasound transducer is an important element in this
work, in which the frequency is generally 20-45 MHz. To
meet the clinical demand, our targeted catheter dimension
is 0.9 mm with the ultrasound frequency of 30-35 MHz
and the bandwidth of 40%. A 10 mm x 10 mm 30-MHz
acoustic stack based on PZT-5H ceramics (CTS Corpora-
tion, USA) was prepared using the conventional trans-
ducer technology [34, 35] as shown in Figure 1A. The
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FIGURE 1
49 orifices; (B) photo of a 0.6 mm x 0.6 mm X 0.4 mm hollow

(A) Photo of a 10 mm x 10 mm acoustic stack with

acoustic stack with a ~0.18 mm-diameter central orifice
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center orifice was for laser beam delivery, which was set
as 0.18 mm to enable the fiber core passing through. Laser
micromachining was conducted to process the center ori-
fice for the development of coaxial catheter. To match the
0.9 mm-diameter housing, a 0.6 mm x 0.6 mm X 0.4 mm
hollow acoustic stack (Figure 1B) was cut from the
PZT-based stack using a dicing saw (ZHZZ-SD4800,
DISCO Corporation, Japan). The aperture of the stack cor-
relates with the transducer performance, while the thick-
ness is critical in the transducer design. The thick stack
could facilitate the wire connection and catheter
fabrication, but induce less accuracy on the orifice dia-
meter, which was micromachined by a focused laser
beam with a big numerical aperture (NA). To show the
effect of laser micromachining on the transducer perfor-
mance, a square stack with the same dimensions but
without being laser micromachined (referred as the home-
made square stack) was prepared. Besides, a commercial
PZT acoustic stack (Blatek Corporation, USA) with the
same dimensions (referred as the commercial square stack)
was purchased for comparison.

2.2 | Fabrication of coaxial catheter and

system

The miniature intravascular photoacoustic catheter was
fabricated as displayed in Figure 2. The ultrasound trans-
ducer with a center orifice was used to detect the photoa-
coustic and ultrasound signals reflected from the
biological tissue, which could not be placed directly on the

inner wall of the housing to avoid electrical disconnection
between the backing layer, matching layer, and housing.
The positive electrode of the wire was firstly connected on
the backing layer of the stack using the electrically con-
ductive adhesive (E-solder), while the negative electrode
of the wire was pressed on the inner wall of housing by
the stack using the E-solder to ensure the electrical con-
nection between the negative electrode, housing, and
matching layer of the stack. The parylene was deposited as
the second matching layer and the waterproofing layer. A
naked multimode fiber without coating was inserted into
the orifice of the transducer, which was with a 0.105 mm-
diameter core. A customed 45° rod silver mirror with the
diameter of 0.78 mm was assembled on the tip of the cath-
eter for reflecting the laser beam and photoacoustic/
ultrasound signals. A torsion coil (Tu's Cheng Fa, China)
was inserted into the housing, facilitating the rotation
scanning. All the components were fixed by the electri-
cally insulating epoxy. To show the significance of coaxial
catheter design, a noncoaxial catheter with the same con-
figurations as our reported work [36] was developed using
the commercial square stack for comparison.

The signal from the pulsed laser source was used to
trigger the synchronization of data acquisition (DAQ),
translation and rotation of the catheter. Simultaneously,
the signal was also sent to a custom-made delay module
to provide a 5-ps delayed trigger signal for the ultrasound
pluser/receiver (5073PR, Olympus) to form an ultrasound
image. A pulsed Nd:YAG laser (Medical Technology
[Shenzhen] Co., Ltd., China) was used for photoacoustic
excitation. The fiber (MMI_S 105/125-0.9-1m-FC/APC,
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Femto Technology [Xi'an] Co. Ltd.) with 0.22NA was
used to deliver the laser energy through the slip-ring and
then into the catheter. The hollow transducer was used
to detect the photoacoustic and ultrasound signals from
the biological tissue. Both photoacoustic and ultrasound
signals were amplified (39 dB) in the pulser/receiver and
then digitized with a DAQ board (ATS9325, Alazar Tech).
The setup of the intravascular photoacoustic system was
also similar to our previous work [33]. More detailed
information on the coaxial system and data acquisition
can be found in the published work.

2.3 | Preparation of ex vivo tissue
Ex vivo imaging experiment was conducted to further con-
firm the superiority of the coaxial catheter design. Figure 3
shows the tissue fixed in agar and the corresponding imag-
ing section. A coronary artery was fixed in agar for the
imaging experiment, which was dissected from a fresh por-
cine heart and soaked in the formalin for 24 h for fixation.
In general, the inflammation tissue could not be
detected by photoacoustic imaging directly in atheroscle-
rosis, because the optical absorption of the inflammation
cells is very weak. The exogenous nanoprobes are usually
employed for targeting the inflammation tissue [36-38].
Here, 1 ml solution of 1064-nm photoacoustic

FIGURE 3

nanoprobes (Supplementary information S1) were
injected into the tissue near the artery wall (Figure 3B) to
mimic the targeted cells. As the injected nanoprobes
could outflow from the fresh tissue after immersed in
water, the porcine heart tissue was preprocessed in the
formalin and fixed in the agar to retain the nanoprobes
in the designated location. The coaxial and noncoaxial
catheters were inserted into the tube, respectively, for
imaging nanoprobes. After the experiments, the vessel
was cut and the cross section is shown in Figure 3C.

3 | RESULTS

3.1 | Optical simulation

To avoid tissue burns, the laser energy should be limited
to a safe range. To investigate the optical fluence of differ-
ent designs, simulations were conducted using the
ZEMAX software. Figure 4 illustrates the schematics of
laser beam irradiating from the noncoaxial and the coaxial
catheter designs. The diameters of laser beam from differ-
ent catheter designs along with the imaging distance were
calculated as shown in Table 1. In addition, Figure 4 dem-
onstrates the configuration of coaxial and noncoaxial cath-
eters, in which optical parameters were set based on the
previous work [33] and this work, respectively.

(C)Vessel Tube Agar

. )
1
1
=~
Y 5 3 ;
J \ y
Heart tissue ek

0.5mm

(A) Photo of the ex vivo porcine heart tissue fixed in agar; (B) zoom-in image of a, indicating the imaging sections and the

position of injected nanoprobes; (C) cross-sectional image in the viewing angle of black arrow in (B). Red circle indicates the position of

injected nanoprobes. Black dash line shows the profile of porcine vessel

(A) Non-coaxial design (B)
Imm I
Fiber :| UST Fiber
GRIN lens Mirror

Coaxial design

Imm I

Ring-shaped UST

FIGURE 4
beam irradiating from the noncoaxial

Schematics of laser

and the coaxial catheter designs.
(A) Configuration of noncoaxial
design; (B) configuration of coaxial
Mirror

design. GRIN lens, gradient-index

lens; UST, ultrasound transducer
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3.2 | Basic transducer performance

To evaluate the transducer performance, pulse-echo tests
were performed on the transducers fabricated using the
aforementioned acoustic stacks. The experimental setup
was similar to our previous work [35, 39]. As shown in
Figure 5, the transducer fabricated using the commercial
square stack (Figure 5A) exhibited slightly higher fre-
quency (34 MHz) when compared to the homemade
square one (30 MHz). Its sensitivity was also better when
compared to the homemade stacks (Figure 5B,C), which
may be attributed to the variations in terms of stack
design and materials. Although the laser micromachin-
ing process may not affect the macroscopic piezoelectric
performance [40], the aperture size was reduced such
that the hollow transducer would exhibit lower sensitiv-
ity but wider bandwidth than the transducer fabricated
using the homemade square stack as shown in
Figure 5C. The transducer properties including fre-
quency, bandwidth, and echo amplitude are summarized
in Table 2.

3.3 | Phantom imaging

A phantom was developed to evaluate the imaging per-
formance of transducers with the coaxial and noncoaxial

TABLE 1
designs along with the imaging distance

Diameters of laser beam from different catheter

Imaging
distance (mm) 1 2 3 4 5

Diameter (um)

Frequency(MHz)
40

50f10
PHOTONICSJ—

designs, in which 50 pm-diameter tungsten wires were
distributed vertically with a 0.5 mm gap on a 3D-printed
model (Figure 6A). During the imaging testing, the cathe-
ters moved horizontally to scan the tungsten wires in a
water tank (Figure 6B). Figure 6C-F shows the dual-
modality imaging results acquired from catheters with
different designs. Figure 6C,D shows the photoacoustic
and ultrasound images acquired from the coaxial catheter,
in which both imaging depths were up to 5.7 mm. The
noncoaxial catheter offered much brighter images due to
the better sensitivity of commercial square stack, but its
photoacoustic imaging depth was shorter than 2.5 mm as
shown in Figure 6E,F. The results show that the coaxial
catheter configuration could perform imaging on targets
deeper than the noncoaxial one. Although the sensitivity
was affected by the reduction of aperture size, the hollow
transducer showed the potential of having sufficient sensi-
tivity to detect the inner structure of the vessel.

It should be noted that the imaging started from
—1mm using the coaxial catheter as shown in
Figure 6C,D, which was the distance between the hol-
low transducer and the mirror center (~1 mm). On
the other hand, the transducer is usually positioned on

TABLE 2
acoustic stacks

Properties of transducers fabricated using different

—6dB Peak-to-peak
Frequency bandwidth echo
(MHz) (%) voltage (V)
Commercial 34 40 3.54
square
stack
Homemade 30 40 1.94
square
stack
Hollow stack 35 60 1.36

5,0 60, (C) 20

Frequency(MHz)
40 60

0.54

&
8
Magnitude(dB)

Magnitude(dB)
Amplitude(V)
5 6 o
o

&
&
L
&
&

T —— -40 2.0 H—— B ; T T 40

Noncoaxial design 440 540 774 1036 1312
Coaxial design 640 1100 1560 2000 2400
(A), = st o, B} o
k5 - —— r T 15 25 T
2.0 2.0 1
1.5 / 720 1.5
104 - 1.04
% 0.5 S 0.5
] g 3
2 0.0 2 2 001
= o o
E 0.5 ’ | & E 0.5
-1.04 v 135 -1.04
154 -1.54
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FIGURE 5

(B) homemade square stack, and (C) hollow stack

T
35

Times(us)

T T
36 37 38 39 31 32 33 34 35 36 37 38 39
Times(us)

Pulse-echo waveforms of ultrasound transducers fabricated using different acoustic stacks. (A) Commercial square stack,
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Scanning direction
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Lager beam

® 0. Tungsten wire array

FIGURE 6

Schematic, photo, and imaging results of tungsten wires in different depths acquired by the catheters with coaxial and

noncoaxial designs. (A) Schematic of the imaging method; (B) photo of tungsten wire phantom. Photoacoustic and ultrasound images

acquired using (C,D) the coaxial catheter and (E,F) the noncoaxial catheter. The photoacoustic and ultrasound images are displayed with the

same normalized range, respectively

(A) Simulated optical fluence (B) Measured SNR in photoacoustic imaging
1800 1315 L
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1200 - Non-coaxial PA
Non-coaxial 0
,’:':\ 1000 -+ .
\S —
= a0 m* —
: Z \\
e g”
23
S oo Z. —
£ &
2
I a0 15
. .5 15 25 3.5 4.5
Distance(mm) Distance(mm)
(©) Measured SNR in ultrasound imaging (D) Measured resolution
o
Coaxial US —
_
~Non-coaxial US — o

g \ S - -
& ‘ % ' \/ // -=-Coaxial PA
% 0 S 00 #-Coaxial US
2 Non-coaxial PA
g =0 ~~Non-coaxial US
w0
0.5 15 25 35 4.5 5.5 0.5 15 25 35 45 5.5
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FIGURE 7 Comparison of results against imaging distance for coaxial and noncoaxial catheter designs. (A) Simulated optical fluence;

(B) measured SNR in photoacoustic imaging; (C) measured SNR in ultrasound imaging; (D) measured resolutions from Figure 6C-F

the axis of the housing with the noncoaxial configura-
tion, facing the imaging window. The oblique illumi-
nation and side-view detection in the traditional
noncoaxial design could cause signals missing in the
area of the high-amplitude initial excitation signal.
Thus, when compared to the noncoaxial catheter, the
coaxial catheter could avoid the interference of initial
excitation signals that is beneficial to imaging the
nearer targets.

3.4 | Results of optical fluence, SNR and
resolution

Figure 7 compares the simulated and measured results
between coaxial and noncoaxial catheter designs.
Figure 7A shows the variation of optical fluence calcu-
lated by the simulation results. In this study, the laser
energy from the tip of the coaxial catheter was ~20 pJ
and the irradiation area at the depth of 1 mm was
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FIGURE 8
results acquired by the catheters with

Ex vivo imaging

coaxial and noncoaxial designs.
Fused B-scan images of
photoacoustic and ultrasound images
of (A,B) section A and (C,D)

section B. The photoacoustic and
ultrasound images are displayed with
the same normalized range,
respectively

Section A

Noncoaxial

Section A

~440 pm, resulting in the optical fluence of
~6.22 mJ/cm? that meets the standard in accordance with
the American National Standards Institute (ANSI). The
difference in optical fluence was big between two designs
at short distances but got smaller along with the increas-
ing distance.

Figure 7B,C shows the measured results of SNR in
photoacoustic and ultrasound imaging acquired by two
different catheter designs, respectively, showing that
the coaxial design is capable of imaging the targets
with better SNR in long distance. Figure 7D demon-

strates the imaging resolutions measured in
Figure 6C-F.
3.5 | Exvivoimaging

The catheter with a protective tube was inserted into the
porcine coronary artery for photoacoustic imaging.
Figure 8 shows the B-scan imaging results of two cathe-
ters, which are combined photoacoustic/ultrasound
images of Sections A and B of the artery (Figure 3B).
Figure 8A,C is fused images acquired by the coaxial cath-
eter, in which the photoacoustic signal of the nanoprobes
can be seen in the 2-mm depth. For the images acquired

7 of 10
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SectionB- -

Noncoaxial

Section B

from the noncoaxial catheter (Figure 8B,D), ultrasound
signals reflected from the protective tube were very
strong, which was due to the high sensitivity of the com-
mercial square stack. All the images are displayed with
the normalized range. The imaging experiment demon-
strated that the coaxial catheter possessed superior imag-
ing quality and depth.

4 | DISCUSSION

Atherosclerotic plaque and inflammation are the linch-
pin in the diagnosis of stroke and ischemic heart disease,
which contribute from intima to adventitia. To reach the
deeper imaging depth and meet the clinical operation,
the simultaneous maximization of the light-sound
overlap area and minimization of the catheter size is
necessitated. Though some previous works [27-29] have
been reported on the development of hollow transducers,
the bulky devices cannot be inserted into the ~1 mm-
diameter vessel for intravascular imaging. A coaxial design
[22, 30] based on the 3D-printed model was reported to
collect the reflected signal from an optical fiber core, but
the design could not cover the imaging window, leading to
an apparent loss of signal.
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To access the coronary artery, the intravascular cathe-
ter should be limited to 1 mm in diameter, which restricts
the size of the transducer. The miniature hollow ultra-
sound transducer plays the pivotal role to combine the
optical and acoustic beams coaxially, which was of higher
significance than simply reducing the stack dimensions.
First of all, the orifice diameter should be carefully
designed to balance the fiber diameter and the detecting
area. Second, the thickness of the acoustic stack should
be limited to <0.5 mm to compensate a micromachining
error between the front and back of the orifice due to the
big NA of the laser beam so as to minimize the area mis-
matching in each layer. Last but not least, to avoid the
damage irradiated by the high-power laser during micro-
machining, the parylene coating must be done after the
transducer fixation but before the fiber installation in the
housing. All aforementioned factors should be taken into
account in the fabrication process of coaxial catheters.

Transducer performance and optical fluence are key
factors to acquire photoacoustic images with good SNR.
The former factor is related to the properties of acoustic
stack, while the latter one correlates with the laser energy
and optical focusing. As shown in Figure 7A, the non-
coaxial catheter offered better optical fluence due to the
contribution of GRIN lens for laser beam focusing. Nev-
ertheless, the coaxial catheter exhibited better perfor-
mance in depth for both photoacoustic and ultrasound
imaging (Figure 7B,C) because of having the larger light-
sound overlap area. The fluctuation of signal acquired by
the noncoaxial catheter was attributed to the distortion of
tungsten wire.

The imaging resolutions of coaxial design were con-
sistent with those of noncoaxial one, while the resolu-
tions increased overall along with the imaging distance
because both systems were dependent on the acoustic
resolution, as shown in Figure 7D.

The catheter with the coaxial design provided better
photoacoustic imaging in-depth than the noncoaxial
one in both phantom and ex vivo imaging experiments.
The photoacoustic imaging depth of tungsten wires
acquired by the coaxial catheter reached >5mm
(Figure 6C), and the porcine artery structure and the
nanoprobes in the adventitia can be imaged with high
sensitivity (Figure 8A,C). Though both the sensitivity of
the commercial square stack and the optical fluence of
the noncoaxial configuration were higher, the nanop-
robes could not be fully imaged due to the limited light-
sound overlap area in the noncoaxial catheter design
(Figure 8B,D). All the results indicated that the coaxial
catheter is capable of acquiring information from the
intima to adventitia of the atherosclerotic artery.

Strong reflections are shown in Figure 8B,D, which
is due to the noncoaxial design. The US transducer sat
closely with the tube surface, which easily reflected the
ultrasound signal from the inner surface of protective
tube during rotation. Moreover, the sensitivity of com-
mercial stack is higher, so the reflection would also be
stronger. The material of the protective tube is the low-
density polyethylene, which could be optimized by
reducing the thickness for reducing the ultrasound
reflection.

The promising potential of the coaxial catheter design
was demonstrated, while there are still rooms to further
improve the catheter performance and enhance the
potential for clinical applications. For example, the imag-
ing performance could be improved by employing better
piezoelectric materials such as PMN-PT single crystal or
corresponding 1-3 composite. Besides, the light beam
could be collimated or optimized using some optical com-
ponents to increase the optical fluence. The optimized
laser beam can also improve the system's resolution. The
coaxial design could also combine with other optical
modalities using the same fiber, such as optical coher-
ence tomography (OCT), to further strength the biomedi-
cal imaging capability.

5 | CONCLUSION

In summary, an intravascular photoacoustic catheter
with coaxial excitation and detection was developed.
The miniature hollow ultrasound transducer was suc-
cessfully fabricated using laser micromachining. The
detecting area of the transducer could fully cover the
imaging window, receiving all signals reflected from a
rod mirror. The phantom imaging results indicated that
the proposed coaxial catheter design was able to detect
the targets in a longer range of distance even with lower
optical fluence when compared to the noncoaxial
design. The ex vivo imaging results demonstrated that
the coaxial catheter exhibited much better imaging
depth than the noncoaxial one. The reduced catheter
size and the improved performance of the coaxial intra-
vascular photoacoustic catheter would be one step closer
to clinical implementation for both plaque evaluation
and molecular imaging.
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