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Introduction

Abstract. Intravascular spectroscopic photoacoustic technology can image atherosclerotic plaque composition
with high sensitivity and specificity, which is critical for identifying vulnerable plaques. Here, we designed and
engineered a catheter of 0.9 mm in diameter for intravascular photoacoustic (IVPA) imaging, smaller than the
critical size of 1 mm required for clinical translation. Further, a quasifocusing photoacoustic excitation scheme
was developed for the catheter, producing well-detectable IVPA signals from stents and lipids with a laser energy
as low as ~30 pd/pulse. As a result, this design enabled the use of a low-energy, high-repetition rate, ns-pulsed
optical parametric oscillator laser for high-speed spectroscopic IVPA imaging at both the 1.2-um and 1.7-um
spectral bands for lipid detection. Specifically, for each wavelength, a 1-kHz IVPA A-line rate was achieved,
~100-fold faster than previously reported IVPA systems offering a similar wavelength tuning range. Using
the system, spectroscopic IVPA imaging of peri-adventitial adipose tissue from a porcine aorta segment
was demonstrated. The significantly improved imaging speed, together with the reduced catheter size and multi-
wavelength spectroscopic imaging ability, suggests that the developed high-speed IVPA technology is of great
potential to be further translated for in vivo applications. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10
.1117/1.JB0.20.6.065006]

Keywords: intravascular photoacoustic imaging; high-speed photoacoustic imaging; spectroscopic photoacoustic technology; athero-
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The rupture of atherosclerotic plaques is the leading cause of
acute coronary events. The detection of lipid content and its dis-
tribution within the plaques is critical for identifying vulnerable
plaques that are prone to rupture.' Various imaging technolo-
gies, including x-ray angiography, computed tomography (CT)
angiography, and magnetic resonance angiography, have been
primarily developed to visualize the stenosis of coronary
arteries. However, the accurate characterization of atherosclerotic
plaques, in particular, the quantification and localization of lip-
ids and inflammation, remains challenging. So far, intravascular
imaging is regarded as the most accurate way for characterizing
atherosclerotic plaques in vivo. Intravascular ultrasound (IVUS)
can image both the lumen geometry and structure of the arterial
wall with an imaging depth of ~7 mm and a resolution of
~150 um.> However, the sensitivity and specificity of IVUS for
plaque composition differentiation is limited due to the rela-
tively poor contrast derived from soft tissue types.* Intravascular
optical coherence tomography (IVOCT) offers a superior spatial
resolution of ~15 ym, which has enabled the detection of thin
fibrous caps, as well as high-resolution imaging of the lumen
geometry and stents.’ However, the imaging depth of IVOCT
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is limited to ~1 mm, as it relies on ballistic photons to form
an image; its chemical specificity is also limited, as the contrast
primarily comes from backscattered photons. Recently, intra-
vascular near-infrared spectroscopy technology has been
developed which can identify the lipid content of plaques
with high specificity; however, it lacks depth-resolved imaging
ability, and is incapable of visualizing the lipid distribution
within plaques.’

Photoacoustic imaging provides extremely high sensitivity
(100% relative sensitivity) to optical absorption; utilizing multi-
wavelength laser excitation, spectroscopic intravascular photo-
acoustic (IVPA) imaging has demonstrated the capacity to
image lipids’ distribution in atherosclerotic plaques with high
specificity and sensitivity.”"'? To achieve accurate spectroscopic
IVPA imaging, an ns-pulsed, wavelength tunable laser [e.g.,
optical parameter oscillator (OPO) or OPO laser] is critical.
Regarding such a laser source, there are two interplay parame-
ters that need to be considered. On the one hand, to generate
well-detectable photoacoustic signals, sufficient laser pulse
energy is required. On the other hand, to enable high-speed im-
aging, a high pulse repetition rate is needed. In previously
reported IVPA systems, laser pulse energy in the order of
m] was usually required to produce decent photoacoustic sig-
nals.'*!> Hence, if multiple wavelengths (at either the 1.2 or
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1.7 ym band) were needed to perform accurate spectroscopic
imaging, the choices of laser sources were usually limited to
OPO lasers of a pulse repetition rate of 10-20 Hz. The
B-scan rate at a single wavelength with such lasers was
10-20 s/f (assuming 200 A-lines/B-scan); for spectroscopic
IVPA imaging, the image acquisition would take several
times longer. For in vivo applications, such a slow imaging
speed would lead to serious motion artifacts and result in insuf-
ficient imaging length of vessels within a clinically acceptable
time period. Overall, the imaging speed is becoming one of
the major challenges for translating IVPA into clinical studies.
Recently, an IVPA imaging system of a 2-kHz A-line rate has
been developed with a home-made Raman-shift laser operating
at 1197 nm."® This work represents a significant step forward for
realizing high-speed IVPA imaging. However, the system pro-
vided only a single wavelength for IVPA imaging, while more
wavelengths are usually needed to enable truly accurate spectro-
scopic IVPA imaging of lipid.

In our study, a high-speed IVPA system capable of multiwa-
velength spectroscopic photoacoustic imaging was developed.
To increase the laser fluence in the targeted imaging region,
we designed and implemented a quasifocusing light illumina-
tion scheme. With this design, the laser energy required for
exciting well-detectable photoacoustic signals was greatly
reduced (to ~30 pJ/pulse. As a result, for the first time to
our knowledge, a ns-pulsed OPO laser with a high-repetition
rate (1 kHz) and a widely tunable wavelength range can be
employed to enable high-speed spectroscopic IVPA imaging.
For imaging at each wavelength, a B-scan rate up to 5 Hz
(200 A-lines/B-scan) was achieved, ~two orders of magnitude
faster than conventional IVPA systems operating at a similar
wavelength tuning range. In addition, multiwavelength (five
wavelengths) spectroscopic IVPA imaging of both a lipid-mim-
icking phantom and peri-adventitial adipose tissue from a por-
cine vessel was demonstrated at both the 1.2-ym and 1.7-ym
spectral bands. These demonstrated results suggest that the
developed high-speed IVPA technology is of great potential
to be further translated for in vivo applications.

2 Methods

2.1 System Architecture

Figure 1 illustrates the overall architecture of the high-speed
IVPA system which can perform both IVPA and IVUS imaging.
A ns-pulsed OPO laser (EKSPLA, NT242) with a repetition rate
of 1 kHz, operating at a tunable wavelength ranging from 1185
to 1235 nm (a lipid absorption band), was used for photoacous-
tic excitation. The pump source in NT242 is a diode-pumped
solid—state Q-switched laser operating at 1064 nm. Upon third
harmonic generation, the ultimate pump energy is about 3.5 mJ
at 355 nm (used as the pump wavelength for the entire wave-
length tunable band). The efficiency of the OPO crystal is about
4% at 1210 nm. The output laser beam was reshaped by an
iris, attenuated by a neutral density filter, and then focused
by a condenser lens into the multimode fiber (Nufern, MM-
S105/125-22A) of the catheter. A photodiode (PD) (Thorlabs,
SMO5PD4A) was used to record the fluctuation of the laser
pulse energy for fluence compensation during postexperiment
data processing. The laser pulse energy out of the catheter
was maintained to be ~30 uJ throughout the study in this paper.
A custom-made miniature single-element ultrasonic transducer
(Blatek) was used to detect the photoacoustic waves from the
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Fig. 1 lllustration of the high-speed intravascular photoacoustic
(IVPA) system. (a) Overall architecture of the system. (b) Enlarged
view of the dashed box in (a). (c) Video of the high-speed IVPA sys-
tem (Video 1, MOV, 10. 2 MB) [URL: http://dx.doi.org/10.1117/1.JBO
.20.6.065006.1]. Optical parametric oscillator (OPO); neutral
density filter (NDF); beam splitter (BM); photodiode (PD); ultrasonics
(US); photoacoustics (PA); multimode fiber (MMF); 3-D Scanner, con-
sisting of an optical-electric rotary joint, a motorized rotary stage and
a motorized pull-back stage; PR, ultrasound pulser/receiver; MD,
motor driver.

sample as well as to perform pulse-echo ultrasound imaging
(a short delay of ~5 us was set to separate each photoacoustic
and ultrasonic A-line). Both the photoacoustic and ultrasound
signals were amplified (39 dB) using an ultrasound pulser
receiver, and then digitized with a data acquisition card (12-
bit digitization; 250-MHz sampling rate) in a personal computer.
To form an A-line image, the acquired (photoacoustic and
ultrasonic) signals were band-pass filtered (1-50 MHz for
photoacoustic signal and 10-50MHz for ultrasound signal, with
a 128-th order zero-phase forward and reverse finite impulse
response filter), followed by a Hilbert transform for envelope
detection. Finally, the image was converted into a polar
coordinate for display (signal processing performed with
MATLAB®). To acquire cross-sectional images (B-scans),
the catheter was rotated at a speed as fast as 300 RPM via
an optical-electric rotary joint. Furthermore, three-dimensional
(3-D) images can be obtained via a pull-back stage driven by a
step motor. As a demonstration, a video was recorded in real
time while the system was working at a B-scan rate of 5 Hz
(with 200 A-lines per B-scan) (Video 1).

2.2 Catheter Design

To enable the use of a high-repetition-rate OPO laser—which is
of a relatively low energy output—for high-speed IVPA imag-
ing, we designed an IVPA/IVUS dual-modality imaging cath-
eter using quasifocusing light illumination. As shown in
Fig. 2, the catheter consists of a multimode fiber, a gradient-
index (GRIN) lens (GRINTECH), a prism, and a high-frequency
miniature ultrasound transducer, developed based on the design
of our previous work."” Figures 2(a) and 2(b) show the sche-
matic and the photo, respectively, of the distal part of the cath-
eter. The outer diameter of the catheter is 0.9 mm. All the optical
and ultrasonic components were ultimately housed in a metal
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Fig. 2 Distal end of the quasifocusing IVPA catheter. (a) Overall schematic. (b) Top view of the catheter.
(c) Overlap between the acoustic and laser beams.

housing. To increase the laser fluence in the targeted imaging
region, the excitation laser beam was quasifocused onto the
surface of the imaging target using a custom-fabricated GRIN
lens of 0.5 mm in diameter. Specifically, the cross-sectional
diameter of the laser beam out of the catheter tip was confined
to be ~0.3 mm within a 3-mm distance from the GRIN lens.
The laser beam was then delivered onto the sample surface
by a mirror with an angle of 35 deg [Fig. 2(a)]. A metal ferrule
was used to ensure that the fiber and GRIN lens were coaxially
aligned. A custom-made single-element ultrasonic transducer
(dimension: 0.6 % 0.5 % 0.2 mm?; made from lead zirconate
titanate composite) with a center frequency of 40 MHz, a pulse-
echo fractional bandwidth of 60%, and an insertion loss of
—72 dB was sequentially aligned with the optical components,
while a metal base was used to position the ultrasonic transducer
for effective detection of the photoacoustic waves. The illumi-
nation angle of the laser out of the catheter tip is 16 deg in water,
resulting in an optical and acoustic beam overlap range of
~3 mm (from 1.5 to 4.5 mm, measured from the center of the
catheter), as shown in Fig. 2(c). A flexible coil that can transmit
the rotational torque from the rotary stage was used to house the
rest of the catheter (besides the distal end).

To estimate the laser fluence enhancement with such a design
compared with that in conventional IVPA systems, a Monte

1
Radius/mm

-1 0

100

Carlo simulation of photon transport in biological tissue was
performed. The simulation code was modified based on the
Monte Carlo modeling of light transport code developed by
Lihong Wang. A three-layer tissue model, consisting of
a 0.06-mm thin-cap layer (u, = 0.1 cm™!, p, = 100 cm™!,
g=0.9), a 1-mm lipid layer (4, = 1.1 cm™!, y; = 100 cm™!,
g=09), and a 3.94-mm elastin layer (u, =0.1 cm~!,
ug =50 cm™!, g=0.9) was used.'®!® The illumination spot
sizes at the surface in the two cases (quasifocusing and broad
illumination beams) were set as 0.3 mm [Fig. 3(a)] and
1.2 mm [Fig. 3(b)] in diameter, respectively, while the incident
photon energy (2 x 10° photons) was maintained to be the same.
Figures 3(a) and 3(b) show the optical fluence distribution in
the two cases, while Figs. 3(c) and 3(d) are the quantification
results along the depth direction of the central axis. From
Fig. 3, it can be seen that the laser fluence of the quasifocusing
beam is significantly higher than the broad illumination case in
the “lipid core” region of the numerical phantom (from 0.1 to
1 mm). As the simulation here does not account for the illumi-
nation angle difference between the two laser beams (approxi-
mately parallel beam for quasifocusing versus divergent beam
for broad illumination), the actual difference of the laser fluence
between the two cases should be more significant, further favor-
ing the quasifocusing beam design.

(©) 10+ ——— Quasi-focusing
- =+ =" Broad illumination
$ 10° N
2
s}
10°
0 1 2 3 4 5
Depth/mm
(d) 12 F FQ:Quasi-focusing
| FB: Broad illumination
E L
30
- 1,25
___________ T[ ,2.5]
0 i
0 1 2 3 4 5
Depth/mm

Fig. 3 Monte Carlo simulation of photon transport in a numerical plaque phantom. (a) and (b) Laser
fluence distributions with quasifocusing and broad illumination beams, respectively. (c) Quantitative com-
parison of the laser fluence along the central axis between the two cases in (a) and (b). (d) Ratio of

the laser fluence between the cases in (a) and
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3 Results

3.1 Resolution and Signal-to-Noise Ratio
Measurement

We characterized the performance of the high-speed IVPA im-
aging system using a variety of targets, including a black tape of
~800 um in width and three carbon fibers of diameters ranging
from 20-100 um. First, it can be seen that all the targets are
imaged with both IVPA and IVUS [Figs. 4(a) and 4(b)]. The
dynamic range is ~34 dB in both the IVPA and IVUS images.
To quantify the spatial resolution, one carbon fiber of ~20 ym
in diameter was used as the target. The axial resolution and

(a) 1 (b

0.02

©

0.4
=]
S 0.3 —5— PA Axial
ke —— US Axial
_E —#— PA Transverse
8 0.2 —#— US Transverse
2]
& Xﬁk\_&

0.1

2 3 4 5 2 3 4
Depth/mm Depth/mm

Fig. 4 Photoacoustic and ultrasonic resolution and signal-to-noise
ratio (SNR) of the high-speed IVPA system. (a) IVPA and (b) intravas-
cular ultrasound (IVUS) B-scan images of the phantom with targets of
different sizes. (c) Resolution of IVPA and IVUS at different depths.
(d) SNR of IVPA and IVUS as a function of depth. (1), black tape
(~800 um); (2), carbon fiber (~100 um); (3), carbon fiber (~20 um);
(4), carbon fiber (~100 pum).

(a) (b)

transverse resolution as a function of depth are shown in
Fig. 4(c). From the figure, it can be seen that, in general, the
transverse resolution of IVPA is better than IVUS at various
depths, presumably due to the more strictly confined optical
excitation area [Fig. 2(c)]. The axial resolution of IVPA is
quite similar to that of IVUS (~100 um at various depths) as
it primarily depends on the bandwidth of the ultrasound trans-
ducer. Figure 4(d) shows the signal-to-noise ratio (SNR) of
IVPA and IVUS measurements as a function of depth (axial
position) using a carbon fiber as the target.

3.2 Imaging of a Stent

To demonstrate the potential of the high-speed IVPA system
for 3-D intravascular imaging, an iliac stent (Abbott) inside a
healthy rabbit vessel was imaged with both the photoacoustic
and ultrasonic modalities.”® Figure 5(a) shows a photo of
the stent. Figures 5(b) and 5(c) show the reconstructed 3-D
IVPA and IVUS images, respectively, of the stent. Moreover,
representative IVPA (SNR 46 dB), IVUS (SNR 41 dB), and
IVPA/IVUS fused B-scan cross-sectional images are also
shown in Figs. 5(d)-5(f), respectively. From the images, it
can be seen that, in this case, the contrast of IVPA is generally
better than that of IVUS—the fine structure of the stent struts
can be clearly visualized in the IVPA images. However,
IVUS can be used to visualize the structure of the vessel.
Thus, the fusion of the two (IVPA and IVUS) imaging modal-
ities, as demonstrated here, should be advantageous over either
modality alone for guiding and evaluating stenting. When 200-A
lines were used to form a B-scan, one cross-sectional image took
0.2 s to complete. Therefore, when a fine pull-back step of
100 ym (smaller than half of the lateral resolution) was used,
~20 s was needed to scan the entire stent of 10 mm in length.

3.3 Imaging of Lipid-Mimicking Phantom

To demonstrate the capability of identifying lipid content with
the high-speed IVPA system, a lipid-mimicking phantom
fabricated by placing a small amount of butter inside a plastic
tube was used. Five wavelengths (1185, 1195, 1210, 1225, and

PA

0.015

PA/US

Fig. 5 Imaging of a stent deployed in a healthy rabbit vessel. (a) Photo of the stent. (b) 3-D IVPA and
(c) IVUS images of the stent. (d) IVPA, (e) IVUS, and (f) fused IVPA/IVUS B-scan images, respectively, of
a representative cross section [labeled by the arrows in (b) and (c)] of the stent.
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Fig. 6 Spectroscopic photoacoustic imaging with the high-speed IVPA system. (a)—(c) IVPA images of
a lipid-mimicking phantom [inset in (d)] with excitation wavelengths at 1185, 1210, and 1235 nm, respec-
tively. (d) Comparison between the IVPA spectroscopic results with the absorption spectrum of lipid.
(e) Lipid map computed based on the correlation between the IVPA and optical absorption spectra

of lipid, using five excitation wavelengths.
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(e)

@ (h),
< e
205 205
= =
g =
< <

0 0

1180 1210 1240
Wavelength/nm

1680 1715 1750
Wavelength/nm

Fig. 7 Spectroscopic IVPA images of the peri-adventitial adipose tissue from a porcine aorta segment
[inset in (g)]. (a)—(f) Representative IVPA B-scan images at both spectral bands. (g) and (h) Comparison
between the IVPA spectroscopic results and the absorption spectrum of lipid. The arrows indicate the
location of the adipose tissue, while the dashed green circles show the contour of the plastic tube.
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1235 nm) were employed to perform spectroscopic IVPA imag-
ing of the phantom. These wavelengths were selected to reflect
the characteristic points of the local absorption peak of lipid,
primarily based on the well-measured lipid absorption spectrum
reported by several other groups.>?! A photo of the lipid-
mimicking phantom is shown in the inset of Fig. 6(d).
Figures 6(a)-6(c) show the IVPA images of the phantom at
three representative excitation wavelengths of 1185, 1210, and
1235 nm, respectively. It can be seen that the signal amplitude
is significantly higher at 1210 nm than that from the other two
wavelengths, which is consistent with the optical absorption
spectrum of lipid. Figure 6(d) shows the spectroscopic IVPA
result computed from the above-mentioned five excitation
wavelengths, where each data point represents the integrated
signal strength corresponding to the region labeled by the
dashed box in Fig. 6(b). As a reference, the optical absorption
spectrum of lipid is also shown in Fig. 6(d).' The result shows
that the IVPA spectrum agrees well with the lipid absorption
spectrum.

The lipid distribution can be obtained by computing the cor-
relation between the lipid optical absorption spectrum and the
spectroscopic IVPA (sIVPA) data. Specifically, first, the sSIVPA
data were band-pass filtered without averaging; then, the corre-
lation coefficient Ry y between the SIVPA and absorption spec-
tra was calculated at each pixel. The correlation coefficient
between the two data sets X and Y with expected values Uy
and Uy and standard deviations oy and oy is defined as

cov(X,Y) E[(X—-Ux)(Y—-Uy)]

RX.Y = - ) (1)
OxOy OxOy

where E is the expected value operator and cov denotes the
covariance. In Fig. 6(e), the amplitude at each pixel represents
its corresponding Ryy value. In this study, the threshold
correlation coefficient Ry, is set as 0.8. That is, the content is
considered as lipid when Ry y > Ry,. Finally, the lipid distri-
bution was obtained by mapping the correlation coefficient
(Rxy > Ry,) at every pixel, as shown in Fig. 6(e).

3.4 Imaging of Peri-Adventitial Adipose Tissue

To demonstrate the capability of identifying lipid in a more natu-
ral form, peri-adventitial adipose tissue excised from a porcine
aorta segment was imaged. Previous studies have shown that
both the 1.2-ym and 1.7-um spectral bands can be used for
IVPA imaging of lipid, and each band may have its own advan-
tages and disadvantages.'®*>?* Here, as a simple demonstration
of the system’s spectroscopic imaging capability, we performed
IVPA imaging at both spectral bands. Figures 7(a)-7(c) show
the IVPA images of the adipose tissue (placed in a plastic
tube) at three representative excitation wavelengths—1185, 1210,
and 1235 nm—at the 1.2-um spectral band, while Figs. 7(d)-7(f)
show the IVPA images of the tissue at three representative exci-
tation wavelengths—1680, 1720, and 1750 nm—at the 1.7-ym
spectral band. Further, the five-wavelength spectroscopic IVPA
data at the location of the arrows are shown in Figs. 7(g) and
7(h); the absorption spectra of lipid at both spectral bands are
also depicted for comparison. In this case, it can be seen that
the peri-adventitial adipose tissue can be detected via IVPA at
either spectral band. All animal experiments were conducted
under protocols approved by the Laboratory Animal Centre of
Shenzhen Institutes of Advanced Technology and carried out
ethically and humanely.
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4 Discussion and Conclusions

In this study, a high-speed spectroscopic IVPA system that can
simultaneously perform photoacoustic and ultrasound imaging
has been developed. The system is featured with a small imaging
catheter of 0.9 mm in diameter and offers a frame rate as high as
5 B-scans/s, ~100-fold faster than previously reported IVPA
systems of multiwavelength spectroscopic photoacoustic imag-
ing ability. Therefore, the developed system has a high potential
to accelerate the translation of IVPA imaging into the clinic. In
the high-speed IVPA system, a light delivery scheme with qua-
sifocusing optical illumination is used for photoacoustic excita-
tion. With such a design, the laser fluence has been enhanced to
enable decent photoacoustic signal generation using laser
energy as low as ~30 pJ/pulse. This reduction of the excitation
laser energy has created an opportunity to utilize a low-energy
tunable OPO laser capable of operating at a high-repetition rate
of 1 kHz for achieving high-speed intravascular photoacoustic
imaging. The resolution and 3-D imaging capability of the sys-
tem were experimentally demonstrated by imaging carbon fibers
and a stent, respectively. While the results showed that IVPA
and IVUS had comparable axial and transverse resolutions,
IVPA had a relatively high contrast for stent imaging. With
the system, we also demonstrated high-speed spectroscopic
IVPA imaging of a lipid-mimicking phantom using five excita-
tion laser wavelengths. Even when we took the wavelength tun-
ing and stabilization time (~1 s) into account, it took only ~6 s
to complete the entire spectroscopic image data acquisition with
five different wavelengths, which is ~10 times faster than pre-
viously reported spectroscopic IVPA imaging systems. In addi-
tion, this speed can be further significantly improved by
increasing the wavelength tuning speed of the laser. In our cur-
rent system, a frame rate of 5 B-scans/s is still not sufficient for
real clinical use. To enable truly high-speed spectroscopic
photoacoustic imaging at high accuracy, a tunable laser source
that can operate not only at high repetition rate but also at high
wavelength sweeping rate will be needed. Such a laser source
may allow point-by-point spectroscopic IVPA imaging for accu-
rately identifying the compositions of plaques.
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