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Abstract: The incidence and mortality of cardiovascular diseases and gastrointestinal cancer have gradually in-
creased in recent years, and these diseases have become major social and public-health concerns. New requirements
have been proposed for the clinical diagnosis of these diseases in the hope that, by accessing accurate structural in-
formation, to further grasp the functional information which closely related to the development of the diseases.
Photoacoustic imaging is a new imaging method in which ultrasonic signals are generated from biological samples
by laser-pulse irradiation. It has the advantages of high optical contrast, large ultrasound penetration depth, and
high resolution. Additionally. it can acquire spectral information. The integration of a photoacoustic imaging sys-
tem into a tiny imaging catheter can realize interventional imaging based on photoacoustic principles. The combina-
tion of structural imaging of cardiovascular and gastrointestinal lesion regions with photoacoustic spectroscopy to
identify and quantify tissue components can realize highly sensitive functional imaging. After surveying the recent
progress in the development of the photoacoustic imaging method for interventional application, with a particular
emphasis on intravascular photoacoustic imaging, photoacoustic endoscopy, and photoacoustic spectroscopy. we
summarize and identify future research directions for interventional photoacoustic imaging.
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0 Introduction

In recent years, the incidence and mortality
of cardiovascular diseases and cancer in China
have gradually increased, and it accounts for the
highest proportions of deaths due to various dis-

cases ",

Data assessment shows that, in 2015,
the number of patients with cardiovascular disea-
ses in China was approximately 290 million. Car-
diovascular diseases accounted for 45. 01% and
42.61% of the deaths due to major diseases in ru-

LU In the same

ral and urban areas, respectively
year, there were approximately 4. 292 million
new cancer cases and 2. 814 million deaths attrib-
uted to cancer in China. Among the new cases,

gastrointestinal cancers (including esophagus,
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stomach, and colorectal cancer) accounted for
35.7% . and their mortality rate was as high as
37. 8%,

diseases have become major public-health con-

Cardiovascular and gastrointestinal

cerns. The early detection and improvement of
clinical diagnosis of these diseases are urgently
needed for improving healthcare in China and for

the sustainable development of the society.

A previous study found that 70% of acute
cardiovascular events are caused by the rupture of
vulnerable plaques of the coronary artery-, and
the early diagnosis of vulnerable plaques is one of
the key measures to reduce the mortality of cardi-
ovascular diseases. Lipids are one of the most im-

portant features of vulnerable plaque, and their
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distribution is associated with vascular remode-
ling and inflammation in atherosclerosis-. Fur-
thermore, accurate imaging to identify compo-
nents and the distribution of lipid deposits in ath-
erosclerotic vessels contributes to pathological di-
agnosis and understanding. Therefore, there is an
urgent need in clinics for high-sensitivity imaging
of lipids and the quantitative analysis of lipid con-
centration and concentration distribution. For
gastrointestinal cancers, early tumor growth is
accompanied by nourishing angiogenesis to pro-
vide adequate nutrients for tumor growth, resul-
ting in an increased local total hemoglobin con-
centration, and the high tumor metabolism will
cause a decreased oxygen saturation (SO, ),
Therefore, the quantitative monitoring of physio-
logical information such as hemoglobin concentra-
tion and oxygen saturation while performing the
structural imaging of the suspected lesion area is
of great significance in the timely detection of
tumor diseases.

In the case of luminal tissues such as blood
vessels and the gastrointestinal tract, interven-
tional imaging, compared with in-vitro imaging,
can provide images with a higher signal-to-noise
ratio that display more precise local details.
Therefore, interventional imaging is advanta-
geous for the clinical screening and diagnosis and
can provide surgical guidance. Existing clinical
interventional imaging techniques include intra-
vascular ultrasound (IVUS) and intravascular op-
tical coherence tomography (IVOCT), which are
applied to the vascular system, and white light
endoscopy, endoscopic ultrasound, and confocal
endoscopy. which are applied to the digestive
tract. The detection methods mentioned above
have their own characteristics yet some limita-
tions. Among vascular imaging techniques, IVO-
CT images tissue by using the interference princi-
ple. The technique yields a high resolution (20—
30 pm), enabling it to provide finer structural in-
formation (such as thin fibrous caps of vulnerable

1) However, its imaging depth is only

plaque)
approximately 1 mm, greatly limiting the scope

of application. For imaging, IVUS mainly utilizes

the acoustic impedance of different parts of tis-
sues with different reflectivities to ultrasound. It
has a large imaging depth (8—12 mm) and allows
the imaging of the vessel wall and plaque mor-
phology, but with a relatively low resolution"™®’,
In addition, both these intravascular imaging
techniques only reveal structural information.
They fail to image lipids and inflammation, which
are strongly associated with plaque vulnerability,
and to obtain functional information such as lipid
composition and concentration profile. Among di-
gestive-tract imaging techniques, white light en-
doscopy is based on the different light reflectivi-
ties of different parts of tissues-. It is capable of
high-resolution imaging of tissue, but the image
depth is limited to superficial locations. Endo-
scopic ultrasound is similar to IVUS in terms of
technical characteristics. It provides structural in-
formation on deep tissue, but with limited speci-

ficity and resolution"".

However, the early le-
sions of gastrointestinal diseases have no obvious
symptoms, and endoscopic ultrasound cannot dif-
ferentiate lesions at this stage from the surround-
ing normal tissue, hampering early clinical diag-
nosis and treatment. Confocal endoscopy also u-
ses an optical method to image tissue and has an
enhanced imaging resolution relative to that of
white light endoscopy, however, its penetration
depth is very limited"'"!. The existing clinical en-
doscopic techniques are generally used for the
structural imaging of tissues, they can neither re-
alize functional imaging nor obtain the compo-
nents, concentrations, and corresponding distri-
butions of lesion sites and important physiological
information such as blood oxygen concentrations.

The above discussion clarifies that, for the
diagnosis and detection of cardiovascular and gas-
trointestinal diseases, the existing clinical tech-
niques can only obtain morphological structure in-
formation and cannot acquire functional informa-
tion, especially the quantitative functional data,
which is urgently needed in clinical applications.
Therefore, the development of a medical inter-
ventional imaging technique that combines high-

contrast structural imaging with highly sensitive
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and quantitative functional imaging not only is an
urgent need for public health but also would be a
Transducer
revolutionary breakthrough in medical imaging.
Photoacoustic imaging, which was developed in
recent years, has shown great potential in this re-
gard.
1 Photoacoustic Imaging and Classi-
fications Fig.1 Schematic of photoacoustic imaging
Photoacoustic imaging is a biomedical ima- .
. . . A I Hb0,”
ging modality based on the photoacoustic effect. & -
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quency sound wave, the oscillation frequency of
which is usually in the ultrasonic wave range, is
the photoacoustic signal''*. The photoacoustic
imaging of biological tissue is usually performed
through the process of light absorption—excita-
tion photoacoustic signal—ultrasound detection—
image reconstruction, as shown in Fig. 1. When
the excitation wavelength, energy density, and
other parameters are constant, the intensity of a
photoacoustic signal is closely related to optical
properties such as the light absorption of a bio-
some. Since the light-absorbing properties of dif-

ferent tissues in varying organisms are di-

versel1#1%]

, as shown in Fig. 2, the high-contrast
structural imaging of a specific tissue component
can be performed with a specific excitation light
wavelength. On this basis, by photoacoustic
spectroscopy, i. €., by obtaining photoacoustic
signals of tissues at multiple wavelengths, com-
bined with spectral analysis techniques, impor-
tant functional information such as the composi-
tion and concentration of tissues can be extracted
(for example, hemoglobin concentration, SO, ,
oxygen metabolic rate, and other physiological in-
formation) , and functional images of their distri-
bution can be obtained"*'™,

Compared with the existing clinical interven-
tional imaging techniques mentioned above, pho-

toacoustic imaging has the advantages of both ul-

200 400 600 800 1000 1200 1400 1600 18002000

Wavelength / nm
Fig.2 Absorption coefficients of common absorbents

in biological tissues

trasound imaging and optical imaging, with the
characteristics of a large imaging depth, high res-
olution, and high contrast; therefore, it has great
potential for clinical application. In view of this
technical feature, different photoacoustic imaging
methods can be adopted for different application
backgrounds to achieve a flexible combination of a
large imaging depth and high resolution for obtai-
ning the required image information. Currently,
mainly three types of photoacoustic imaging
photoacoustic  microscopy

methods  exist!'?,

(PAM),

(PACT), and interventional photoacoustic ima-

photoacoustic computed tomography

ging. This paper focuses on interventional photo-
acoustic imaging, which will be discussed in de-
tail below.

According to the resolution, PAM is further
optical-resolution PAM ( OR-
PAM)"¥%) and acoustic-resolution PAM ( AR-
PAM)P'2l OR-PAM realizes sub-cellular or

cell-scale lateral resolution from a few hundred

classified into

nanometers to a few microns. If such a resolution
is to be achieved acoustically, the center frequen-

cy of the acoustic signal should be on the order of
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at least hundreds of megahertz. At such high fre-
quencies, the attenuation of the ultrasound in the
tissue will be so great that the penetration depth
can only be maintained at a few hundred microns.
However, optical focusing can easily achieve a
high lateral resolution of photoacoustic excitation
while maintaining the actual image depth. There-
fore, in OR-PAM, the optical focus is less than
the acoustic focus, and its lateral resolution de-
pends on the magnitude of the optical focus.
Fig. 3(a) shows the unmarked functional imaging
of hemoglobin oxygen saturation of a mouse ear
achieved with OR-PAM™", which clearly distin-
guishes the microvasculature network and even
the single-capillary distribution of the mouse ear.
However, OR-PAM is limited by the optical dif-
fraction limit, and its imaging depth is limited to
approximately 1 mm. On exceeding the optical
diffusion limit and reaching an imaging depth of
tens of millimeters, OR-PAM is affected by tis-
sue optical scattering, thus the excitation light
cannot be effectively focused at such deep tissues.
However, by reducing the acoustic signal fre-
quency, focus at the tissue depth can be easily a-
chieved. Therefore, in AR-PAM, the optical fo-
cus is greater than the acoustic focus, and the
horizontal resolution depends on the magnitude of
the acoustic focus. Fig. 3(b) shows the distribu-
tion of hemoglobin from the epidermis to dermis
of human skin, obtained by using AR-PAM-*
with a horizontal resolution of 45 pm and imaging
depth of 3 mm. In addition, by increasing the
pulsed laser energy and decreasing the pulse repe-
tition frequency, centimeter-level deep macro im-
aging can be achieved.

In PAM, the photoacoustic signal is detected
using single-element ultrasonic transducers,
which can only detect the photoacoustic signal at
one position at a time; consequently, the imaging
is relatively slow. To expedite the signal acquisi-
tion, ultrasonic array detectors are applied to
photoacoustic imaging, which in combination
with image reconstruction result in PACT™,
According to the form of ultrasound array used

for imaging, PACT can be divided into linear-ar-

ray PACT and circular-array PACT. Fig. 3 (c)
shows a handheld linear-array PACT. Multimode
fiber bundles are split on both sides of the hand-
held ultrasound array for dark-field optical illumi-
nation. Linear-array PACT is currently widely
used in the diagnosis of human breast canc-
ert? %1 Circular-array PACT is generally used
for the imaging of circular objects such as the
brain, peripheral joints, and even the whole body

(2628] © Unlike the local viewing-

of small animals
angle detection in linear-array PACT (i. e. , the
imaging angle of the ultrasonic detector with re-
spect to the subject is less than 360°), circular-ar-

ray PACT can acquire full-angle, high-quality im-
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imaging by circular-array PACT through the intact scalp and
skull of adult rats

Fig. 3 Major types and applications of photoacoustic imaging
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ages without missing boundaries™"

. As shown in
Fig. 3(d), the unilateral beard stimulation of ce-

rebrovascular response imaging by circular-array

PACT through the intact scalp and skull of adult

rats®,

The flexible imaging methods, excellent im-
aging capabilities, and high biosafety of photoa-
coustic imaging make it increasingly attractive to
researchers in the area of biomedical imaging.
Photoacoustic imaging has shown potentials in
many biomedical imaging fields, such as tumor

[31]

angiogenic imaging’'', hemoglobin and oxygen

concentration imaging™?, cardiovascular and ce-

[33]
’

rebrovascular vulnerable plaque imaging and

breast cancer diagnosist™"

. Interventional photoa-
coustic imaging for cardiovascular and gastroin-

testinal diseases is also evolving.

2 Status Que of Interventional Pho-
toacoustic Imaging

Integrating a photoacoustic imaging system
into a tiny imaging catheter can realize imaging
based on photoacoustic principles, which is ex-
pected to overcome the incapability of the above-
mentioned clinical interventional imaging tech-
niques to simultaneously realize structural ima-
ging and functional information acquisition at a
large depth with a high resolution and high con-
trast. At present, domestic and foreign scholars
studying the interventional photoacoustic tech-
nique mainly focus on the diagnosis and monito-
ring of diseases such as cardiovascular diseases

and gastrointestinal tumors.
2.1 Intravascular photoacoustic imaging

Intravascular photoacoustic imaging (IVPA)
is a new intravascular imaging method for detec-
ting vulnerable plaques. Similar to intravascular
ultrasound and intravascular optical coherence
tomography, an interventional imaging catheter is
used to penetrate and image lesions, as shown in
Fig. 4.

During the early stages of studies on IVPA,
Sethuraman et al. from the Department of Bio-

medical Engineering, the University of Texas at

Ultrasound  Ng~

Fig. 4 Schematic of IVPA imaging

Austin, made much progress. In 2007, the team
experimentally studied the vascular photoacoustic
imaging of a rabbit aorta ex vivo for the first
time™. In the experimental setup, shown in
Fig.5, an excitation laser is used for external ir-
radiation of the blood vessel, and an ultrasonic
detection catheter is used to receive the photo-
acoustic signal in the blood vessel. Additionally,
the catheter has the function of ultrasonic imaging
and can obtain the endovascular ultrasound image
synchronously. This work validated the comple-
mentarity of intravascular ultrasound and photoa-
coustic imaging and provided a theoretical and
practical foundation for the subsequent study of
intravascular ultrasound / photoacoustic dual-
mode imaging, although it did not actually
achieve intravascular photoacoustic imaging at the
system level. In the following two to three years,
the team conducted a series of studies on intravas-
cular stents and atherosclerosis in this man-

er*™* . demonstrating the advantages and po-

n
tential of IVPA in the diagnosis and detection of

lipid plaques.

Nd: YAG
pulsed laser

Optical
diffuser

‘Water

@_ Stepper

motor

Sample

IVUS catheter

Microprocessor
unit

f

Pulser / receiver

Fig.5 Schematic of early IVPA imaging system
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Based on substantial previous studies,
Wang’s team performed the lipid imaging of ath-
erosclerotic plaques in 2012 in the presence of lu-
minal blood"**'.

of luminal blood, the image quality at an excita-

They found that, in the presence

tion wavelength of 1 720 nm was better than that
at 1 210 nm, demonstrating the possibility of
using a single wavelength for lipid imaging with-
out removing blood. This research has important
guiding significance for IVPA in vivo experi-
ments. In the same year, based on the previous
work, the team achieved the IVPA of living rab-

B9 A pulsed laser

bits in vivo for the first time
with a wavelength of 1 720 nm was used for the
photoacoustic imaging of intravascular lipid
plaques. and good experimental results were ob-
tained. Fig. 6(a) shows the result of photoacous-
tic imaging of lipid at 1 720 nm, and the high-
lighted area in the image is the lipid-enriched are-
a. Fig. 6 (b) shows an ultrasonic structure dia-
gram of the blood-vessel wall. Fig. 6(c) was ob-
tained by spatially fusing the photoacoustic and
ultrasound images so that lipid deposits can be
discerned primarily in the intima of the arteries.
The results of this study demonstrate the ability
of IVPA to detect vulnerable plaques and provide

an important basis for its clinical application.

(b) Ultrasonic structure (c) Fusion of the

(a) Photoacoustic

imaging of lipid of blood-vessel photoacoustic and
ultrasonic images
Fig. 6 IVPA/IVUS imaging of rabbit in vivo

After the feasibility of clinical application of
IVPA was verified, many research teams gradual-
ly focused on the development of high-speed and
multi-mode IVPA, which further satisfied clinical
needs. Meanwhile, multiple imaging technologies
were combined with IVPA to obtain more suitable
image effects and realize more extensive applica-
tion types.

In 2014, Bai et al. from the Shenzhen Insti-
tute of Advanced Technology, Chinese Academy

of Sciences, developed an intravascular photoa-
coustic/ultrasound dual-mode imaging catheter
with a diameter of 1.1 mm'*, as shown in
Fig. 7(a). At that time, it was the smallest intra-
vascular imaging catheter in the world and was
capable of achieving optical-resolution imaging
with a lateral resolution of 19. 6 pm, which was

10 times better than that of conventional intravas-

cular photoacoustic and ultrasonic imaging, as
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Fig. 7 Photoacoustic/ultrasonic dual-mode IVPA

system
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shown in Fig. 7(b). The results have had a wide
international impact, which greatly promoted the
use of IVPA in clinical applications.
Subsequently, based on this research, Li’s
team developed a high-speed intravascular ima-
ging system in 2015 and designed a matched pho-
toacoustic/ultrasound dual-mode imaging catheter

Lol - which is

with an outer diameter of 0. 9 mm
less than the critical dimension for clinical vascu-
lar intervention (1 mm). By imaging a sample of
an isolated rabbit blood vessel implanted into a
heart stent, as shown in Fig. 8, the system can a-
chieve imaging speeds up to 1 000 Alines/s. Since
each Bscan consists of 200 Alines, Bscan images

can be acquired at 5 frames per second.

(a) Photo (b) PA (c) US

(d) PA (&) US

(f)PA/US

Fig. 8 Imaging of a stent deployed in a healthy rabbit

vessel

However, for in vivo imaging. an imaging
speed of 5 frames per second is not sufficient to
eliminate the motion artifacts caused by heart
beating, resulting in the quantitative deviation of
the morphology of the image and lipid deposition
and even the misinterpretation of the plaque type.
In view of this, high-speed IVPA studies have
emerged, and the imaging speed has dramatically

MU and even 30 frames per sec-

increased to 20
ond"?), In 2017, Hui et al. from Purdue Univer-
sity developed a portable photoacoustic/ultra-
sound dual-mode IVPA system"*’, which enabled
imaging in real time at 25 frames per second.
Based on human-coronary-artery imaging experi-
ments with lipid plaques, the team concluded that

an imaging speed of 16 frames per second is suffi-

cient to suppress the effects of motion artifacts
caused by heart beating. The result of this work
is a phased guideline in the series of studies on
IVPA, which to some extent defines the mini-
mum imaging speed for clinical applications of
IVPA.

In the development of IVPA and photoacous-
tic imaging technology, multi-modal imaging
technology has always been a hot topic. The com-
bined advantages of multiple imaging modalities
allow for a complete characterization of the bio-
logical tissue to enable precise diagnosis of disea-
ses. Although it is possible to obtain a multi-mo-
dality image by separately performing imaging in
each individual imaging mode, it is extremely in-
efficient, and difficult to avoid the spatial corre-
spondence of different mode images in the fusion
and, more importantly, to provide the real-time
dynamic organization of physiological processes.
Therefore, the research on multi-modal IVPA
generally focuses on a variety of imaging modes
and integrates them into the same platform. Since
photoacoustic imaging is a combination of optics
and acoustics, a photoacoustic signal detection
device can essentially serve as a transmitter and
Therefore, the

most common multi-mode IVPA system is a pho-

receiver for ultrasonic signals.

toacoustic/ultrasonic dual-mode IVPA system. In
2017, Dai et al. from the University of Florida
attempted to integrate optical coherence tomo-
graphy (OCT) into IVPA for PA/US/OCT tri-

M The team developed a

modal imaging studies
l-mm-diameter tri-modal imaging catheter and
performed plaque-based human-coronary-artery
imaging experiments, as shown in Fig. 9. In
Figs. 9(a), (b), (¢) show the photoacoustic, ul-
trasound, and OCT imaging results, respective-
ly. Fig.9(d) is the multi-modal image fusion u-
sing pseudo-color, and Fig. 9 (e) shows tissue
staining sections. The results of this study show
the feasibility of tri-modal IVPA imaging. How-
ever, since its imaging catheter cannot rotate, its
imaging field and application range are limited.

Currently, it is still in the stage of theoretical re-

search.
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Fig. 9 Results of photoacoustic/ultrasound/OCT tri-

modal imaging
2.2 Photoacoustic endoscopy

Photoacoustic endoscopy (PAE) is similar to
IVPA in terms of system architecture, but its de-
sign is very different from that of IVPA because
of its different imaging range, resolution, work-
ing wavelength, and environment.

Given that the internal diameter of the lumen
of the digestive tract is much larger than that of
the vessel, the design dimensions for the inter-
ventional imaging catheter of PAE have a rela-
tively high tolerance. Therefore, in the field of
PAE research, domestic and foreign research
groups have focused on improving the imaging
catheter design to improve the imaging speed or
obtain high-resolution, high-quality images. In
recent years, the application of microelectrome-
chanical systems (MEMS) to sensors and actua-
tors has made it possible to use a variety of mova-
ble and tunable scan mirrors, lenses, filters, and

[45]

other optical structures'"”, prompting the use of

MEMS in optical-fiber-based endoscopic tech-

niques such as optical coherence tomography™®,

confocal microscopy"™, multiphoton microsco-

[48-49] [50-51]
b .

py and photoacoustic imaging In
2010, Xi et al. from the University of Florida ap-
plied MEMS scanning mirrors to a PAE imaging
system for the first time. The system used a hol-
low annular ultrasonic transducer for photoacous-

tic signal detection, and an optical scanning mir-

MEMS mirror

o Transducer
" Fixed mirror

(a) 3D rendering

(b) Photograph of the scanning probe

Fig. 10  Structure of the MEMS-based PAE catheter

ror performed scanning imaging through the hol-
low portion of the transducer®!. An MEMS-
based imaging catheter is shown in Fig. 10. This
research provides a reference for the design of a
fast photoacoustic endoscopy system. However,
the inner diameter of the transducer in the cathe-
ter is close to 6 mm, which results in a certain
phase difference in the detection of ultrasound and
seriously affects the signal-to-noise ratio and ima-
ging resolution of the system. Although Guo et
al. from the University of Electronic Science and
Technology of China later achieved corresponding
improvements to ensure the integrity of the ultra-
sonic transducer, its overall structure was too
large for clinical applications™”. At present, the
designs of MEMS-based PAE are still in the theo-
retical stage. Issues such as the scan range, pow-
er requirement, scan speed, and structure size
will pose some challenges to the MEMS compo-
nents, which may result in image artifacts or dis-
tortions.

Other studies on improving the speed of PAE
imaging, such as the studies by Xing’s team.

[52-53]

from South China Normal University and

Chen et al. from the University of Electronic Sci-
ence and Technology of China®!, were all fo-
cused on the use of array ultrasonic transducers

instead of single-element transducers, such as a
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]

circular array™, linear array’™’, and 2 X 2 ar-

ray-"*. However, this method essentially increa-
ses the number of transducers, which will inevi-
tably lead to an increase in the size of the system;
such large-volume systems cannot be used for
clinical applications.

The most representative PAE studies were
those by Lihong V. Wang’s team from Washing-
ton University in St. Louis® ™. In 2009, Yang
from this team developed a photoacoustic endo-
scope and pioneered the technique for imaging in

5] Subsequently,

the abdominal tissue of rats
the system achieved photoacoustic/ultrasound du-
al-mode imaging of the upper and lower gastroin-
testinal tract in vivo (rabbit esophagus and rat
rectum) for the first time in 2012°%. Fig. 11
shows the results of photoacoustic/ultrasound
imaging of the rabbit esophagus. Figs. 11 (a)—
(c) show three-dimensional imaging results of
photoacoustic imaging, ultrasonic imaging., and
the fusion of the two, respectively. Fig. 11(d)—
(f) show the corresponding cross-sectional images
of Figs. 11 (a)—(c). Figs. 11 (g)—Ch) show
cross-sectional views at another position of
Figs. 11(a)—(b), respectively. Fig. 11(i) shows
the tissue section for staining. The results of this
study demonstrate PAE’s ability to image the up-
per and lower gastrointestinal tract. However,

owing to the design of the imaging catheter, the

Lol E

(a) Photoacoustic imaging (d) Cross-sectional (g) Cross-sectional
5 image 1 of (a) image 2 of (a)

LS4 Y

(e) Cross-sectional (h) Cross-sectional
image 1 of (b)

(b) Ultrasonic imaging
image 2 of (b)

P \
— NS
(f) Cross-sectional (i) Cross-sectional
image 1 of (c) image 2 of (c)

(c) Fusion of photoacoustic and

ultrasonic imaging

Fig. 11 Photoacoustic/ultrasound imaging results

from a rabbit esophagus in vivo

outer diameter (approximately 4.2 mm) and the
rigid front portion (approximately 50 mm) are
both too large to be suitable for clinical practice.
In addition, it is not difficult to see from Fig. 11
that the imaging view angle is approximately
270°, and approximately 25% of the field-of-view
is missing., which may lead to missing or incom-
plete lesions in the image. Although the team lat-
er changed the catheter design and replaced the
built-in micromotor with a torsion coil to solve
the problem of the excessively large rigid front
part of the catheter, the problem of the missing
imaging field-of-view remained”".

After full validation of the in-vivo capabilities
of PAE imaging, the team turned its focus to
high-resolution imaging™**. In 2015, Yang et

al.

successfully designed and implemented a
photoacoustic endoscopy catheter having an opti-
cal resolution with a lateral resolution of 10 pm
and achieved the microscopic imaging of a rat rec-
tum in-vivo, as shown in Fig. 12. Fig. 12 (a)
shows a three-dimensional reconstruction of the
rat rectum, and Fig. 12(b) shows the radial maxi-
mum-amplitude-projection ( MAP) image. The
imaging can clearly distinguish the rectal-wall mi-
crovascular network, providing a practical basis
for the early diagnosis of gastrointestinal tumors.
However, the imaging catheter still fails to a-

chieve the full field-of-view .

2mm

Signal amplitude
0 B —

Anus =»

4=Proximal body

(a) Image of 3D reconstruction of the rat rectum

(D HORNC) @

i Signal amplitude
@' omEm=""

(b) Radial maximum-amplitude-projection (MAP)
image of Fig.12(a)

Fig. 12 Optical-resolution microscopic imaging of rat

rectum in vivo
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At an SPIE conference, Lin et al. ®®’ repor-
ted their latest research results to realize full-
field-of-view PAE imaging. On the basis of IV-
PA, a photoacoustic/ultrasound endoscope was
developed, with the imaging catheter redesigned
for specific imaging subjects and imaging ranges.
The catheter was compatible with clinical endo-
scopic biopsy channels (2. 5-mm OD). By using
this catheter, they realized the photoacoustic/ul-
trasound dual-modal imaging of small animals in-
vivo at the same region for the first time in China
(Fig. 13)5,

superficial lesions of the gastrointestinal vascular

The technique can not only image

structure, but also detect the depth of tumor in-
vasion and obtain multi-parameter and multi-scale
In the

next study, they will attempt to integrate the

information under different modalities.

system with existing gastrointestinal endoscopy
techniques and gradually improve the system res-
olution and imaging speed to establish a multi-
modal diagnostic system and standard for early
gastrointestinal cancer diagnosis based on photoa-
coustic endoscopy. This system is expected to
find gastrointestinal tumors earlier and faster
than previous ones can, thereby providing meth-
odological innovation for the clinical diagnosis of

digestive-tract tumors.

(a) PA (b) US (c)PA/US

Fig. 13 Photoacoustic/ultrasound dual-mode imaging

of rat rectum in-vivo
In general, the studies of Wang’s team!* "
are much closer to clinical application than other
studies in PAE research. They achieved a large
depth and high-resolution microscopic imaging
through different catheter designs, making the
image effect suitable for different clinical applica-
tions. However, the catheter still does not allow
full-field-of-view imaging. Considering the above
1. L60]

issues, the study results of Lin et a , may

take the lead in the implementation of gastroin-

testinal PAE in clinical applications.

2.3 Summary of interventional photoacoustic im-

aging

Interventional photoacoustic imaging mainly
includes the applications of IVPA and PAE. Most
early studies focused on the development and de-
sign of new imaging systems and imaging cathe-
ters for stable and reliable interventional ima-
ging. Thus far, multi-scale and high-resolution
structural imaging has been achieved. To further
adapt to harsh and complicated clinical applica-
tions, researchers have been focusing on impro-
ving the imaging speed of the system and gradual-
ly breaking through the single photoacoustic ima-
ging mode, and they have been attempting to in-
tegrate imaging technologies, such as ultrasound,
OCT, and even fluorescence, into interventional
photoacoustic imaging to develop multi-modality
imaging technology that enriches information ac-

quisition.
3 Photoacoustic Spectroscopy

Photoacoustic spectroscopy, a new technique
that studies the absorption properties of absorbers
by photoacoustic principles, has become an im-
portant branch of molecular spectroscopy-®. The
core idea is to increase the information in the
wavelength dimension to achieve the separation of
components of different substances and the quan-
titative acquisition of the corresponding concen-
tration information for simultaneously completing
structural and functional imaging.

In general, for a greater number of wave-
lengths used in photoacoustic spectroscopy and a
smaller wavelength interval, the spectral proper-
ties of absorbers are more finely reflected. How-
ever, an increase in the number of wavelengths
inevitably results in an increase in data acquisition
time and the amount of data processing. thereby
reducing the imaging efficiency. Meanwhile, in
spectroscopic photoacoustic analysis, the multi-
wavelength spectral information strictly origi-

nates from the same space point, which is a pre-
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requisite to ensure the correct spectrum. Howev-
er, a large number of wavelengths will bring new
challenges to the repeated positioning accuracy
when scanning a spectrum. To date, many teams
have studied the functional photoacoustic imaging
system and the corresponding analytical photoa-
coustic spectroscopy algorithms to address the
above problems. The research mainly focuses on
the quantitative measurement of SO, as well as
the quantitative analysis of intravascular lipid
components and their concentration distributions

in blood vessels.

3.1 External quantitative photoacoustic spectro-
scopic imaging

In 2007, the least-squares fitting algorithm is

),02%3 and used an

applied to the analysis of S(
AR-PAM system for phantoms and ex-vivo blood
experiments. The 1% error for phantoms and 4%
error for ex-vivo blood experiments demonstrate
the reliability of least-squares fitting algorithm in
the analysis of SO,. On this basis, they subse-
quently performed noninvasive three-dimensional
SO, imaging of a rat’s dorsal vascular network at
wavelengths of 570, 580, 590, and 600 nm and
accurately distinguished its arteries and veins.
Simultaneously, changes in the SO, levels of spe-
cific blood vessels were obtained under hypoxia,
normoxia, and peroxidation™®. Fig. 14(a) shows
the structural MAP image, which reflects the to-
tal hemoglobin concentration distribution. Fig. 14
(b) shows the SO, under normoxia in the part
shown by the square in Fig. 14(a), where arteries
and veins are pseudocolored red and blue, respec-
tively. Fig. 14(c) and Fig. 14(d) show the differ-
ential MAP images of the SO, changes from nor-
moxia to hypoxia and from normoxia to hyperoxia
in single vessels, respectively. Furthermore, typ-
ical imaged values of SO; in venous and arterial
blood vessels under all three physiological states
are shown in Fig. 14(e) for comparison. The re-
sults above can accurately quantify arterial and
venous SO, changes with the oxygen concentra-

tion changes, providing a new idea for the quanti-

tative study of photoacoustic SO, and laying the
foundation for the subsequent series of research
work. However, generally, in this multi-wave-
length functional imaging based on a single laser
source, a single-wavelength scanning of the entire
imaging section is first performed, following
which the scan returns to the starting position,
switches to the next wavelength, and repeatedly
scans the cross section until the photoacoustic
spectrum scanning of all wavelengths is comple-
ted. This method reduces the laser-wavelength
switching time, but owing to the larger number
of spectral sweeps, it is still not conducive to the
rapid real-time dynamic detection of the oxygen

saturation distribution and its changes.

Optical absorption

0.750.850.95

O,

(b) SO,

B
-18 0 8(%)
Change of SO,
(d) SO, changing from
normoxia to hyperoxia

(c) SO, changing from
normoxia to hypoxia

Hypoxia normoxia hyperoxia
(e) Comparison

Fig. 14 Distribution of SO, in the dorsal subcutaneous

blood vessels of rats

SO, reflects the concentration ratio of deoxy-
hemoglobin (HbR) and oxyhemoglobin (HbO,),
which are two unknowns in the quantitative solu-
tion. The least-squares fitting is essentially a lin-
ear algorithm. Theoretically, two unknown pa-
rameters can be calculated by using the equations
for two excitation-light wavelengths. The use of
multi-wavelength fitting can eliminate the error in

data measurement, which makes the analysis
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more accurate. Hemoglobin is the main absorber
in blood, and its light absorption coefficient in the
visible band is significantly higher than those of
water and other biological componentst®. There-
fore, under the condition of dual-wavelength ima-
ging and by increasing the signal-to-noise ratio of
the data, the influence of photoacoustic signals of
other components can be greatly reduced to obtain
ideal analytical results. On this basis, around
2011, Wang’s team used dual-wavelength OR-
PAM to image the SO, of the brain and ear of
mice for studies of ischemic stroke:*! and diabe-
tes'® . The above two groups of studies, as be-
fore, were based on a single laser source, and the
overall imaging speed was increased because of
the reduction of the number of wavelengths. Sub-
sequently, to further improve imaging speed and
achieve the continuous real-time monitoring of
SO, , the team used dual laser sources for imaging
and applied the OR-PAM system for related ap-

plicationst 7

, as shown in Fig. 15, where L, and
L, represent laser 1 and laser 2, respectively. The
two laser pulses had the same pulse repetition fre-
quency and alternately emitted pulsed excitation
light to realize wavelength-switching-free dual-

Wavelength photoacoustic spectroscopy scanning.

With the laser pulse repetition rate determined,
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OR-PAM photoacoustic spectroscopy system

the imaging speed was maximized.
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Fig. 15

based on dual laser sources

3.2 Interventional quantitative photoacoustic

spectroscopic imaging
In terms of interventional imaging, photoa-

coustic spectroscopy is mainly based on the quan-

titative analysis of gastrointestinal SO, and vul-

nerable intravascular plaque components (mainly
lipid) as well as their concentration. The most
representative studies on gastrointestinal SO, im-
aging are by Wang’s team, who transplanted the
dual-source OR-PAM photoacoustic spectroscopy
described above into gastrointestinal SO, ima-
ging”and achieved good imaging results. How-
ever, the missing information due to the incom-
plete imaging field will result in many additional
problems. In the photoacoustic spectroscopy
study of intravascular vulnerable plaques, the
photoacoustic signals excited by a single wave-
length and two wavelengths cannot distinguish
the lipid components because of the complicated
tissue components. In general, several wave-
lengths are used to conduct photoacoustic signal
excitation and acquisition sequentially in a region
of interest. The gradient change of the photoa-
coustic signal under the relative energy (the ener-
gy of all the wavelengths is consistent), that is,
the change of slope of the wavelength-signal in-
tensity curve, is obtained by integrating the pho-
toacoustic signals. Tissue compositions are deter-
mined by comparison with the optical properties
of the known components (Fig. 2). This ap-
proach is a first-order gradient algorithm com-
monly used in photoacoustic spectroscopy.

In 2008, the University of Texas at Austin
reported the results of using photoacoustic spec-
troscopy to separate intravascular vulnerable

8] The team selected nine

plaque components
wavelengths (680, 700, 720, 740, 760, 780,
800, 850, and 900 nm) in the 680—900 nm band
for the excitation light to perform multi-spectral
IVPA imaging of ex-vivo samples of atheroscle-
rotic and normal rabbit aorta, as shown in Figs.
16(a), (b). Regions 1 and 3 in Fig. 16(a) corre-
spond to a positive and a negative slope, respec-
tively, while there is no obvious slope change be-
tween Region 2 in Fig. 16(a) and Regions 4, 5 in
Fig. 16(b). This is because the absorption of lip-
ids in the 680—900 nm band shows an overall up-
ward trend, whereas the type I collagen fiber de-
posits in the plaques show a negative slope trend
and the type III collagen fibrils show almost no
slope change. Consequently, the atherosclerotic

intravascular lipid composition and the composi-
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tion and distribution information of various de-
posits are determined.

—40

Positive slope

Negative slope

H -40

Photoacoustic spectroscopy imaging method

(a) The atherosclerotic (b) Control aorta

Fig. 16
(first-order gradient) to detect the chemical

compositions of atherosclerotic plaque

Because of the intense scattering of the laser
in the blood, the influence of blood has to be
taken into account when studying intravascular
plaques in vivo. In addition, as can be seen from
Fig. 2, although the lipid has a significant absorp-
tion peak near 950 nm, its absorption value is
much smaller than that of blood, which is unfa-
vorable for photoacoustic spectroscopy imaging
studies. Therefore, studies on the photoacoustic
imaging of vascular plaques have gradually shifted
from the near-infrared band to the far-infrared
band at 1 210 nm or even 1 720 nm-*7",

In 2012, Wang et al. from the Emelianov
team reported that, given the high optical absorp-
tion of lipids at a wavelength of 1 720 nm, an ath-
erosclerotic rabbit aorta was imaged at this wave-
length ex-vivo by using an integrated IVUS and
IVPA imaging catheter in the presence of luminal
blood"™,
conducted using five wavelengths of 1 700, 1 710,
1720, 1730, and 1 740 nm. In Fig. 17, the pho-

toacoustic signal reaches the maximum value at 1

as shown in Fig. 17. Experiments were

720 nm., and the photoacoustic spectroscopy
curve and the cholesterol absorption spectrum are
normalized, confirming the similar absorption
characteristics between the two. This work pro-
vides a basis for wavelength selection for subse-
quent intravascular photoacoustic imaging and
photoacoustic spectroscopy, but its analysis of
lipid components is limited to a qualitative dis-
crimination and no further quantitative studies
have been conducted.

Jansen et al. from University Medical Center

L

17001 7101 7201 7301 740
Wavelength / nm

% 121 11.2
= 1.0r :;f __. 110
g os} l: \I {08
& 0.6 10.6
g 04 10.4
= V[ mCholesterol :

0.2+ xPAresponse 410.2
z 0.0

Normalized absorbance of cholesterol

Fig. 17

Photoacoustic spectroscopy imaging for lipid

in the far-infrared wavelength range

Rotterdam, Netherlands, conducted a study in
2014 to further quantify the differences between
the two lipid absorption bands at 1 200 and 1 700
nm'™, They used vascular models and isolated
coronary atherosclerosis of the human coronary
arteries for photoacoustic spectroscopy imaging,
as shown in Fig. 18. Fig. 18 (a) is a lipid map
based on 6-wavelength correlation with cholester-
ol, and Fig. 18(b) is the peri-adventitial reference
spectrum in the 1 200-nm wavelength range
(1185, 1 195, 1 205, 1 215, 1 225, and 1 235
nm). Fig. 18(c) is a lipid map based on the 6-
wavelength correlation with cholesterol, and
Fig. 18(d) is the peri-adventitial reference spec-
trum in the 1 700-nm wavelength range (1 680,
1710, 1718, 1726, 1734, and 1 751 nm). Fur-
thermore, Fig. 18 (e) shows normalized photoa-
coustic spectra of the four lipid inclusions in the
1 200-nm wavelength range, and Fig. 18 ({)
shows those in the 1 700-nm wavelength range.
The experimental results show that the required
pulse energy at 1 700 nm is lower than that at 1
200 nm (0.4 m] vs. 1.2 m]) in the photoacoustic
spectroscopy detection of atherosclerotic lesions.
A low pulse energy has the advantages of a re-
duced laser power dissipated in the body and re-
duced artifacts in IVPA imaging caused by laser
absorption in the catheter. In addition, a signifi-
cant difference between the plaque and adventitial
lipid was achieved only at 1 200 nm. This work
clearly reveals the direction and basis of the wave-
length selection and wavelength determination of

intravascular photoacoustic spectroscopy.
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Fig. 18 Photoacoustic spectroscopy imaging for identi-

fying plaque lipid and peripheral vascular fat

3.3 Summary of photoacoustic spectroscopy

Interventional photoacoustic spectroscopy fo-
cuses on the design of the spectrum scanning
method and the spectral analysis algorithm. The
spectrum scanning method needs to improve the
imaging speed and efficiency while ensuring that
the corresponding spectral data strictly originate
from the same spatial point. For spectral extrac-
tion, an analytical algorithm that is superior to
the first-order gradient and the least-squares fit-
ting should be developed for clinical applications.
The first-order gradient algorithm is simple and

easy to implement. However, in practical appli-

cations, the accuracy of the algorithm will be
greatly reduced if the gradient of the spectrum
changes in a complicated manner or if the number
of components is too large and the spectral shapes
are close to each other. The classical least-squares
fitting algorithm has the advantages of simple and
fast calculation. However, in actual calculation,
it is necessary to know a priori the number of spe-
cies in the sample as well as the exact spectral da-
ta of each component. Therefore, the above two
algorithms are not suitable for applications such
as the quantitative analysis of clinical vascular

plaque of complex components.

4 Conclusions

Photoacoustic imaging, a groundbreaking bi-
omedical imaging technology that combines the
benefits of optical and ultrasound imaging, has
sufficient optical sensitivity to diagnose lesions
early as well as the characteristics of ultrasound,
with the ability to image biological tissues within
a depth of a few centimeters at a high resolution.
It is of great significance for the early detection
and diagnosis of major diseases such as cancer,
cardiovascular diseases, and cerebrovascular dis-
eases.

Interventional photoacoustic imaging is be-
coming increasingly mature, and its applications
to IVPA and PAE have achieved multi-scale,
high-resolution structural imaging. Furthermore,
it is moving towards high-speed, multi-mode im-
aging, attempting to integrate imaging techniques
such as ultrasound, OCT, and even fluorescence
into interventional photoacoustic imaging to en-
rich the acquired information.

The integration of photoacoustic spectrosco-
py into an interventional imaging system can
show specific tissues by using the wavelength-se-
lective contrast of different tissues, and utilize the
light absorption spectrum of the tissue to perform
spectral analysis on the tissue and realize func-
tional imaging. This has an important application

value in aspects such as rich clinical testing meth-
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ods. The application of OR-PAM based on a dual

laser source in oxygen saturation imaging pro-
vides an extremely valuable guide and reference
for the research on interventional photoacoustic
imaging.

The analysis of SO, , needed to be fast and in
real time, requires a small number of wave-
lengths. But the separation of lipid components
and quantitative analysis, not needed to be in real
time, requires a large number of wavelengths.
Research on quantitative spectroscopic photoa-
coustic imaging systems and the corresponding
matching analytical algorithms that considers
these facts will have a great economic value and
social significance for furthering the clinical appli-

cation and industrialization of photoacoustic ima-
ging.
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