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Photoacoustic (PA) imaging is able to provide extremely high molecular contrast while maintaining the superior imaging
depth of ultrasound (US) imaging. Conventional microscopic PA imaging has limited access to deeper tissue due to strong
light scattering and attenuation. Endoscopic PA technology enables direct delivery of excitation light into the interior of a
hollow organ or cavity of the body for functional and molecular PA imaging of target tissue.
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| 1. Introduction

Photoacoustic (PA) imaging, an emerging biomedical imaging modality, has the advantage of providing optical absorption
contrast with a greater penetration depth compared with conventional optical imaging modalities LIZIRBIAIBIEITIEIL] |n pA
imaging, the biological tissue is irradiated by a pulsed light. A portion of the optical energy is absorbed by tissue and
converted into heat, resulting in a transient pressure rise. This initial pressure acts as an acoustic source that generates
an acoustic wave propagating through the tissue. An ultrasonic transducer is often used for detecting the acoustic wave to
form PA images. Due to the introduction of a US transducer, US imaging can be incorporated seamlessly. Alternatively, an
all optical US sensor, such as a Fabry—Pérot interferometer and microresonator, can be also applied to detect a generated

PA signal LQILLL2|[13]14]1S]I6][17] The intensity of the generated PA signal is proportional to the local absorption coefficient
of the tissue, the light intensity, and the Griineisen parameter, which represents thermoacoustic conversion efficiency.
Different biological tissues exhibit different absorption spectra, as shown in Figure 1.
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Figure 1. Absorption coefficient spectra of endogenous tissue chromophores [L81[19]1201[21]

As an extension of PA imaging, spectroscopic PA imaging can be performed by applying multiwavelength laser excitation
and a spectroscopic analysis for tissue characterization and quantification due to tissue unique spectral signatures.
Spectroscopic PA imaging has been investigated in a wide variety of applications. For example, spectroscopic PA has
been applied in intravascular imaging to detect and distinguish peri-adventitial and atherosclerotic lipids, one of the main
characteristics of vulnerable plaque 4122123 Another important application is to measure blood oxygen saturation (SO 2),
which is a key factor for cancer detection and staging, using the differences in oxyhemoglobin (HbO 2) and
deoxyhemoglobin (HHb) [24123],

| 2. Endoscopic Photoacoustic Imaging System

Figure 2 depicts the schematic of a representative endoscopic PA imaging system setup 28, A nanosecond pulsed laser
is used for PA signal excitation. The output laser beam is focused by a condenser lens into the imaging probe to excite the
target tissue. A US transducer is used to detect the generated PA signal. Due to the introduction of a US transducer, US
imaging can be performed simultaneously. To separate PA and US signals, a delay unit is often applied to delay US pulse
emission by a few nanoseconds. For radial scanning, a scanner consisting of an optical rotary joint and slip ring can be



utilized to pass optical and electrical signals across rotating interfaces. With this scanning mechanism, the imaging probe

can be miniaturized in terms of outer diameter and rigid length. However, nonuniform rotation distortion (NURD) will be a

main concern, especially for intravascular imaging. Alternatively, a micromotor can be incorporated into the imaging probe

tip to rotate the mirror only, instead of the entire imaging probe. This scanning mechanism will enable uniform rotation at

the cost of increased rigid length. Table 1 and Table 2 show representative endoscopic PA imaging systems

corresponding key parameters.
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Figure 2. Endoscopic photoacoustic and ultrasound imaging system. PA: photoacoustic. US: ultrasound.
Table 1. Representative endoscopic photoacoustic imaging systems for Gl tract.
Study Laser US Sensor  Coaxial Dimension Frame Rate PA . Scannln_g Application Func_tlonal
(mm) Resolution Mechanism Imaging
F: 4 mm,
Yang Tunable dye fo:.33 M OD: 2.5 L: 100 pm . In vivo rat
etal. laser 584 nm Ring- Y mm 4 Hz A: 58 um Micromotor colon -
27 shaped RL: 35 mm ady
PMN-PT
Focus: 7
. mm, fo: 30 i .
He et DPSS laser: M OD: 18.6 L: 80 ym Torque coil Ex vivo pig
al. 28] 2 kHz, Rina- Y mm 2.5Hz A: 55 based esophaqus -
’ 532 nm 9 RL: 20 mm : scanning phag
shaped
PVDF
. In vivo
Li et 8 kHz, 527 Unfocused, Y OD: 8 mm 2 Hz L: 40 pm Shaft based rabbit )
al. [29] nm fo: 15 MHz Rigid A: 125 scanning
rectum
Xiong 1414z, 527  Unfocused, OD: 9 mm L: 91 pm In vivo
et al. nm fo: 15 MHz Y Rigid - A: 121 Shaft rabbit -
2 0 9 : rectum
Jin et 100;:2 ©° Unfocused, N OD: 1.2 L: 37 pm Shaft escl)r;)-::;eal viscoelasticity
1. 31 ’ : ) :
al 1064 nm fo: 6 MHz mm A: 253 pym tumor
Q-switched F=a4
Yang diode- mm_f : 42
y for . . i
etal. pumped MHz, Ring- Y OD: 3.8 2 Hz L:10 pm Micromotor In vivo rat -
[32] Nd:YAG shaped mm A: 50 pm colorectum
laser, 8 kHz, LiNbO
532 nm 3
F =17 mm,
. -switched fo: 15 MHz OD: 12 In vivo
Liu et Q-swi ! :
a;u@ lasers, 10 Ring- Y mm 5 Hz k 23 Pm Micromotor rabbit -
’ kHz, 532 nm shaped Rigid e rectum
PVDF
F=5.2
Yang Tunable dye mm, fo: 36 OD: 3.8 i .
et al. laser 562 MHz, Ring- Y mm 4 Hz k'_ gg Pm SO; level In;l(l)\llgnrat SO, level
[25] nm, 584 nm shaped R: 38 mm PO H
LiNbO3
Basii 64-element
) Nd:YAG/OPO phased- OD: 7.5 L: 378 pm Phase array
et al. N - Phantom -
[34] laser 532 nm array, fo: mm A: 308 ultrasound

5-10 MHz




Study Laser US Sensor  Coaxial Dimension Frame Rate PA . Scannln_g Application Func_tlonal
(mm) Resolution Mechanism Imaging
64-element
Yuan Nd:YAG ring- OD: 30 L: 2.4 mm transducer EXx vivo pig
etal. laser, 20 Hz, shaped N mm - A: 320 um arra Colorectal -
23] 1064 nm array, fo: 6 Rigid : H y tissue
MHz,
Ex vivo
Guo Nd:YAG Unfocused, OD: 6 mm L:10.6 ym MEMS Mouse
etal. laser, 20 fo: 10 MHz N Rigid 1/8 Hz A: 105 scannin colon )
6] KkHz 532nm ¥ 9 : 9 X
tissue
. i Fabry-
Ansari Nd:YAG Pérot (FP) oD: 3.2 25 L: 45 pm In vivo
etal. laser, 20 Hz, I Y . | ) galvanometer ki -
[10] 1064 nm polymer- mm mins/volume A: 31 pym mouse skin
film
. DPSS laser, Unfocused, OoD: 1.5 Torque coil- .
Li et Single Shot L: 250 pm In vivo rat
[37] fo: 45 MHz N mm 50 Hz based -
al. to 300 kHz A: 50 pm . rectum
PMN-PT A: 11 mm scanning
532 nm
Table 2. Representative intravascular photoacoustic imaging systems.
. Dimension Frame PA Scanning L Functional
Study Laser US Sensor  Coaxial (mm) Rate Resolution Mechanism Application Imaging
dual
Jietal. OPO laser, element 0OD: 1.2 L: 13 pm T_orque, Ex vivo rabbit
(28] 10 Hz, unfocused N mm - A: 127 um coil based aorta -
750 nm transducer R: 20 mm ’ H scanning
fo: 19 MHz
Dual
Q-switched element L: 232/181 Toraue
Lietal. Nd:YAG unfocused N OoD: 1.2 Hm coil l?aséd Ex vivo rabbit
Y laser, 10 Hz, transducer mm A: 59/35 scannin aorta
532 nm fo: 35 and um 9
80 MHz
Piao et O:(())Olzs;er, Unfocused, N OD: 1 mm 1Hz L: 350 ym c:ﬁrg:; d Ex vivo rabbit
al. 49 ’ fo: 45 MHz R: 6 mm A: 60 pm - aorta
1725 nm scanning
Unfocused, human
Jansen OPO laser, fo: 445 T_orque, atherosclerotic  Spectroscopic
122] 10 Hz, N OD: 1 mm - - coil based . X
et al. 1125:2:1275 MHz, scannin coronary imaging
- PMN-PT 9 artery, ex vivo
Wang et OPO laser, Unfocused, oD: 2.2 T_orque, In_vwo
al. [41] 10 Hz, fo: 40 MHz N mm - - coil based rabbit aorta -
1720 nm 0 scanning with blood
Tunable dye Fabry-
. Torque,
Mathews laser, Pérot (FP) N OD: 1.25 1/15 L: 18 ym coil based Phantom )
etal. 11 565 to0 605 polymer mm Hz A: 45 pm -
: scanning
nm film
Zhang et OPO laser, Unfocused, OD: 1.8 L: 380 pm T.orque, In.vwo Spectroscopic
[42] 10 Hz, X N - ] coil based rabbit aorta . X
al. fo: 20 MHz mm A: 100 . . imaging
720, 760 nm scanning with blood
Wang et OPO laser, Unfocused, OoD: 1.1 L: 94 pm T_orque, Ex vivo rabbit Elasticity
al. [42] 10 Hz, fo: 15 MHz N mm ) A: 122 pm coil based aorta imaging
1700 nm o ’ scanning
Wei et Q-switched  Unfocused,
Nd:YAG fo: 39 MHz OoD: 2.3 L: 230 pm Rotating Ex vivo rabbit
al. . Y - -
(8] laser, 10 Hz, Ring- mm A: 34 um target aorta
532 nm shaped
. 8 kHzto 100 Unfocused, . Torque, In vivo rabbit
Xm{g al. kHz, 1064 fo: 40 MHz N 0D: 0.9 100 - coil based aorta with -
mm Hz . .
nm PZT scanning nanoparticles




Dimension Frame PA Scanning Functional

Study Laser US Sensor  Coaxial (mm) Rate Resolution Mechanism Application Imaging
F: 3 mm,
Huietal, KIP-based . oo MHz OD: >2.5 L:260pm  1°MY® £y Vivo human
[45] OPO, 500 . Y 1Hz . coil based -
Ring- mm A: 102 pm . femoral artery
Hz, 1724 nm scanning
shaped
Periodically-
Wu et al. Poled Unfocused, OD: 1..3 Tf)rque, In vivo sw.ln.e
[46] LiNbO3 fo: 40 MHz N mm with 20 Hz - coil based coronary lipid -
OPO, 5 kHz o sheath scanning model
1720 nm
Lei et al. OPO laser, Unfocused, L: 209 ym Tf)rque, Ex vivo
[47] 2.5 kHz, X N 0.7 mm 5Hz . coil based thoracic aorta -
fo: 50 MHz A: 61 pm .
1720 nm scanning mouse
. OPO laser,  Unfocused, i Torque, .
Batetal  10Mz, 1210 fo: 40 MHz N 1imm 60 LA96EM o sed Ex vivo -
Hz A:38.1pm . phantom
nm PZT scanning
OPO laser, 1
. ! Unfocused, Torque, . .
Li et al. kHz X L: 200 pm . EX vivo Spectroscopic
[49] 1210 nm fo: 40 MHz N 0.9 mm 5Hz A: 100 pm coil based phantom imaging
1720 nm, PZT scanning

A nanosecond laser is one of the key components of a PA imaging system as its repetition rate determines the maximum
imaging speed and its energy affects the signal to noise ratio of the PA signal. In most reported studies, a Q-switched Nd:
YAG pumped optical parametric oscillator (OPO), Ti: sapphire, or dye laser systems are used for PA signal excitation, in
which a tunable wavelength enables spectroscopic PA imaging [1[251127132]38]142] Thjs OPO often operates at a slow
repetition rate (~10 Hz) and slow tuning speed. In addition, diode pumped solid state (DPSS) lasers have been introduced
into PA imaging due to their high power and repetition rate, so that a high frame rate can be achieved 24281, However,
DPSS laser based PA systems are incapable of performing spectroscopic PA imaging due to their single wavelength
operation.

| 3. Endoscopic Photoacoustic Imaging System Probe

In order to achieve high quality PA images, an optimal imaging probe that includes an optical fiber to deliver excitation
light and a US detector for signal detection is essential. Various probes using different types of light delivery, US detection,
and scanning mechanisms have been investigated. Each has its own advantages and limitations. Based on clinical
applications, these designs can be categorized into two groups: Gl tract and intravascular imaging probes.

Various Gl tract imaging probes have been proposed [3][10"15"37"26"25][27][29][30][32][34][35][36][50][51][52][53][54][55]’ as shown in

Figure 3 . Yang et al. reported a series of micromotor based endoscopic PA probes Bl[25127132]52] The probe consists of a

ring-shaped US transducer and an optical fiber which is mounted in the central opening of the ultrasonic transducer. A
mirror aligned with the fiber tip and US transducer coaxially is driven by a micromotor to reflect both laser and acoustic
beams towards the tissue, as shown in Figure 3 a. This imaging probe has a limited field of view due to being blocked by
the stainless steel wall. In addition, the imaging speed is relatively slow, because the mirror is rotated through a magnetic
coupling mechanism in order to isolate the micromotor from water. To address this issue, Xiong et al. B9 and Li et al. [22
reported several similar coaxial PA imaging probes with different scanning mechanisms, in which the entire imaging probe
or probe shell was rotated by an external motor at a frequency of 2 Hz. In addition, the ring-shaped US transducer was
aligned with the laser beam coaxially and placed near the imaging window, as shown in Figure 3 b. This configuration will
avoid extra US signal attenuation caused by the reflection of the mirror, thereby improving sensitivity. To perform high
speed and full field of view imaging, Li et al. [27(28] developed a PA probe with torque coil based scanning, in which optical
and acoustic components are arranged in a series. Optical and/or acoustic beams are tilted to achieve an overlap
between two beams for effective PA signal detection. The imaging speed is up to 50 Hz. The main limitations include
limited imaging range and additional steps for achieving coregistered PA and US images due to longitudinal offset
between the two beams. In addition to the radial scanning mechanism, Guo et al. 381 and Qu et al. 1531 demonstrated a
microelectromechanical systems (MEMS) scanning mirror based imaging probe, as shown in Figure 3 d, which is able to
perform fast raster scanning. The maximum scanning frequency of this MEMS mirror is 500 Hz, which can support a 1000
Hz frame rate with the fast laser. The main limitation is its relatively large probe size due to the use of MEMS. To perform
cross sectional imaging without scanning, Yuan et al. 3l developed an imaging probe ( Figure 3 c) based on a ring-
shaped array US transducer, in which a transducer and optical fiber were aligned coaxially. A tapered reflector was used
to transform the laser beam into a ring- shaped distribution to illuminate the sample and a 64-element ring transducer



array connected with the parallel acquisition system was used to detect the generated PA signal, as shown in Figure 3 e.
Basij et al. 24 present a phased array US transducer based imaging probe, in which six silica core/cladding optical fibers
surrounding the US transducer were used to illuminate the sample. In addition to the traditional US transducer, an optical
US sensor (such as a micro ring resonator and FP sensors) has been used in endoscopic PA imaging probes 1QIL51(54](55],
Figure 3 f shows a representative all optical imaging probe, which consists of a fiber bundle and the Fabry—Pérot (FP) US
sensor at the fiber tip 19,
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Figure 3. Gl Tract PA endoscope. (a) Distal scanning based coaxial imaging probe. GM, geared micromotor; GP, glass
partition; JB, jewel bearings; MN, magnets; OF, optical fiber; PM, plastic membrane (imaging window); SM, scanning
mirror; SW, signal wire; UST, ultrasonic transducer; WM, water medium. Adapted from 24, (b) Proximal scanning based
coaxial imaging probe. RS, rotating shaft; LL, liquid lens; CW, coupling window; IH, inject hole; PH, plastic housing; BB,
ball bearing; CF, ceramic ferrule; AL, aspheric lens; UST, ultrasonic transducer; UST EW, ultrasonic transducer electric
wire. Adapted from B9, (¢) Proximal scanning based noncoaxial imaging probe. Adapted from B4, (d) MEMS based
imaging probe. F, fiber; CF, ceramic ferrule; GL, GRIN lens; M, MEMS mirror; UST, ultrasound transducer; USTC, ultra-
sound transducer cable; C, cube; LB, light beam; AB, acoustic beam; DW, deionized water; CG, cover glass. Scale bar:
0.5 mm B8, (e) Ring-shaped transducer array based imaging probe. Adapted from B2, (f) All optical PA imaging probe.
Adapted from 19,

In contrast to the Gl tract imaging probe, an intravascular imaging probe needs to be implemented with a smaller diameter
and shorter rigid length in order to realize a smooth advance in the tortuous cardiovascular system. Various probe
configurations were reported [EI49I561120146157IS8ISABAN6L] 55 shown in Figure 4 . Wu et al. proposed a 0.8 mm noncoaxial

probe, in which a multimode fiber end was angle polished to enable total reflection for laser delivery and a side-facing US
transducer was aligned in a series for PA signal detection. The lateral resolution of this kind of probe is relatively poor due
to the broad illumination 8. With the same alignment, Li et al. ¥ introduced a grin lens at the end of the optical fiber to
achieve a quasifocusing illumination ( Figure 4 b). An improved resolution of ~200 pm was obtained. To further improve
lateral resolution, Zhang et al. applied a graded index multimode fiber to replace a multimode fiber for light propagation,
which enables a beam self-cleaning effect and offers a lateral resolution of 30 um BZ. Wang et al. proposed to utilize a
tapered fiber (core: from @25 to @9 pym) instead of a multimode fiber, which contributes to an optimal lateral resolution of
18 um B8l However, the above mentioned noncoaxial imaging probes “22046I5758I59] haye |imited imaging range and
require additional steps to achieve coregistered PA and US images. To address these issues, Wei et al. 8l and Cao et al.
(691 presented coaxial imaging probes, as shown in Figure 4 c,d, in which optical and acoustic beams share the same
optical path. This configuration can be realized by using a ring-shaped US transducer ( Figure 4 c) or multireflection
scheme ( Figure 4 d), which enables a long imaging range and automatic image coregistration EI58I80 The |imitations of
these designs include a relatively large size due to the use of the ring-shaped US transducer and degraded sensitivity
caused by multiple reflections of the PA/US signal.
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Figure 4. Intravascular imaging probe. (a) Sequential alignment and broad illumination. Adapted from €2, (b) Sequential
alignment and focusing illumination. Adapted from 2. (c) Coaxial alignment and broad illumination. Adapted from [&l. (d)
Coaxial alignment and broad illumination. Adapted from (62,

| 4. Application

Endoscopic PA imaging provides molecular contrast with depth information, which allows for the simultaneous
visualization of structural and functional information. It has attracted intensive research interest and been applied in Gl
tract for characterization of diseases in Gl tract by mapping vasculature, measuring SO 2 saturation, and evaluating
elasticity. Yang et al. 32 present a high-resolution endoscopic PA system, which enables visualization of vasculature with
a much finer resolution of 10 pm and an imaging speed of 2 Hz, as shown in Figure 5a. However, imaging speed is main
limitation for clinical application. To achieve real time imaging, Li et al. B2 developed a high speed PA imaging system,
which is able to perform PA and US imaging simultaneously with an imaging speed up to 50 Hz. Nevertheless, the lateral
resolution is about ~300 pum, which makes it difficult to identify microvascular systems clearly. To obtain functional
information about the Gl tract, Yang et al. (23 demonstrated a functional PA and US system by applying an excitation of
multiple wavelengths, which allows the simultaneous visualization of vasculature, SO 2 level, and the morphology of a rat
colon, as shown in Figure5c. This is the first demonstration of measuring SO 2 in the Gl tract and represents a significant
step toward comprehensive diagnosis, but the imaging speed is still a main concern for clinical translation of this
technology. Jin et al. further extend PA imaging to perform elastography using phase sensitive PA imaging B2, in which
tissue biomechanics and morphology can be obtained by detecting the PA phase and PA amplitude information,
respectively. Ex vivo experiments were performed to demonstrate the feasibility of the proposed system, as shown in
Figure 5d. The accuracy and speed of imaging still need to be further improved for in vivo application. To realize
noncontact endoscopic imaging, Ansari et al. demonstrated an all optical endoscopic imaging probe with a Fabry—Pérot
(FP) polymer-film as the US sensor 19, which can provide high resolution 3D vasculature of mouse abdominal skin. This
approach avoids the need for separate and bulky detectors, providing more flexibility. However, the shallow penetration
depth (~2 mm) and long acquisition time (25 min for two images) inhibit clinical application.

PA image PAVE image 3D PAVE image
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Figure 5. (a) Optical resolution PA image from a rat colorectum. Adapted from B2, (b) High speed PA image from a rat
rectum. Adapted from 7, (¢c) SO, levels of a rat colon. Adapted from 23], (d) PA image and PAVE image of a severe reflux
esophagitis from a rabbit. Adapted from 21, (e) PA image of mouse abdominal skin microvasculature. Adapted from 19,
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