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Abstract. Photoacoustic imaging (PAI) is a newly emerging imaging modality for preclinical
and clinical applications. The conventional PAI systems use Q-switched Nd:YAG/OPO
(Optical Parametric Oscillator) nanosecond lasers as excitation sources. Such lasers are
expensive, bulky, and imaging speed is limited because of low pulse repetition rate. In recent
years, the semiconductor laser technology has advanced to generate high-repetitions rate
near-infrared pulsed lasers diodes (PLDs) which are reliable, less-expensive, hand-held, and
light-weight, about 200 gm. In this article, we review the development and demonstration of
PLD based PAI systems for preclinical and clinical applications reported in recent years.
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1 Introduction

In the last couple of decades, a new biomedical imaging modality known as optoacoustic
imaging (OAI) or photoacoustic imaging (PAI) is progressing from bench to bedside [1-12].
PAI provides structural, hemodynamics, functional, oxygen metabolism, gene expressions,
biomarkers, molecular, etc. [12-14]. Due to these advantages, PAI modality is finding many
applications in oncology, dermatology, cardiology, etc. [12, 15]. PA imaging utilizes the
advantages of both ultrasound (US) and optical imaging methods. In photoacoustic imaging,
laser pulse, typically a nanosecond pulse, irradiates the tissue sample. The tissue
chromophores (oxyhemoglobin [HbO2], deoxyhemoglobin [Hb], water, lipids, melanin,
collagen, DNA/RNA, etc.) absorb the incident light, resulting in rise of temperature locally.

The temperature rise produces sound waves, known as photoacoustic waves. These PA waves
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were acquired from the tissue boundary to form a cross-sectional image. PAI has several
advantages compared to optical or ultrasound imaging techniques [3, 16-23]: (i) it is a multi-
scale multi-contrast label-free imaging modality, (ii) it can provide longer penetration depths
in soft-tissues compared to pure optical methods, (iii) speckle artifacts are not present in PA
imaging, (iv) PAI systems are less expensive compared with other clinical imaging systems
like X-ray imaging, magnetic resonance imaging (MRI), positron emission tomography, tec.
(v) PAI can provide anatomical, functional, and molecular information, (vi) The sensitivity of

PALl is 2 orders of magnitude more than that of OCT and confocal microscopy.

Broadly photoacoustic imaging systems can be classified as: (i) photoacoustic tomography
(PAT) [1, 24-31], (ii) photoacoustic microscopy (PAM) [32-50], (iii) photoacoustic
endoscopy (PAE) [51-54]. In PAT systems usually an expanded high energy laser short
pulses irradiates the test sample and photoacoustic signals are collected outside tissue using
ultrasound transducers (USTs). The collected photoacoustic signals can be used to generate a
cross-sectional image the initial pressure rise (representing the absorption coefficient) within
the tissue. PAT is a deep-tissue imaging modality. With the help of contrast agent an imaging
depth of ~11.6 cm was achieved in biological tissues with the 1064 nm laser power of 56
mJ/cm? [55, 56]. In photoacoustic microscopy, both the light beam and acoustic detection are
focused in confocal geometry. PAM is classified into AR-PAM (AR stands for acoustic
resolution) [57-60] or OR-PAM (OR stands for optical resolution) [61-68]. In acoustic
resolution PA microscope acoustic focus is finer whereas in optical resolution PA microscope
optical focus is finer. PAM can provide better imaging depth (~1 cm) compared to optical
microscopy [69]. PAE can provide deeper imaging than optical endoscope. It can be used to

image esophagus, colon etc. An imaging depth of 7 mm was achieved ex vivo in the rat colon



using PAE [70]. Photoacoustic microscopy and endoscopy are limited to surficial imaging

applications.

The photoacoustic excitation pulse duration needs to be less than the thermal and stress
confinement times. So typically near-infrared (NIR)/visible (VIS) laser pulses with duration
nanosecond were used to excite tissue samples. Traditional high energy excitation lasers used
for PAT are expensive, non-portable, and have low-repetition rate (~10-100 Hz). The limited
pulse repetition rate is an issue for dynamic imaging of tissues such as beating heart. Such
lasers prevent the PAI technique from being widely introduced into clinics. 1064 nm or 532
nm Nd:YAG lasers provide economical option, but their fixed wavelength strongly limits
their application to anatomical imaging. Moreover, near infrared (NIR) window providing
deeper light penetration in tissue made 650-900 nm wavelength window a commonly used
one in PAT for deep tissue imaging [3, 71]. In recent years, pulsed laser diode (PLD) [24, 29,
72-75] or light emitting diode (LED) [76-78] were used as a substitute to conventional
Nd:YAG/OPO laser due to the fact that they are less expensive, reliable, ultra-compact, and
can provide thousands of pulses in a second for real-time imaging. Demonstration of PLD
based PAI systems in various applications, such as, brain imaging [24, 79], rheumatology
[80], high-frame rate imaging [81], and the diagnosis of cardiovascular disease [82] has

already been successfully performed.

In this review, we discuss the current status and progress in photoacoustic imaging systems
with the PLD excitation and its applications in clinical practices. This review article is

structured in this manner: Sec-2 presents main components of PAI systems; In Sec-3 we



discuss about conventional photoacoustic tomography systems; Sec-4 is dedicated to PLD-
PAT systems; Sec-5 is dedicated to PLD based PAM systems; In Sec-6, we will discuss the
PLD based clinical ultrasound systems and its applications; and in Sec-7, we will conclude
the review, and discuss about the future directions for the advancement of PAI system

technology.

2. Main components of PAI systems

The main components of photoacoustic imaging systems are described in Fig. 1. They are
excitation sources, light delivery systems, ultrasound transducers, and image formation.
Technological advancement of all these components will make the PAI system an ideal tool
for preclinical and clinical studies. The excitation laser for PAI is usually a nanosecond
visible/near-infrared laser source. The pulsed diode laser and light emitting diode
technologies have advanced to produce nanosecond pulses in near-infrared wavelength range.
PLD and LED lasers were successfully demonstrated for both clinical and preclinical PA
imaging. However, the PLD and LED technology yet to be developed to generate high energy

and tunable output for deep-tissue and spectroscopic imaging applications.

Light delivery system can be defined as system for controlling the light transportation from
an excitation light source to a target/tissue. In PAI imaging systems, light delivery was
achieved by free-space optics (reflecting surfaces, such as, mirrors or prisms, etc.), fiber
based optics (single/multi-mode fiber, fiber bundle, etc.), focusing optics (short focal length
converging lenses or microscopic objectives, etc.), and light scanning devices (Galvo mirrors

[83] or MEMS mirrors [84-87]).



Various devices have been developed for detecting the PA signals. A Fabry-Perot polymer
film etalon was used to detect PA signal from DC to several tens of MHz [88, 89]. The PZT
(Lead Zirconate Titanate) based transducers have been widely used in PAI systems because
they are cheaper and readily available in the market (most commercial ultrasound transducers
used in clinical ultrasound system uses PZT transducers). Single-element USTs with central
frequency (fc) 1 MHz to ~1.2 GHz [90, 91], 45 MHz 1-D array USTs, and 70 MHz 2-D array
USTs have been used in PAT or PAM systems [91]. PZT based USTs can provide high
sensitivity, 70-80% bandwidth, low-cost, and best for dual modal PA/US imaging. New US
detection technologies based on PVDF (plyvinylidene diflouride), and CMUT (Capacitive-
micromachined ultrasound tansdcer) have been explored for PA imaging. PVDF based one is
high sensitive than PZT, shape flexible, and not usable as US emitter. CMUT based
transduceres have highest band width, senitivity same as PZT, but cross talk between the

arrays and dieleltric charging are challenging issues [92-94].

Several reconstruction algorithms have been development in parallel for PA image formation
and display: (a) a model-based reconstruction [95-98], (b) filtered-back-projection algorithm
[99], (c) single-stage algorithm [100], (e) pulse decomposition algorithm [101], (e) focal-line-
based 3-D image reconstruction algorithm [102], (e) a multi-view Hilbert transformation
[103], (f) algorithm based on compressed sensing [104], and (g) simple delay-and-sum
algorithm [105, 106]. Some of these reconstruction algorithms are computationally expensive
and slow, therefore, efforts are ongoing for developing fast, efficient, real-time reconstruction

methods.



3. Conventional photoacoustic tomography (PAT) system

In conventional PAT systems, high-energy laser beam from Nd:YAG/OPO laser is expanded
to irradiate the test sample homogeneously, and PA signals emitted by the sample are
collected by circularly rotating the single element UST in a stop-and-go manner. The diagram
of a conventional PAT system is shown in Fig. 2 [29]. The excitation laser used in this
system was an optical parametric oscillator (Surelite OPQO) from Continuum, and a 1064
nm/532 nm Nd:YAG pump laser (Surelite Ex) from Continuum. The excitation source
delivers 10 pulsed in one second with each having pulse duration 5 ns. The signal wavelength
of OPO can be changed from 670 nm to 970 nm. The output of OPO was associated with the
residual 532 nm beam, to eliminate that a 590 nm long pass filter from Thorlabs (LGL590)
was used in the OPO beam path. Then the OPO NIR output beam was guided by the P1, P2
right angle prisms and L1, L2 long focal length focusing lenses to the circular UST scanner.
Another focusing lens L3 was used to expand the narrow beam to illuminate the region of
interest. A ground glass (GG) was used to achieve homogeneous illumination on the tissue
surface. The system could provide laser fluence on tissue surface up to ~18 mJ/cm? which is
within the ANSI maximum permissible exposer (MPE) [107]. UST with central frequency
2.25 MHz was incorporated in the system to collect signals. PA signals thus detected by the
UST were amplified, and filtered (1-10 MHz band pass) by the pulser/receiver unit (R/A/F)
from Olympus-NDT (5072PR). Finally, the digitized signals were saved by the computer.
The compute is equipped with a 25 Ms/s DAQ (data acquisition) card from GaGe

(compuscope 4227).

In conventional PAT systems, data acquisition was achieved in 2 different approaches. One is
stop-and-go scanning [108], and another is continuous scanning [109]. In stop-and-go

approach the motor rotates the detector through an angle, acquires several PA signals,



averages the signals for better signal-to-noise ratio, saves the averaged PA signals, and moves
the detector further to some new position. In continuous scanning approach, the motor rotates
the detector continuously at constant speed, while the detector is moving signals are
collected, and finally when the rotation is completed the signals are saved. If required, PA
signals can be averaged after data acquisition. Compared to the stop-and-go method
continuous scanning method can acquire data faster. But, before scanning one should
consciously select the scanning time (it is the total acquisition time within which all the A-
lines were acquired to generate a cross-sectional image) when system is operating in
continuous scanning mode which otherwise results in image blur. This blur could be due to
detector motion or due to averaging. For good quality imaging, the magnitude of blur should

not be greater than the lateral resolution or test sample size.

Although, the traditional lasers can provide high energy pulses for better penetration depths
in photoacoustic imaging, these lasers are costly, large in size (active vibration isolation
optical table), cannot be used for high-speed or real-time imaging with single detector
scanning. If such lasers are used, typically, it takes few minutes to generate one good quality
in vivo image. On the other hand, portable optical parametric oscillator based lasers are even
more expensive than non-portable OPO lasers [110, 111]. In recent years, pulsed laser diode
(PLD) was widely used as an excitation source in PAT as well as PAM systems. PLD could
make PAI a simple, affordable and yet efficient tool for both small animal imaging and
clinical applications. Below sections we will discuss the recent advances in PLD based PAI

systems and their applications.

4. PLD based PAT systems



4.1 Fiber-coupled PLD as an excitation source

A circular scanning-based PAT system using fiber-coupled PLD as an excitation source was
reported and shown in Fig. 3(a) [74]. The excitation source consists of four PLDs. The
specifications of this PLD are wavelength (L) ~905 nm, pulse repetition rate (RR) ~2 kHz,
pulse width (PW) ~500 ns. It can also provide 65 ns pulses at high repetition rate 20 kHz. The
output of each PLD was coupled to an optical fiber with core diameter 1.5 mm to deliver the
light from PLD to the sample to be imaged. A phantom shown in Fig. 3(b) was imaged to
prove that the system could be used for 2D imaging. The phantom has 3 absorbers (diameter
~2.7 mm, thickness ~1 mm, absorption coefficient pa = 1 mm, which is similar to blood).
The phantom was illuminated by the PLD output from fiber bundle. A 3.5 MHz focused UST
was scanned around the phantom with a scanning radius 25 mm. The UST was rotated in
306° with each step 3.6°. The PLD-PAT images of the phantom with 500 ns and 65 ns pulses
are shown in Figs. 3(c) and 3(d), respectively. These images were compared with the image
[Fig. 3(e)] obtained with 7 ns Nd:YAG/OPO laser. In this work, the authors concluded that
the fiber-coupled PLD-PAT system can provide 2D images and it can be used for surface or
subsurface imaging applications such as visualizing superficial vascular anatomy. In this
work, UST was not scanned in full circle. The stop-and-go approach (discussed in section-3)
which is time-consuming was used to acquire PA signals. The PLD output is highly
diverging, using fiber will make it easy to deliver light form source to the sample, but the

PLD pulse energy will be significantly reduced due to fiber.

4.2 Free-space pulsed laser diode as an excitation source
A PAT system using free-space PLD was reported in different design [29, 79]. In this work,

the PLD was integrated inside the scanner so that no additional optics is required and hence



no loss of energy. Continuous scanning was used to make data acquisition faster. Along with
imaging resolution, high-speed, deep-tissue, in vivo imaging capabilities of PLD-PAT were
reported in this work. The schematic of the PAT system based on free-space PLD is shown in
Fig. 4(a). The photograph of the set-up is presented in Fig. 4(b). The laser diode is from
Quantel, France. It is capable of providing ~136 ns pulses at wavelength of ~803 nm. The
maximum pulse energy available at laser window 1.42 mJ at 7000 Hz pulse rate. To make the
PLD output beam uniform, a ground glass (GG) was used in front of PLD window. The
driving unit (LDU) controls the PLD output power and repetition rate. The LDU consisted of
a device (MTTC1410) to control temperature from LaridTech, a power supply unit (12V,
PPS-11810) from Voltcraft, another tunable power supply (BT-153) from BASETech, and a
simple function generator (FG250D) from Funktionsgenerator. This generator can provide a
TTL signal to sync DAQ card with PLD pulsing. A cylindrically focused transducer from
Olympus NDT (V306-SU-NK-CF1.9IN) with central frequency 2.25 MHz, focal length of
~4.83 cm, and 13 mm active area was used in the system to acquire A-lines. A motor (SM)
from Lin Engineering (Silverpak 23C) was used to rotate the detector in a circular motion
around the test target. The acquired A-lines were amplified, and filtered with 1- 10 MHz band
filter by US pulser/receiver unit (R/F/A). The digitized signals were saved by the computer
with 25 Ms/s data acquisition card from GaGe (compuscope 4227). Table-1 compares the
performance of pulsed laser diode based PAT system against conventional Nd:YAG/OPO-
PAT system [29, 112]. The system could provide better quality images in just 3 sec and ~2
cm imaging depth in chicken breast tissue. Later in vivo small animal imaging was

demonstrated using the PLD based PAT system [79].



For in vivo animal experiments, female rats having body weight 95+3 gm were used. Before
placing the animal in the scanner, the hair on the scalp are was removed [79]. The rat brain
area to be imaged was adjusted so that it is at the center of both the scanner and laser beam.
The continuous scanning approach (discussed in section-3) which can make data acquisition
faster was used to collect photoacoustic signals from the rat brain. The PA signal from brain
vasculature was pre-amplified with 50 dB gain, thus multiple signals were acquired around
the brain area. To compare the effect of scan speed on the quality of image, A-lines at
different scan times were acquired. The picture of the cortex with scalp and without scalp are
shown in Figs. 4(c) and 4(d), respectively. All images were acquired non-invasively with skin
and skull intact. The high-speed images of the cortical vasculature of the brain in scan times 5
sec, and 30 sec are shown in Figs. 4(e), and 4(f), respectively. Even at such high speed
imaging, all the frames show superior sagittal sinus (SS), transverse sinuses (TS) clearly, and
fine cerebral veins (CV) on the cortex are also visible. For images acquired at different scan
speeds, the signal-to-noise ratio (SNR) was calculated and plotted against scan time as shown
in Fig. 4(g). The SNR of the brain image was calculated with the well-known relation,
SNR=V,,/SDn, where Vyy, is the peak-to-peak photoacoustic signal amplitude, and SDx is the
standard deviation of the background noise. The outcome of this experiment proved that 5 sec

scan-time was enough to obtain good quality in vivo brain images with PLD-PAT system.

PAT system has been widely used for the characterization of pharmacokinetics and,
distribution of biomaterials in the making process of contrast agents or drugs in small animal
studies [55, 113-117]. The pharmacokinetics of ICG (Indocyanine green) was studied in the
cortex of rat brain using the PLD-PAT system [79]. The rat cortex was imaged in 5 sec scan

time. Indocyanine green from Sigma-Aldrich (12633-25 mg) was injected through the tail
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vein. After injecting the ICG in to the blood stream, the uptake as well as the clearance
process of ICG was visualized by the PLD-PAT system in the vasculature of the brain. Figure
4(h) shows the brain vasculature with poor contrast before the administration of ICG. ICG
(0.3 ml) with 323 pM concentration which can absorb PLD laser wavelength was
administered through tail vein [29]. Figure 4(i) shows the brain vasculature 2 min after the
administration of ICG. Figure 4(j) shows the pharmacokinetics of ICG in the superior sagittal
sinus of rat brain. It is similar to the trend reported in Ref [118]. The PA signal was
maximized around ~2 min post-injection time and ICG was cleared from the rat body in
about 15 min after injection. For this study, one brain image was acquired in every ~30 sec.
In this 30 sec, PLD was ON for 5 sec for imaging and PLD was OFF for the rest 25 sec. The
temporal resolution of the system can be enhanced by using multiple transducers. If ‘N’
number of USTSs are used, one can rotate just 360/N degrees instead of 360 deg. For example,

if N=8, then the frame rate of imaging system would be 1 frame per ~0.5 sec.

5. PLD based PAM systems

Photograph of OR-PAM system with a near-infrared (NIR) PLD is shown in Fig. 5(a) [119].
The PLD (905D4S16C, Laser Components, Montreal, Canada) with specifications A ~905
nm, PW ~100 ns, RR = 0.8 kHz, PE ~4.9 J was the excitation source. A compound lens with
numerical aperture (NA) 0.62 and focus length 15 cm was used to focus the PLD beam on to
the sample. The individual components of the NIR PLD based OR-PAM system are shown in
Fig. 5(b). A dead ant with a length of ~3.5 mm and diameter of ~0.7 mm was selected as the
sample. The schematic of the ant is shown in Fig. 5(c). Figures 5(d) and 5(e) show the two-
dimensional PAM images of dead ant acquired using 4.53 MHz UST. The images displayed
characteristics of spatial shape and size of the ant. Later, visible (VIS) PLD was demonstrated
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as an excitation source for OR-PAM [120]. The PLD (SLD3237VFR, Sony, Japan) with
specifications A ~405 nm, PW ~174 ns, RR = 1 kHz, PE ~52 nJ was the excitation source.
OR-PAM images of carbon fibers acquired using 3.6 MHz UST are shown in Figs. 5(f) and

5(g). The surface flaws of fiber are clearly visible in the images.

Very recently another PLD based OR-PAM system in both transmission mode and reflection
mode was reported [121]. Schematic of the reflection mode PLD-PAM system is shown in
Fig. 6(a). OR-PAM images of black tape phantom are shown in Figs. 6(b-d). The samples
were scanned by a motorized X-Y scanner with 100 pixels X 100 pixels and a step size of
100 um. This system could provide PA signal from black tape with signal-to-noise ratio
(SNR) ~6.5 dB. To generate meaningful PA image, 500 times averaging of the PA signals
was performed. Ex vivo OR-PAM image of mouse ear acquired in about 12 min is shown in
Figs. 6(e-f). After averaging 5000 times, the SNR of the PA signal was 2 dB. The number of
scanning points used were 50 pixels X 50 pixels with a step size of 100 um. Thus, the pulsed
NIR or VIS PLDs can serve a low-cost compact excitation source for PAM systems and can
be employed for biological tissue imaging and may represent a potential development

direction for superficial biomedical applications.

6. PLD based PA/US systems and their applications

Ultrasound imaging systems used in clinics are FDA approved devices. These systems are
routinely used by the doctors and technologists in the clinics. Photoacoustic imaging is
different from ultrasound imaging, but both share the same ultrasound receiving mechanism.

Therefore the photoacoustic imaging capabilities can be easily incorporated in to the clinical
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US system which will provide dual modal imaging. In the sections below we will discuss the
PLD based clinical US systems and their applications. Demonstration of such systems in
various applications, such as high-frame rate imaging [81], rheumatology [80], and the

diagnosis of cardiovascular disease [82] have already been successfully performed .

6.1 High-frame rate photoacoustic imaging

Recently, by combing 7000 Hz PLD source with ultrasound system from Alpinion, South
Korea (ECUBE 12R), a frame rate of 7000 Hz was demonstrated on phantoms [81]. The
picture of the PLD integrated US system is presented in Fig. 7(a). This PLD source is same as
the one mentioned in Section-4.2. The wide laser diode beam was focused using a
cylindrically focusing lens to irradiate 150 mm X 5 mm area. The energy density in this area
was maintained at 1.87 mJ/cm?. A L3-12 linear array transducer from Alpinion (fc = 8.5
MHz, 95% BW) was used in the system. It has 128 array elements to acquire PA/ultrasound
signals generated from the sample. The array element pitch is 300 um and elevation height is
4500 um. The sampling frequency of Ecube system is 40 MHz, it has 12 bit ADC, and it can
transfer data at a speed of 6 Gb/s. This system can provide raw PA data for PA image

processing and analysis. It can display the ultrasound/PA images in real-time.

The L3-12 transducer can work in two modes, Mode-1 and Mode-2. In Mode-1, all the 128
arrays elements are used whereas in Mode-2 only 64 (1-64 or 65-128) channels elements are
used. To demonstrate high-frame rate photoacoustic imaging, experiments on imaging liquids
at different flowrates was carried out. The system could record 3500 fps when operated in

Mode-1, and 7000 fps when operated in Mode-2. The PA images of ink flowing inside a
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LDPE are shown in Figs. 7(b-i). The transducer was operating in Mode-2. The inner diameter
of the tube was 1.15 mm. When operated at 7000 fps, 350 frames were recorded in 0.05 s.
Images in Figs. 7(b-e) correspond to 3 cm/s flow rate, whereas images in Figs. 7(f-i)
correspond to 14 cm/s flow rate. These results prove that it is possible to achieve high frame
rate PA B-scan imaging with the Ecube US system integrated with high-repetition rate PLD.
Similar experiments were performed with the Q-switched Nd:YAG/OPO laser having
repetition rate 10 Hz, and it was demonstrated that only 10 fps PA imaging was possible due
to low pulsing rate of the laser. Theoretically, the flow rate that can be measured using 7000
fps frame rate is up to 134.4 m/s. Further investigations are required to find out the possible
in vivo applications of high frame rate photoacoustic imaging, like imaging CTCs (circulating

tumor cells), blood vessel, heart valves, etc.

6.2 Rheumatology

A near-infrared PLD was smartly integrated inside an ultrasound probe for PA/US imaging of
human finger joints. The picture of the system is presented in Fig. 8(a) [80, 122]. The system
used an ultrasound probe (Esaote SL3323) having 128 elements, each with 0.245 mm pitch
and 5 mm length. The transducer array has 7.5 MHz central frequency, and 100% bandwidth
at —6 dB. An acoustic lens is used in the transducer array to focus the ultrasound in the
elevation plane at a distance of 20 mm. The PLD source used is from Quantel (Paris, France)
and its specifications are A ~805 nm, PW ~130 ns, RR = 10 kHz, PE = 0.56 mJ/pulse at laser
window. The output of the PLD was not homogenous and has large divergence angle. To
make the beam homogenous a fused silica diffuser with optical efficiency 80% was used. The
system can provide energy density ~1.3 mJ/cm? in 18.2 x 2.3 mm? skin area. When operated
in dual (PA/US) mode, the system could provide photoacoustic imaging at a frame rate of 10

fps (each frame is an average of 20 images) and US imaging at a frame rate of 80 fps
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(without averaging), respectively. The sagittal [Fig. 8(b)] and transverse plane [Fig. 8(c)] of a
human proximal interphalangeal (PIP) joint images contain both ultrasound (gray) and
photoacoustic (yellowish red) contrast. Ultrasound could show skin on the human finger,
bone, and joint gap, whereas the skin and blood vessels are seen in photoacoustic images. The
deeper PA signals are due to the reflection of skin photoacoustic signal on bone. The outcome
of the study promises that this bedside device has a potential to visualize rheumatoid arthritis

in human finger joints.

6.3 Cardiovascular diseases

PAI can be used in the diagnosis of atherosclerosis by identifying whether a matured carotid
plaque is potentially vulnerable to rupture. When a rupture occurs, the content of the lesion
that enters the blood stream can cause a stroke. Improved diagnosis and risk assessment of
plaques after their initial detection could lead to a reduction of these plaque-induced strokes.
It also could avoid unnecessary surgeries for patients with a stable plague. A demonstration
of ex vivo imaging to identify intraplaque hemorrhages in carotid plaques using PA/US
imaging system [Fig. 9(a)] was reported [82]. A handheld PA/US probe incorporated with a
PLD source was used in the system. This probe has an integrated pulsed laser diode (A ~808
nm, PW ~130 ns, PE = 1 mJ, RR = 2 kHz from Quantel, France) and a linear array ultrasound
transducer (SL3323, fc = 7.5 MHz, ESAOTE Europe, Maastricht, The Netherlands). The
system has 500 pum lateral resolution and 280 um in the axial resolution. Ex vivo imaging to
identify intraplaque hemorrhages in carotid plaques using photo-acoustics was demonstrated
[82]. Their study showed a good correlation between hemorrhage locations visualized from
histology sections of the plaque and the photoacoustic signal from a laser diode at 808 nm
Fig. 9(b). This study is a first step to prove that PAT can also be as a tool to reduce plaque-
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induced strokes. However, further investigations are needed to use this PLD-PA/US system

in clinics to diagnose cardiovascular diseases.

7. Conclusions and future directions

In this review we talked about the progress in PLD based photoacoustic imaging systems and
its applications from preclinical to clinical practices. Compared to Q-switch Nd:YAG lasers
PLDs are low-cost, reliable, light-weight, and can generate pulses at high repetition rate.
Development of PLD based PAI systems and their applications for small animal brain
imaging, high frame rate imaging, Rheumatology, and diagnosis of cardiovascular diseases
are discussed. Progress in PLD technology led the PAI system technology to progress from
preclinical to clinical, from static to dynamic, and from expensive to affordable device.
However, PLDs so far demonstrated for PA imaging still have several drawbacks: (a) Beam
quality: The PLD output beam suffers from bad beam quality. Optical diffuser needs to be
used to achieve homogenous illumination in PLD-PAT systems. In PLD-PAM systems,
achieving fine focal spot (which effects the lateral resolution) is difficult due to poor beam
quality. (b) Beam divergence: PLD output beam is highly diverging, and requires additional
optics or fiber to deliver the beam to the sample. (c) Pulse energy: PLDs can deliver pulses
with energy about 1 mJ at laser window, it is 100 times less than the energy of typical
Nd:YAG/OPO laser pulse. Such low pulse energy seriously effects the imaging depth. (d)
Single wavelength: PLDs can deliver single wavelength limiting its applications to
anatomical imaging. Multiple wavelengths are required for functional imaging or
spectroscopic applications. (e) PLD size: the high-power PLDs are not miniature enough to
be packaged inside an ultrasound probe or an endoscope. (f) Most of the commercially
available high power PLDs are not emitting visible wavelength which will limit its
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applications in VIS-PAI systems. On the other hand, researchers have started using light
emitting diodes (LEDS) in PAI systems [77, 78, 123-125]. The LEDs are available in visible
range, and hence can be used to imaging the biology tissue which contains chromophores
which can absorb visible light. However, further investigations are needed to mature PLD

and LED laser technology to be used in clincial imaging systems.
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Table-1: Performance comparison between pulsed laser diode based PAT system and

conventional PAT system. Reprinted from Ref. [29].

S.No Imaging and laser OPO - PAT system PLD - PAT system
T parameter parameters parameters
1 Spatial 15 o5 g 381 um 384 um
resolution
2 Imaging speed 30 sec per image 3 sec per image
29 (3 sec)
3 SNR 2.25 MHz 28 (30 sec) & 84 (30 sec)
. ~4 cm (120 sec scan ~2 cm (SNR 10 at
4 Imaging depth time) 30 sec)
5 Image 3 sec Not Acceptable Acceptable
quality 30 sec Good Good
6 Laser dimensions 775 x 178 x 190 mm 110 X 60 X 36 mm
7 Pulse width 5ns 136 ns
- Active optical table
8 Portability needed Yes
9 Pulse repetition-rate 10 Hz 7000 Hz
10 Energy per pulse at laser ~100 mJ ~1.45mJ
window
11 Laser weight ~100 Kg ~150 gm
12 Price ~90-140k USD ~15-25k USD
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Fig. 1 The main components of photoacoustic imaging (PAI) systems.
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Fig. 2 (a) Diagram of the conventional PAT system. Excitation source is OPO pumped by
532 nm Nd:YAG laser. Where OPO - optical parametric oscillator, CSP - circular scanner,
MPS — stepper motor pulley system, DAQ - data acquisition card, SM - stepper motor, R/A/F
— photoacoustic signal amplifier unit, UST - US detector or transducer, CF — 532 nm colour
filter, GG — ground glass or optical diffuser, P - right angle prism with anti-reflection coating,
L1 & L2 - focusing lenses, L3 - diverging lens. Photoacoustic tomography of the phantom (b)
prepared using horse hair : Images acquired using 2.25 MHz transducer at (c) 30 sec, (d) 60

sec, (e) 120 sec. Reprinted from Ref [29].
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Fig. 3 (a) Cylindrical scanning PLD-PAT system, (b) Photograph of the phantom, (c) and (d)

PA images obtained using (c) 500 ns PLD, (d) 65 ns PLD, and (e) 7 ns Nd:YAG laser.

Reprinted from Ref [74].
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Fig. 4 (a) Diagram, and (b) picture of the PLD based PAT system. Where PLD - Pulsed laser
diode, LDU - Laser driver unit, A - PA signal amplifier, CSP - Circular scanning plate, MPS
- Motor pulley system, SM - Stepper motor, DAQ - Data acquisition card, UST - Ultrasound
detector or transducer. Reprinted from Ref [29]. Noninvasive PLD-PAT images of rat brain
vasculature: picture of the brain cortex (c) before and (d) after removing the scalp. Brain
vasculature images obtained by reconstructing the A-line data acquired in (e) 5 sec, and (f) 30
sec scan time. Where SS is the sagittal sinus, TS is the transverse sinus, CV is the cerebral
veins. (g) signal-to-noise ratio of in vivo brain images at different scan times. In vivo PLD-
PAT brain imaging with ICG intravenously injected in to rat brain: (h) image before injecting

ICG, (i) Image 2 min after injecting ICG. (j) Graph shows the quantification of ICG signal
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during 25 min after injection. The arrow indicates the time at which ICG was injected in the

tail vein. Reprinted from Ref [79].
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Fig. 5 (a) Picture of the near-infrared (NIR) pulsed laser diode based PAM system, (b)
Picture of the individual components of the system, (c) Anatomic schematic of an ant, (d)
Two-dimensional PA B-scan image along the dashed line in (c), (e) 2-D photoacoustic MAP
image of the ant. Reprinted from Ref [119]. Visible (VIS) PLD based PAM imaging : (f)
microscopic image of the carbon fiber network, (g) MAP image by depth-scanning. Here
carbon fibers and surface flaws are indicated by arrows and ellipses, respectively. Reprinted

from Ref [120].
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Fig. 6 (a) Diagram of the reflection mode PLD-PAM system, (b) PAM image of a phantom
made with black tape, (c) intensity profile along the dotted line across the PA image in (b),
and (d) PAM image of the word “OPIRA” made of black tape, EX vivo results on mouse: (e)
photograph of a mouse skin on which the ROI is specified, and (f) corresponding PAM

image. Reprinted from Ref [121].
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Fig. 7 (a) Picture of the high frame rate PA/US clinical system based on pulsed laser diode.
Multiple PA images display the flow of black ink at different times. PA images were acquired
at a frame rate of 7k fps. Flow rate was 3 cm/sec (b-e) and 14 cm/sec (f-i). Reprinted from

Ref [81].
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Fig. 8(a) Picture of the portable photoacoustic / ultrasound scanner. Pulsed laser diode (PLD)
excitation source is smartly incorporated inside the US probe. Overlaid images of a human

finger joint in sagittal (b) and transverse (c) planes. Reprinted from Ref [80].
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Fig. 9 Ilustration of the PLD based PA/US dual-modality system. The sample was immersed
into phosphate-buffered-saline (PBS) solution. The imaging probe was positioned in the
cross-section of the sample for PA imaging. (b) Pictures of histology sections and the
corresponding cross-sections in overlaid PA-PUS images of plaques. Gray colour represents
the ultrasound signals and overlaid red colour represent the PA signals. The red arrows
indicate the blood content inside the plaques in the histology pictures and the corresponding

PA signals in overlaid PA/PUS images. Reprinted from Ref [82].
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